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Editorial on the Research Topic
 Neuromodulatory Interventions for Pain



The opioid crisis has prompted a renewed interest in non-pharmacological interventions for pain, with recent promising evidence for their effectiveness (Pillai Riddell et al., 2015; Veehof et al., 2016; Thompson et al., 2017, 2019; Franco et al., 2018; Owen et al., 2020). So called neuromodulatory interventions, which include neurofeedback and electrical and magnetic brain stimulation, are a novel class of non-pharmacological treatments that have attracted both intrigue and controversy. Despite a growing research literature, there remains a sense of uncertainty over whether they represent realistic alternatives to pain medication.

The aim of this research topic was to stimulate new, much-needed research evaluating the effectiveness of such treatments and providing insights into their possible mechanisms. We present a collection of 11 articles focused primarily on neurofeedback, non-invasive brain stimulation and acupuncture that attempt to address some of these issues.


NEUROFEEDBACK

A number of studies examined neurofeedback (NFB). This involves providing users with visual or auditory feedback on their brain activity (usually from EEG or fMRI), with the aim of assisting them in self-regulating this activity in a way that will produce favorable effects on pain.

A systematic review of 24 studies by Roy et al. provided a comprehensive summary of the current evidence for NFB across a range of pain conditions. The authors concluded that most studies identified improvements in pain, fatigue, sleep, and mood, but that heterogeneity in study protocols made it impossible to determine an optimal protocol for NFB administration. There was some evidence that regulation of EEG/MRI activity was possible, but this was not consistent across studies. Interestingly, the authors noted that improvement in pain sometimes occurred whether or not the targeted brain activity was successfully changed, suggesting a likely non-specific therapeutic component to NFB. They also found an encouraging improvement in study quality over the last few years, which included the increased use of control groups. Several limitations were nevertheless noted, with infrequent use of sham groups or randomization.

Some of these limitations were tackled in a new primary study by Terrasa et al., which randomized 17 fibromyalgia patients to 6 sessions of sensorimotor rhythm (SMR) training (n = 9) or a sham false-feedback procedure (n = 8). They found that 4 patients in the SMR training group who showed some ability to modulate SMR (“good” responders) also showed significant reductions in pain, with no such changes observed for “bad” responders or controls. Ide-Walters and Thompson randomized 24 healthy participants to receive 10 x NFB (with real EEG feedback) or 10 × sham (with false EEG feedback) sessions and assessed their responses to experimentally-induced cold pain. NFB was based on individualized protocols determined by initial qEEG assessments. While a significant decrease in pain across sessions was found for the NFB group, a near identical decrease was found for the sham group, consistent with the idea that any therapeutic effects of NFB could be at least in part attributable to a non-specific component. Vučković et al. examined the feasibility of self-administering NFB as a home treatment. After initial training in alpha upregulation and theta downregulation, 15 chronic pain patients with spinal cord injuries were asked to practice sessions at home for several weeks. Twelve patients showed statistically significant reductions in pain, with 8 showing clinically significant (>30%) reductions. Training was particularly successful when an individualized alpha target frequency was used, based on the participant's dominant alpha peak frequency (7.6 Hz) rather than a fixed frequency band (8–12 Hz). Such results suggest NFB could be feasible for self-administration, providing appropriate training and oversight are given.

An interesting alternative approach to alpha regulation was explored by Arendsen et al. They attempted to directly manipulate alpha activity in 20 chronic musculoskeletal pain patients using a novel visual stimulation procedure. Although no significant impact on pain was found, global alpha power was significantly higher during 10 Hz (alpha) stimulation than other frequencies. This suggests visual stimulation may be effective at regulating alpha activity, and this method could therefore warrant further investigation.



NON-INVASIVE BRAIN STIMULATION

Non-invasive brain and spinal stimulation methods have also been used to treat chronic pain. Zucchella et al. conducted a systematic review of studies assessing the effectiveness of these techniques for pain in individuals with multiple sclerosis. They reviewed 9 studies, that included direct current (tDCS) and magnetic stimulation (TMS) applied primarily to the left dorsolateral pre-frontal cortex or primary motor cortex. Consistent improvements in pain were identified, although there was less evidence for beneficial effects for broader well-being symptoms such as depression, fatigue, cognition, and quality of life. These findings suggest that the promising results that have been previously found for brain stimulation in conditions such as neuropathy and fibromyalgia may extend to pain in multiple sclerosis, although the authors caution that better controlled studies that assess longer term outcomes are still needed. A novel case study by Nguyen et al. provided preliminary evidence that the potential benefits of rTMS might also apply to knee osteoarthritis. Stimulation of the motor cortex in a 71-year-old woman who exhibited evidence of central sensitization of pain was linked to substantial improvements in pain, sleep and fatigue and these were still evident at the end of treatment almost 1 year after treatment commenced.



ACUPUNCTURE AND COGNITIVE THERAPY

Several knockout mice studies also examined potential mechanisms that might explain how central nervous system activity linked to pain processing is modulated by interventions such as acupuncture. Zhu et al. used an induced pain paradigm in mice and found a reduction in pain hypersensitivity following electroacupuncture. They also found evidence for bidirectional regulation of GABAergic neurons and glutamatergic neurons via the CB1 receptors in the ventrolateral periaqueductal gray as a likely key analgesic mechanism. Jang et al. also found that acupuncture reduced pain behavior in mice, and identified an elevation in the expression levels of glutamate receptors in the hippocampus as the likely mechanism. The importance of the modulation of glutamine activity in altering pain processing was corroborated by a review of the two clinically approved glutamate modulators acetyl-L-carnitine and ketamine by Freo et al.

In a different approach, Timmers et al. examined how neuromodulatory changes resulting from a form of cognitive-behavioral therapy to reduce pain-related fear may be beneficial for patients with low back pain. fMRI showed that the changes that occurred in the right posterior insula and medial prefrontal cortex in patients (but not controls) during presentation of pain-related imagery did not occur after treatment. Other observed patterns led the authors to conclude that the neural circuitry for pain-related fear was modulated by the therapy, and that these changes were associated with decreases in pain-related fear.

Our collection brings together a diverse set of research papers on the issue of pain and potential neuromodulatory interventions for its management.
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Aim: Chronic pain associated with knee osteoarthritis may develop in connection with a maladaptive process of pain sensitization in the central nervous system. Repetitive transcranial magnetic stimulation (rTMS) has been proposed to treat various pain syndromes related to central sensitization phenomenon, but was never applied in the context of knee osteoarthritis.

Methods: A 71-year-old woman presenting clinical evidence of central sensitization of pain associated with left knee osteoarthritis underwent monthly sessions of rTMS delivered at 10 Hz over the right motor cortex.

Results: From the week following the third session, she began to improve on various clinical aspects, including pain. After 10 sessions (i.e., almost one year of follow-up), pain was reduced by 67%, especially regarding neuropathic components, while sleep disorders and fatigue also improved by 57–67%. The central sensitization inventory (CSI) score was reduced by 70%.

Conclusion: This observation suggests that high-frequency motor cortex rTMS could be a therapeutic option to treat neuropathic pain and psychological symptoms associated with central sensitization developing in the context of chronic osteoarthritis of the knee joint.

Keywords: alpha synuclein, Parkinson disease, lipid rafts, prion protein, amyloid precursor protein, metabotropic glutamate receptor 5, NMDA receptor


INTRODUCTION

Pain is the main symptom of knee osteoarthritis (Nguyen et al., 2011). It initially appears as “mechanical,” occurring when the joint is solicited, and gradually leads to joint stiffness, which can cause gait disorders and postural imbalance. The management of osteoarthritis of the lower limbs has been the subject of regularly updated recommendations, including those of EULAR in Fernandes et al. (2013). Weight loss in case of overweight and physical therapies can improve pain and peri-articular stiffness, but they are often insufficiently effective. Since pain is also related to inflammation of the joint and surrounding soft tissues, anti-inflammatory treatments can be used, such as intra-articular infiltrations of corticosteroids or hyaluronic acid, whose efficacy is also inconstant.

In the medium or long term, the repetition of painful episodes may be at the origin of a phenomenon of sensitization to pain, which develops in the central nervous system. In this case, pain extends beyond the joint and acquires neuropathic features (Lluch Girbés et al., 2016). Central sensitization is also accompanied by exacerbated fatigue, alteration of sleep quality, and mood disorders (Murphy et al., 2011). At this stage, the pain syndrome can become resistant to medical treatment or surgical intervention (Skou et al., 2016) and then other therapeutic approaches must be proposed.

Among these, repetitive transcranial magnetic stimulation (rTMS) of the cerebral cortex has shown interest to treat chronic pain syndrome associated with a central sensitization phenomenon, like fibromyalgia (Passard et al., 2007; Mhalla et al., 2011; Hou et al., 2016; Knijnik et al., 2016). The usual cortical target is the motor cortex (precentral gyrus), and rTMS aims at activating various neural circuits present in this cortical region, which are involved in the sensory, attentional, or emotional control of pain. In clinical practice, rTMS can be an effective therapy in a number of chronic pain syndromes (Lefaucheur, 2016), but has never been used in osteoarthritis-associated pain to our knowledge. In this article, we present the case of a woman suffering from chronic pain related to knee osteoarthritis and resistant to medical treatment. She was not considered eligible for total knee arthroplasty (TKA) surgery and therefore an attempt of rTMS therapeutic trial was proposed. This treatment resulted in a long-lasting analgesic and functional improvement, consistent with a clear relief of the central sensitization phenomenon.



CASE REPORT

A 71-year-old woman presented bilateral gonalgia predominant on the left side and related to knee osteoarthritis for 20 years. There was a context of overweight (weight: 125 kg; height: 1.60 m; body mass index: 48.8 kg/m2). Initially, pain had “mechanical” features, occurring only while standing or walking and limiting physical activities. The diagnosis of bilateral, tri-compartmental knee osteoarthritis predominant on the left side was confirmed radiologically. However, about 4 years ago (2014), knee pain became more intense, diffuse, and permanent, even at rest. In parallel, the patient developed sleep and mood disorders. Intra-articular injections of corticosteroids and hyaluronic acid had only very modest and transient effects. Then, an attempt to use opioids was undertaken for a period of time (fentanyl transdermal patch 25–50 μg/h/day), associated with paracetamol on demand (1,000–3,000 mg/day). This treatment was also ineffective and the patient had to reduce her physical activity even more. In September 2015, her walking distance was limited to 50 m with the aid of a cane. However, X-ray examination did not reveal any aggravation of osteoarthritic lesions.

In June 2016, the patient was referred to our center. She was unable to walk and essentially restricted to wheelchair. She scored her average daily pain intensity at 9/10 on a numeric rating scale (NRS), while NRS scores for sleep disorders and fatigue were 7/10 and 6/10, respectively. Anxiety and depression scores were both 12/21 on the hospital anxiety and depression scale (HAD) (Zigmond and Snaith, 1983). The lequesne index of severity for osteoarthritis (LISO) score (Lequesne, 1997) was 20/24, corresponding to an extremely severe handicap. The LISO sub-scores were 7/8 for “pain or discomfort,” 7/8 for “maximum walking distance,” and 6/8 for “activities of daily living.” A rTMS therapeutic trial was proposed, first because total knee replacement surgery was considered too risky for the patient and then because of the clinical arguments in favor of a central sensitization phenomenon. Actually, pain was no more strictly related to joint mobilization, but rather permanent, even present at rest. In addition, pain showed an expanded distribution outside the primarily affected knee joint on the left, as evidenced on pain drawings (Figure 1). This is known to be a reliable way for identifying the occurrence of a central sensitization phenomenon in the context of knee osteoarthritis (Lluch Girbés et al., 2016). There were also burning and tingling sensations, as well as mechanical allodynia and hyperalgesia (but no wind-up phenomenon) in the area of referred pain on the left side. Pain had neuropathic characteristics, as evidenced by a score of 6/10 for the DN4 questionnaire (Bouhassira et al., 2005). A more ambiguous result was observed for the modified painDETECT questionnaire (mPDQ) (Freynhagen et al., 2006), with a score of 13/38, which is the gray zone between improbable neuropathic pain (score < 12) and highly probable neuropathic pain (score > 19). Nevertheless, this mPDQ score was compatible with a central sensitization phenomenon, as the cut-off score was set at > 12 in a recent study of patients with knee osteoarthritis (Hochman et al., 2013). This was further confirmed on the central sensitization inventory (CSI) (Mayer et al., 2012), which assesses both somatic and emotional complaints related to central sensitization and was validated in the context of knee osteoarthritis (Gervais-Hupé et al., 2018). On a short version of the CSI (Nishigami et al., 2018), the patient had an initial score of 20/36 corresponding to moderate/severe central sensitization. In addition, sleep and mood disorders were in the foreground of the clinical picture and no clear worsening of arthritic lesions was observed on X-ray examination. Conversely, on the right side, pain had lower intensity (≤4/10), with only “mechanical” features limited to knee joint.
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FIGURE 1. (A) Before rTMS: drawing of the extent of mechanical pain (hatched area), surrounded by a region of exacerbated permanent pain with mechanical allodynia evoking central sensitization on the left side only (horizontal stripes). (B) After 10 rTMS sessions: the area of mechanical pain is reduced and the zone likely related to central sensitization disappeared on the left side, whereas pain remained unchanged on the right side.



A rTMS protocol was applied as for the treatment of focal neuropathic pain (Lefaucheur, 2016). The stimulation was delivered over the motor cortex contralateral to the predominant painful region, i.e., right motor cortex stimulation to treat left knee pain. The stimulation parameters for one session were as follows: 20 trains of 70 rTMS pulses delivered at high frequency of 10 Hz (train duration: 7 s; inter-train duration: 55 s), i.e., 1,400 pulses for a session lasting about 20 min. The stimulation intensity was set at 80% of the resting motor threshold, which was determined in a conventional way by means of motor evoked potential recording (Rossini et al., 2015). One rTMS session was performed each month. Assessment was performed during the week after each session (pain, sleep, fatigue) and after the 10th session for all variables, including DN4, mPDQ, CSI, HAD, and LISO.

Pain intensity began to decrease in the week following the third rTMS session, but more clearly after the sixth rTMS session (from 9/10 before to 3/10, 67% improvement) (Figure 2). After 10 sessions, pain was no longer permanent and only occurred when the patient was rising from a sitting position and for walking distance longer than 200 m. Burning sensations, as well as mechanical allodynia and hyperalgesia, disappeared at the left knee. Neuropathic pain scores decreased by 67% (DN4, from 6 to 2/10) to 85% (mPDQ, from 13 to 2/38), and the CSI score by 70% (from 20 to 6/36). Thus, at this stage, pain could no longer be considered neuropathic and central sensitization was absent or at most subclinical (Nishigami et al., 2018). Conversely, pain intensity did not change on the right side.
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FIGURE 2. Evolution of average intensity of pain, sleep alteration, and fatigue on a 0–10 numeric rating scale (NRS), between before and the week after 10 monthly sessions (1–10) of repetitive transcranial magnetic stimulation (rTMS) delivered to the right motor cortex.



After the 10th session compared to baseline, sleep disorders (NRS score) also improved by 57% (from 7 to 3/10), fatigue (NRS score) by 67% (from 6 to 2/10), anxiety (HAD score) by 50% (from 12 to 6/21), depression (HAD score) by 42% (from 12 to 7/21), and handicap (LISO score) by 40% (from 20 to 12/24). The LISO sub-scores improved by 71% for “pain or discomfort” (from 7 to 2/8), 14% for “maximum walking distance” (from 7 to 6/8), and 33% for “activities of daily living” (from 6 to 4/8). Analgesic medications were stopped gradually from 3 to 4 months after rTMS therapy initiation to be completely withdrawn at 7 months (after the seventh rTMS session). At this time, body mass index was 48.0 kg/m2 and returned to its baseline value (48.8 kg/m2) at 10 months. Pain remains fully controlled to date by monthly rTMS sessions. A written informed consent was obtained from the patient for the publication of this case report.



DISCUSSION

Chronic pain syndrome may worsen in the context of knee osteoarthritis even though the joint lesions are not evolving (Bedson and Croft, 2008), because of a maladaptive sensitization of the pain pathways in the central nervous system (Lluch et al., 2014). Such phenomenon of central sensitization is common in patients with osteoarthritis (Suokas et al., 2012; Lluch et al., 2014), although its propensity to develop varies among patients (Lee et al., 2011). In patients with osteoarthritis, chronic inflammatory nociceptive inputs can dynamically maintain altered central processing (Latremoliere and Woolf, 2009). Central changes particularly affect the descending mechanisms of pain control (impaired descending inhibition and/or enhanced descending facilitation) (Gebhart, 2004; Zambreanu et al., 2005; Arendt-Nielsen et al., 2010; Graven-Nielsen et al., 2012). Such a central dysfunction occurs in various chronic pain conditions, like fibromyalgia, bladder pain syndrome, or irritable bowel syndrome. Clinically, the central sensitization phenomenon makes the pain more intense, permanent and diffuse than it should be, with both temporal and spatial summations. It increases the resistance to local treatments and analgesic medications and is negative prognostic factor for the outcome of total knee replacement surgery (Kurien et al., 2018).

Some psychological factors may explain the discordance between the worsening of pain and the absence of radiographic changes at joint level. Actually, central sensitization is characterized by diffuse psychophysical changes, including unusual fatigue, cognitive difficulties, sleep disturbance, depression and catastrophism, associated with neuropathic pain features, including hyperalgesia and allodynia extending outside the affected joint (Murphy et al., 2011; Lluch et al., 2014, 2017). Central sensitization may be difficult to prove in a clinical setting and requires the identification of both psychological factors and neuropathic pain features. Various questionnaires may help, such the CSI and the mPDQ, of which usefulness was demonstrated in patients with chronic knee osteoarthritis (Hochman et al., 2011, 2013; Moreton et al., 2015). More recently, a list of 14 criteria provided by clinical and sensory examination was proposed for making the diagnosis of central pain sensitization associated with knee osteoarthritis (Lluch et al., 2017). Our patient initially presented 10 of these criteria, including: pain intensity > 5/10, disproportion between pain intensity and structural damage, disproportionate pain after physical activity, inconsistent response to clinical tests, enlarged areas of pain outside the knee, diffuse tenderness, tactile allodynia and hypoesthesia, poor results with analgesics, and unsuccessful response to local interventions.

A trial of rTMS therapy was attempted according to the presence of central sensitization. In such a condition, rTMS can produce analgesia by activating brain circuits that are able to control the hyperactivity of sensitized pain networks. This objective was reached in our patient, since rTMS improved the clinical symptoms related to central sensitization more than those related to the mechanical “aspects” of knee osteoarthritis. For example, “pain or discomfort” LISO sub-score improved much more than the “maximum walking distance” LISO sub-score. In addition, both psychological aspects and neuropathic pain features were dramatically reduced, as well as the CSI score.

Non-invasive cortical stimulation was rarely used to treat knee osteoarthritis, and only by means of transcranial direct current stimulation (tDCS). For example, tDCS (over M1 and/or DLPFC) was used to reduce pain and opioid consumption in postsurgical time after TKA (Borckardt et al., 2013, 2017; Khedr et al., 2017). Motor cortex tDCS was also combined with exercise (Chang et al., 2015, 2017) or peripheral electrical stimulation (Luz-Santos et al., 2017) to promote pain control in knee osteoarthritis. The main results, observed on both provoked and ongoing spontaneous pain, have been recently reported by Ahn et al. (2017, 2018). They performed five daily sessions of anodal tDCS of M1 in patients with knee osteoarthritis and obtained significant analgesic effects compared to sham condition, with lasting clinical benefit for 3 weeks beyond the time of stimulation.

However, to our knowledge, our observation is the first reported case of using rTMS to treat knee osteoarthritis-associated pain syndrome in the long term. Interestingly, in this clinical condition, it has been shown by means of TMS techniques that the corticospinal system had a reduced excitability, in correlation with the intensity of pain, disability, and impairment of the descending controls of pain (Tarragó Mda et al., 2016). Therefore, high-frequency rTMS of the motor cortex could have restored intracortical inhibitory controls in association with pain relief in our patient, as it was previously shown in neuropathic pain (Lefaucheur et al., 2006, 2012) and fibromyalgia or myofascial pain syndromes (Mhalla et al., 2011; Dall’Agnol et al., 2014). Corticospinal excitability studies, based on single- and paired-pulse TMS techniques, deserve to be investigated in future trials in this context.

Usual rTMS protocols include a phase of “induction,” consisting of a daily session for five consecutive days, repeated for one to 2 weeks, followed by one session per week for 4 to 6 weeks (Lefaucheur, 2016). In our patient, we performed only monthly rTMS sessions, especially because the patient was difficult to mobilize. She clearly benefited from this therapy from the third month and one might think that she could have responded well before if the intervals between sessions had been shorter. The benefit continued thereafter throughout the year on various clinical aspects, including daily living activities.

Although a placebo effect cannot be ruled out in the absence of sham procedure, various arguments can be raised against this hypothesis: the absence of previous response to medications and invasive treatments (e.g., intra-articular injections), the progressive clinical improvement which settled down as the rTMS sessions were repeated, and the fact that pain relief occurred only on the left side (contralateral to cortical stimulation), leaving the pain of the right knee unchanged.



CONCLUSION

In conclusion, a therapeutic use of motor cortex rTMS is particularly appealing to treat pain associated with knee osteoarthritis, especially when a central sensitization phenomenon is diagnosed and when total knee replacement surgery is risky or even contraindicated. Further sham-controlled study on a large series of patients is of course necessary to confirm this hope.
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Although electroacupuncture (EA) has become a worldwide practice, little is understood about its precise target in the central nervous system (CNS) and the cell type-specific analgesia mechanism. In the present study, we found that EA has significant antinociceptive effects both in inflammatory and neuropathic pain models. Chemogenetic inhibition of GABAergic neurons in the ventrolateral periaqueductal gray (vlPAG) replicated the effects of EA, whereas the combination of chemogenetic activation of GABAergic neurons and chemogenetic inhibition of glutamatergic neurons in the vlPAG was needed to reverse the effects of EA. Specifically knocking out CB1 receptors on GABAergic neurons in the vlPAG abolished the EA effect on pain hypersensitivity, while specifically knocking out CB1 receptors on glutamatergic neurons attenuated only a small portion of the EA effect. EA synchronously inhibits GABAergic neurons and activates glutamatergic neurons in the vlPAG through CB1 receptors to produce EA-induced analgesia. The CB1 receptors on GABAergic neurons localized in the vlPAG was the basis of the EA effect on pain hypersensitivity. This study provides new experimental evidence that EA can bidirectionally regulate GABAergic neurons and glutamatergic neurons via the CB1 receptors of the vlPAG to produce analgesia effects.

Keywords: pain, electroacupuncture, chemogenetics, GABAergic neuron, glutamatergic neuron, vlPAG


INTRODUCTION

A series of randomized controlled trials of acupuncture and analgesia have shown that acupuncture has an analgesic effect in the context of chronic pain, such as knee pain, low back pain, migraine, and fibromyalgia (Liu et al., 2018; Mist and Jones, 2018; Musil et al., 2018). However, the specific target sites in the central nervous system (CNS) for electroacupuncture (EA) analgesia are still unclear, which seriously hinders the clinical promotion and application of EA analgesia.

Studies have confirmed that EA can induce the specific expression of c-fos in the periaqueductal gray (PAG) region (Fusumada et al., 2007). It has been demonstrated that the ventrolateral periaqueductal gray (vlPAG) is an essential part of the neural pathway that mediates pain regulation (Ho et al., 2011). Microinjection of GABA agonists into the vlPAG promotes pain, and microinjection of GABA antagonists produces antinociceptive effects by reducing inhibitory neurotransmission (Bobeck et al., 2014; Takasu et al., 2015). According to the GABA disinhibition hypothesis, tonically active GABAergic interneurons are present within the PAG, which release the neurotransmitter GABA that acts via GABAA receptors to inhibit spinally projecting output neurons (Basbaum and Fields, 1984). It was proposed that opioids and cannabinoids activate the descending pathway by indirectly suppressing the inhibitory influence of local GABAergic interneurons, thereby disinhibiting the antinociceptive pathway of the neuronal output to the spinal cord (Meng et al., 1998).

The endocannabinoid system, which is a crucial neuromodulatory system involved in the control of pain transmission and acupuncture analgesia within the CNS (Chen et al., 2009). Cannabinoid-induced antinociception plays a role in the activation of a descending inhibitory pain pathway (Palazzo et al., 2010). Cannabinoid receptor 1(CB1) are expressed in both nerve endings of GABAergic neurons and glutamatergic neurons in PAG and activation of the CB1 receptor may regulate GABAergic and glutamatergic neurotransmission (Drew et al., 2008; Tjen-A-Looi et al., 2009). Our previous results have shown that EA reversed the reduced expression of CB1 receptors and the 2-arachidonoylglycerol (2-AG) level in the midbrain in chronic pain conditions (Yuan et al., 2018). These results indicated that EA may exert an analgesic effect by acting on the CB1 receptor. Microinjection of the CB1 receptor antagonist AM251 into the vlPAG can reverse the EA effect on pain hypersensitivity, which further confirms the mechanism of EA exerting an antinociceptive effect through CB1 receptors in the vlPAG (Yuan et al., 2018). Despite the abundant evidence supporting the hypothesis that the CB1 receptor is involved in EA analgesia, the exact cell type involved in EA analgesia through vlPAG descending pain modulation has not been directly investigated. In this study, with the help of cell type-specific chemogenetic manipulations in the vlPAG, we attempt to verify the hypothesis that GABAergic neurons and glutamatergic neurons are involved in CB1-mediated EA antinociception.



MATERIALS AND METHODS


Animals

All animal experiments were ratified by the Animal Care and Use Committee of Huazhong University of Science and Technology, the procedures conform to the ethical guidelines of the International Association for the Study of Pain (Demers et al., 2006). Eight-weeks-old male C57BL/6 mice (20–25 g) were obtained from Beijing Vital River Laboratory Animal Technology Co., Ltd. The mCnr1flox/flox mice were bought from the Cyagen biosciences laboratory (Nanjing). GAD67-GFP mice were kindly provided by Dr. Xiangning Li (Huazhong University of Science and Technology, Whuhan, China). The mice were individually housed in cages with a 12-h light/dark cycle and had free access to food and water. The mice used for EA experiments in CCI and KOA mice were divided into four groups (control, CCI or KOA, EA, and sham EA). The mice used for chemogenetic manipulation and knockout experiments in CCI and KOA mice were divided into three groups (control, chemogenetic manipulation or knockout, EA).



Viruses Constructs and Surgery

Adeno-associated viruses (AAV/2-9) were designed to achieve CRE-DIO system-mediated chemogenetic manipulation strategy: rAAV-mDlx-CRE-WPRE-pA combined with rAAV-hSyn-DIO-hM3D(Gq)-mCherry-WPRE-pA or rAAV-hSyn-DIO-hM4D(Gi)-mCherry-WPRE-pA were designed to excite or inhibit GABAergic neurons of vlPAG (Dimidschstein et al., 2016). rAAV-hSyn-mCherry-WPRE-pA was selected as control virus. Furthermore, rAAV-CaMKIIa-HA-KORD-IRES-mCitrine-WPRE-pA, selecting salvinorin B as DREAD, could inhibit glutaminergic neurons of vlPAG individually on the basis of above combined operations and without interactions.

All viruses used in this study were acquired from the Wuhan BrainVTA scientific and technical corporation. Before surgery, mice were anesthetized with isoflurane and fixed in the stereotaxic apparatus (RWD Instruments,China). Make a 1.5 cm length longitudinal incision along the midline of the skull, gently remove the periosteum from the exposed surface of the surgical area. Viruses injections were performed using the coordinates of vlPAG as following: −4.8 mm from bregma, −0.4 mm lateral from midline, and 2.8 mm ventral to skull. Desired viruses vectors (150 nL) were injected into the vlPAG at a rate of 50 nl per 60 s (Samineni et al., 2017). If the virus infection area exceeds the vlPAG area, it is not included in the statistics (Figure S5).



Chemogenetic Manipulation

Three weeks after viruses injections, mice were intraperitoneally injected with clozapine N-oxide (CNO, Sigma) 60 min before the behavioral assessment. All baselines for thermal and mechanical sensitivity were recorded after the viruses injections and before the CNO administration. We administered 1 mg/kg CNO for both hM3Dq activation and hM4Di inhibition (Samineni et al., 2017). In rAAV-CaMKIIa-HA-KORD-IRES-mCitrine-WPRE-pA operation mice, we individually administered 5 mg/kg salvinorin B for inhibiting glutaminergic neurons of vlPAG even on the basis of GABAergic neurons have been excited by hM3Dq activation with CNO (Vardy et al., 2015). In the chemogenetic reversing experiment of EA antinociception, CNO was applied just before EA treatment.



CCI Model

Neuropathy was induced by chronic constriction injury (CCI) of the sciatic nerve using a similar procedure for rats (Bennett and Xie, 1988) which was adapted for mice (Sommer et al., 1998). Two loosely constrictive ligatures were tied around the left sciatic nerve to slow the blood flow of the sciatic myelin blood vessels without causing acute crushing damage. The sham group animals were anesthetized, their sciatic nerves were only exposed without constriction. Sham-operated animals were used as neuropathy controls.



Induction of Knee Osteoarthritis (KOA)

Intra-articular injection of monosodium iodoacetate (MIA) (Sigma, UK) into the left knee joint was applied to induce KOA model. Five microliters of 5 mg/ml MIA in sterile saline (0.9%) were injected into the joint space of the left knee through the infrapatellar ligament with a 30-gauge needle (La Porta et al., 2013). This method causes histopathology changes in the cartilage (van Osch et al., 1994) and produces obvious joint pain in mice (Harvey and Dickenson, 2009). The sham-operated mice received an intra-articular injection of 5 μl of 0.9% sterile saline.



EA Treatment

For the CCI model EA treatment group, the mouse received EA on the left “Huantiao” (GB30) and “Yanglingquan” (GB34) once a day, starting from the eighth day after operation. GB30 and GB34 were chosen based on their effect in improving inflammatory pain and neuropathic pain in mouse (Kang et al., 2007; Park et al., 2014; Lee et al., 2018). Two acupuncture needles were inserted 2–3 mm deep into two acupoints corresponding to GB30 and GB34 in humans. EA (1 mA and 0.1 ms) was carried out at 2 Hz for 30 min (Wu et al., 2013). Current was delivered with a modified constant current Han's Acupoint Nerve Stimulator (LH202, Huawei Co. Ltd., Beijing, China) (Wu et al., 2013).

For the EA treatment group of KOA, mice received EA administration on the left “Neixiyan” (Ex-LE4) and “Dubi” (ST35) for 7 days, starting from the fifteenth day after MIA injection. EA (1 mA and 0.1 ms) was carried out at 2 Hz for 30 min. Ex-LE4 and ST35 were chosen based on the fact that their using frequency is the highest in KOA (Wu et al., 2010).

For sham treatment control, acupuncture needles were inserted into above acupuncture points without electrical stimulation or manual manipulation. Previous studies showed that needles inserted into active acupoints, but no electrical or manual stimulation, do not produce analgesia (Lao et al., 2004). During EA treatment, each mouse was placed in a homemade bag. Control group also received the same method to exclude the stress response. The animals remained still during EA treatment and showed no evident signs of distress.



Nociceptive Behavioral Tests

Mechanical allodynia and heat hyperalgesia were checked with von Frey filaments and the hot plate, respectively (Fernihough et al., 2004). The animals were habituated to the testing environment for 30 min. The behavioral tests were performed 3 times before model induction and every other day after model induction until the formal experimental operation. The behavioral tests were performed once a day during kinds of experimental operations (Figure S1).

The surface temperature of the hot-plate was maintained at 53°C. The withdrawal latency started from the mouse was put on the plate and terminated when a quick/prolonged withdrawal or flick of the paw was observed. Twenty seconds was set as a cut-off time for mice to prevent tissue damage (Chen et al., 2017). Thermal stimuli were delivered three times to hindpaw at 10 min intervals, and the mean value was calculated.

The tactile withdrawal threshold of mice was measured by using the “up-down” method (Chaplan et al., 1994). After an acclimation period of 30 min, we stimulated the plantar surface of the hindpaw vertically with a series of von Frey (Stoelting, Wood Dale, IL) hairs with logarithmically increasing stiffness, and bent the filament for 5 s to the central plantar surface with sufficient force. Brisk withdrawal or paw flinching was considered as a positive response. The test of tactile withdrawal threshold was repeated two times in each mouse, and the mean value was calculated.



Conditioned Place Preference (CPP) Test

The test trials consisted of one habituation (1st day), four conditionings (2nd−5th days), and one test (6th day) (Hnasko et al., 2005). In the case of EA treatment, the mice were confined in white box, thereby achieving EA treatment and white box condition matching. On the test day, animals were free to go any parts of the apparatus, and the time spent in bright or dark box was measured. Data were analyzed by the SuperMaze software (Xinsoft SuperMaze Animal Behavior Analysis System, Shanghai).



Immunofluorescence

Mice under deep anesthesia with 10% chloralic hydras were transcardially perfused with 37°C normal saline followed by 4% paraformaldehyde in 0.1 M PBS (pH, 7.4; 4°C). The brain were removed immediately and post-fixed in the same fixative. Then, the tissues were cryoprotected in 20 and 30% sucrose in 0.1 M PBS for 24 h, respectively, at 4°C. The OCT embedded blocks were sectioned for 25-μm thickness. Sections from each group were rinsed in 0.01 M PBS and blocked for 2 h with blocking liquid (5% donkey serum and 0.2% tween-20 in 0.01 M PBS) at room temperature. The sections were probed with the following antibodies: rabbit anti-CB1 (1:200), mouse anti–GAD67 (1:200), guinea pig anti-VGLUT2 (1:100). Subsequently, the free-floating sections were washed with 0.01M PBS 3 times, and incubated with following secondary antibodies (Jackson ImmunoResearch) for 2 h: donkey anti-rabbit IgG conjugated with Dylight 594 (1:600), donkey anti-mouse IgG conjugated with Dylight 488 (1:600), donkey anti-guinea pig IgG conjugated with Dylight 488 (1:400). The sections were incubated with DAPI for the nucleus staining for 8 min, and washed 3 times in 0.01M PBS and then cover-slipped. The samples were studied under a fluorescence microscope (Olympus) for the immunefluorescence staining. Images were analyzed by using NIH Image J software (Bethesda, MD, USA). The layouts of images were based on the Photoshop (ADOBE company, USA).



Statistics

Results of data are expressed as mean ± SEM. The thermal latency and withdrawal thresholds between different groups over time were tested with two-way analysis of variance (ANOVA) followed by Bonferroni post hoc tests. Other data were analyzed by One-way ANOVA and Newman-Keuls post hoc test (SPSS, Version 11.0). Results represented as significance based on a value of P < 0.05.




RESULTS


EA Effectively Reduces Pain Hypersensitivity in CCI and KOA Mice

CCI or KOA induction significantly reduced mechanical withdrawal thresholds and thermal withdrawal latencies (Figures S2A–D).

The tactile threshold and thermal withdrawal latency were effectively increased by EA in CCI and KOA mice (Figures 1A–D).
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FIGURE 1. EA effectively reduces pain hypersensitivity in CCI and KOA mice. (A,B) Time course of tactile threshold in response to von Frey filaments. (C,D) The noxious heat stimulus (53°C) caused a change in the thermal thresholds. The effect of tactile (A) and thermal (C) withdrawal thresholds changes in CCI mice. The change of tactile (B) and thermal (D) withdrawal thresholds of KOA mice caused by EA. A motion map of the EA-conditioned CPP test in CCI (E) and KOA mice (F). G,H are summary values of motion trajectories. EA (1 mA and 0.1 ms) at 2 Hz was administered for 30 min, once a day starting from the 8th to the 14th day in the CCI model and starting from the 15th to 21st day in the KOA model. Control group consisted of sham-operated mice. Data are expressed as the means ± SEM (n = 12 in each group). In A–D, *p < 0.05, compared with the control group; #p < 0.05, compared with the model group; In panels G,H,*p < 0.05, compared with the bright box time duration percent before EA; #p < 0.05, compared with the dark box time duration percent before EA.



The repeated EA treatment also affected the behavior in the CPP test, as the mouse spent more time in the bright box after being paired with EA treatment (Figures 1E–H).



Effect of Chemogenetic Inhibition of GABAergic Neurons in vlPAG

Since the PAG is a vital brain region related to the descending pain control system, both cannabinoids and opioids, released by EA, may inhibited GABAergic neurons to produce antinociceptive effect by GABAergic disinhibition mechanism (Osborne et al., 1996; Finn et al., 2003), we applied a chemogenetic strategy to assess this hypothesis.

The viruses combination cocktail of rAAV-mDlx-CRE-WPRE-pA and rAAV-hSyn-DIO-hM3D(Gi)-mCherry-WPRE-pA, designed to inhibit GABAergic neurons, was injected into the right side of the vlPAG (Figure 2A). The viruses combination was injected into the right side of the vlPAG of GAD67 GFP mouse to confirm the viruses combination efficiency (Figures 2B,C). A total of 80.5% of the viruses combination-tagged neurons in the vlPAG were marked together with GAD67 GFP-positive cells (Figure 2D).
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FIGURE 2. The viruses combination cocktail label efficiency. (A) Pattern map of the viruses injection area. The red color region is the vlPAG. (B) The viruses combination cocktail was injected into the right side of the vlPAG of GAD67 GFP mice. (a) GAD67 GFP cells in the vlPAG (green). (b) Viruses-labeled cells (red). (c) DAPI nuclear staining (blue). (d) Colocalization fluorescence (pink), arrows show typical fluorescent, colocalized cells. Scale bar, 200 μm. (C) High magnification images, scale bar, 100 μm. White arrows indicate cells that are co-labeled, and blue arrows indicate cells that are mDLX-labeled but not labeled with GAD67 GFP. (D) Summary data show the percentage of colocalized cells in the area of total viruses-labeled cells. Red sector, viruses-labeled cells; green sector, GAD67 GFP cells; blue sector, viruses-labeled other cells. Data are expressed as the means ± SEM (n = 3 mice in each group).



Chemogenetic inhibition of GABAergic neurons reliably replicated the effect of EA, including the antinociceptive effects (Figures 3A–H).
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FIGURE 3. Chemogenetic inhibition of GABAergic neurons in the vlPAG replicated the effects of EA. (A,B) Time course of tactile threshold in response to von Frey filaments. (C,D) The noxious heat stimulus (53°C) caused a change in the thermal thresholds. Tactile (A) and thermal (C) withdrawal thresholds changes in CCI mice after chemogenetic inhibition. Changes in tactile (B) and thermal (D) withdrawal thresholds of KOA mice caused by chemogenetic inhibition. Motion map of chemogenetic inhibition of conditioning in the CPP test with CCI (E) and KOA mice (F). G,H are summary values of motion trajectories. Virus was injected 21 days before the behavior test. CNO (1 mg/kg) was administered once a day starting from the 8th to the 14th day in the CCI model and starting from the 15th to the 21st day in the KOA model. EA (1 mA and 0.1 ms) at 2 Hz was administered for 30 min. Once a day starting from the 8th to the 14th day in the CCI model and starting from the 15th to the 21st day in the KOA model, all behavior tests were completed 2 h after CNO administration. Control groups consisted of CCI or KOA mice injected with control virus and CNO but without EA treatment. Data are expressed as means ± SEM (n = 12 in each group). In A–D, *p < 0.05, compared with control group; #p < 0.05, compared with the model group; in G,H,*p < 0.05, compared with the bright box time duration percent before chemogenetic inhibition; #p < 0.05, compared with the dark box time duration percent before chemogenetic inhibition.





Chemogenetic Activation of GABAergic Neurons in vlPAG Only Partly Attenuated the Effect of EA

On the basis of chemogenetic inhibition of GABAergic neurons reliably replicating the antinociceptive effect of EA, we considered if chemogenetic activation could abolish the effect of EA. The viruses combination of rAAV-mDlx-CRE-WPRE-pA and rAAV-hSyn-DIO-hM3D(Gq)-mCherry-WPRE-pA, designed to activate GABAergic neurons, was injected into the right side of the vlPAG.

We unexpectedly found that chemogenetic activation of GABAergic neurons in the vlPAG only partly decreased the mechanical withdrawal threshold and thermal withdrawal latency in EA-treated mice (Figures 4A–D) while partly decreasing the bright box time in the CPP test (Figures 4E–H).
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FIGURE 4. Chemogenetic activation of GABAergic neurons in the vlPAG only partly attenuated the effect of EA. (A,B) Time course of tactile threshold in response to von Frey filaments. (C,D) The noxious heat stimulus (53°C) caused a change in the thermal thresholds. Tactile (A) and thermal (C) withdrawal thresholds changes in CCI mice after chemogenetic activation. Changes in tactile (B) and thermal (D) withdrawal thresholds of KOA mice caused by chemogenetic activation. Motion map of chemogenetic activation of conditioning in the CPP test with CCI (E) and KOA mice (F). G,H are summary values of motion trajectories. Virus was injected 21 days before the behavior test. CNO (1 mg/kg) was administered once a day starting from the 8th to the 14th day in the CCI model and starting from the 15th to the 21st day in the KOA model. EA (1 mA and 0.1 ms) at 2 Hz was administered for 30 min. Once a day starting from the 8th to the 14th day in the CCI model and starting from the 15th to the 21st day in the KOA model, all behavior tests were completed 2 h after CNO administration. Control groups consisted of CCI or KOA mice injected with control virus and CNO but without EA treatment. Data are expressed as means ± SEM (n = 12 in each group). In A–D, *p < 0.05, compared with control group; #p < 0.05, compared with the model group; In G,H,*p < 0.05, compared with the bright box time duration percent before chemogenetic activation; #p < 0.05, compared with the dark box time duration percent before chemogenetic activation.





The Combination of Chemogenetic Activation of GABAergic Neurons and Chemogenetic Inhibition of Glutamatergic Neurons in VlPAG Effectively Attenuated the Effect of EA

A large number of studies have shown that GABAergic neurons and glutamatergic neurons in the vlPAG play an important and complex role in nociceptive processes. Microinjection of glutamate receptor agonists or GABA antagonists into the vlPAG has a significant antinociceptive effect against noxious stimuli (Budai et al., 1998; Morgan et al., 2003). Since activation of GABAergic neurons alone in the vlPAG only partly attenuated the effect of EA, we speculated that glutamatergic and GABAergic neurons were both involved in these effects.

The rAAV-CaMKIIa-HA-KORD-IRES-mCitrine-WPRE-pA virus was applied to selectively inhibit the glutamatergic neurons of the vlPAG (Figure S4), on the basis that GABAergic neurons were excited by hM3Dq and CNO. These two systems were designed to work separately without interactions.

The combination of chemogenetic activation of GABAergic neurons and chemogenetic inhibition of glutamatergic neurons in the vlPAG powerfully decreased the mechanical withdrawal threshold and thermal withdrawal latency (Figures 5A–D) and the bright box time in the CPP test (Figures 5E–H).
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FIGURE 5. The combination of chemogenetic activation of GABAergic neurons and chemogenetic inhibition of glutamatergic neurons in the vlPAG effectively attenuate the effect of EA. COMB is abstract of combination operation. (A,B) Time course of tactile threshold in response to von Frey filaments. (C,D) The noxious heat stimulus (53°C) caused a change in the thermal thresholds. Tactile (A) and thermal (C) withdrawal thresholds changes in CCI mice after chemogenetic activation. Changes in tactile (B) and thermal (D) withdrawal thresholds of KOA mice caused by combination operation. Motion map of combination operation of conditioning in the CPP test with CCI (E) and KOA mice (F). G,H are summary values of motion trajectories. Virus was injected 21 days before the behavior test. CNO (1 mg/kg) and salvinorin B (5 mg/kg) were administered once a day starting from the 8th to the 14th day in the CCI model and starting from the 15th to the 21st day in the KOA model. EA (1 mA and 0.1 ms) at 2 Hz was administered for 30 min. Once a day starting from the 8th to the 14th day in the CCI model and starting from the 15th to the 21st day in the KOA model, all behavior tests were completed 2 h after CNO administration. Control groups consisted of CCI or KOA mice injected with control virus and DREAD but without EA treatment. Data are expressed as means ± SEM (n = 12 in each group). In A–D, *p < 0.05, compared with control group; #p < 0.05, compared with the model group; In G,H,*p < 0.05, compared with the bright box time duration percent before combination operation; #p < 0.05, compared with the dark box time duration percent before combination operation.





CB1 Receptors on GABAergic Neurons Is Involved in the EA Effect on Pain Hypersensitivity

Studies have found that CB1 receptors are distributed on the axon terminals of GABAergic and glutamatergic PAG neurons (Tsou et al., 1998; Vaughan et al., 2000). On this basis, it was important to explore whether the CB1 receptors on GABAergic neurons or the CB1 receptors on glutamatergic neurons participate in the analgesic action of EA.

We injected rAAV-mDlx-CRE-WPRE-pA into the right side of the vlPAG of mCnr1flox/flox mice to specifically knock out the CB1 receptor on GABAergic neurons localized in the vlPAG (Figures 6A,C). Specifically knocking out the CB1 receptor on GABAergic neurons abolished the EA effect on pain hypersensitivity, as it decreased the mechanical withdrawal threshold, thermal withdrawal latency (Figures 7A–D), and the bright box time in the CPP test (Figures 7E–H).
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FIGURE 6. Specific knockout of the CB1 receptor on GABAergic neurons localized in the vlPAG. (A) rAAV-mDlx-CRE-WPRE-pA was injected into the right side of the vlPAG of mCnr1flox/flox mice. (a) GABA-immunoreactive cellsin the vlPAG (green). (b) CB1-immunoreactive cells (red). (c) DAPI nuclear staining (blue). (d) GABA-immunoreactive and DAPI nuclear staining colocalization fluorescence (purple); Yellow arrows show CB1 receptors not knocked out on GABAergic neurons. White arrows show CB1 receptors not knocked out on other large diameter neurons. Scale bar, 100 μm. (B) rAAV-CaMKII-CRE-WPRE-pA was injected into the right side of the vlPAG of mCnr1flox/flox mice. (a) GLU-immunoreactive cells (green). (b) CB1-immunoreactive cells in the vlPAG (red). (c) DAPI nuclear staining (blue). (d) GLU-immunoreactive and DAPI nuclear staining colocalization fluorescence (purple); White arrows show CB1 receptors not knocked out on glutamatergic neurons. Scale bar, 100 μm. (C) Summary data show that the percentage of CB1-immunoreactive cells was knocked out in the area of GABA-immunoreactive cells. Blue sector, GABA-immunoreactive cells; red sector, CB1-immunoreactive cells were knocked out; green sector, residual cells. (D) Summary data shows the percentage of CB1-immunoreactive cells knocked out in the area of glutamatergic-immunoreactive cells. Pink sector, glutamatergic-immunoreactive cells; red sector, CB1-immunoreactive cells been knocked out; green sector, residual cells. Data are expressed as the means ± SEM (n = 3 mice in each group).
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FIGURE 7. Specifically knocking out CB1 receptor of GABAergic neurons abolished the EA effect on pain hypersensitivity. (A,B) Time course of tactile threshold in response to von Frey filaments. (C,D) The noxious heat stimulus (53°C) caused a change in the thermal thresholds. Tactile (A) and thermal (C) withdrawal thresholds changes in CCI mice. Changes in tactile (B) and thermal (D) withdrawal thresholds of KOA mice. Motion map of EA conditioned CPP test of CCI (E) and KOA mice (F) on the basis of specifically knocking out CB1 receptors of GABAergic neurons. G,H are statistical charts of motion trajectories. The rAAV-mDlx-CRE-WPRE-pA was injected into the right side of vlPAG of mCnr1flox/flox 21 days before behavior test. Same volume of saline was injected into the right side of vlPAG of mCnr1flox/flox as control group. EA (1mA and 0.1ms) at 2 Hz was administered for 30 min, once a day starting from 8th day to 14th in CCI model and starting from 15th day to 21th in KOA model. Control groups are CCI or KOA mice without EA treatment. Data are expressed as means ± SEM (n = 5 in each group). In A–D, *p < 0.05, compared with the control group; #p < 0.05, compared with the model group; In G,H,*p < 0.05, compared with the bright box time duration percent before EA; #p < 0.05, compared with the dark box time duration percent before EA.



On the other hand, rAAV-CaMKII-CRE-WPRE-pA was injected into the right side of the vlPAG of mCnr1flox/flox mice for the purpose of specifically knocking out the CB1 receptor on glutamatergic neurons localized in the vlPAG (Figures 6B,D) and only slightly decreased the EA effect on pain hypersensitivity (Figures S3A–H). It seems that the CB1 receptor on GABAergic neurons localized in the vlPAG was the basis of the EA effect on pain hypersensitivity.




DISCUSSION

The vlPAG, as an essential part of the neural pathway that mediates pain sensation, has been extensively studied (Vaughan et al., 1997; Ho et al., 2013; Tovote et al., 2016). Consistent with these studies, we found that inhibition of vlPAG neurons by chemogenetics can produce significant antinociceptive effects. We also found that chemogenetic activation of vlPAG neurons resulted in noxious hypersensitivity, and the results of this two-way manipulation were consistent with the bidirectional regulation of the vlPAG in nociceptive regulation (Koutsikou et al., 2015; Hernandez-Leon et al., 2016; Samineni et al., 2017). The vlPAG is critical for the mechanisms of EA-induced analgesia, and we have demonstrated in previous work that during KOA chronic pain, EA exerted an analgesic effect by increasing the levels of CB1 receptors and 2-AG in the vlPAG that had been significantly reduced (Yuan et al., 2018). In this study, we provided new experimental evidence that chemogenetic inhibition of GABAergic neurons in the vlPAG was able to replicate the antinociceptive effect of EA and accordingly further verify that the vlPAG is essential for EA analgesia.

The cellular mechanisms of analgesia and hyperalgesia, which involve in inhibitory and excitatory neurotransmission in the vlPAG have not been directly evaluated. It is not known how distinct neuron subpopulations in the vlPAG are engaged in the descending pain modulation pathway. For the first time, we showed that chemogenetic inhibition of GABAergic vlPAG neurons produced antinociceptive effects, while the combination of chemogenetic activation of GABAergic neurons and chemogenetic inhibition of glutamatergic neurons in vlPAG effectively attenuated the effect of EA. It is hypothesized that GABAergic neurons have a tonic inhibitory effect on vlPAG glutamatergic neurons, while glutamate neurons are output neurons that project to the rostral ventromedial medulla (RVM) (Vaughan et al., 1997; Morgan et al., 2008; Ho et al., 2013). As we can see from Figure 8, chemogenetic inhibition of GABAergic neurons in the vlPAG also produces activation of glutamatergic neurons according to the GABA disinhibition hypothesis, whereas selective activation of GABAergic neurons is not sufficient to attenuate the effect of EA on the condition that some glutamatergic neurons are still directly activated by EA (Figure 8C). This is the potential reason why specific chemogenetic inhibition of GABAergic neurons is sufficient to simulate the EA effect, while the reverse of the EA effect requires the combination of chemogenetic activation of GABAergic neurons and chemogenetic inhibition of glutamatergic neurons in the vlPAG. More studies are necessary to determine the neural circuitry of the vlPAG and connectivity with other brain regions. It is also possible that that GABAergic and glutamatergic neurons in the vlPAG have local circuits, such as synaptic connections between GABAergic neurons and glutamatergic neurons in the vlPAG. Future studies should examine the exact physiological function of GABAergic and glutamatergic neurons in the vlPAG local circuits and through synaptic connections between brain regions.
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FIGURE 8. Inhibition of GABAergic neurons and excitation of glutamatergic neurons in the vlPAG participate in EA analgesia. (A) Under pain conditions, GABAergic neurons are excited, resulting in glutamatergic, and serotoninergic neuron inhibition. (B) Chemogenetic inhibition of GABAergic neurons results in activation of glutamatergic neurons and serotoninergic neurons, and the descending inhibitory pain pathway would be activated to relieve the pain. (C) EA synchronously inhibits GABAergic neurons and activates glutamatergic neurons, thereby allowing serotoninergic neurons to be excited sufficiently. (D) With chemogenetic inhibition of GABAergic neurons, glutamatergic neurons are still activated by EA, and serotoninergic neurons in the descending inhibitory pain pathway remained partially activated. Chemogenetic activation of GABAergic neurons and inhibition of glutamatergic neurons is sufficient to attenuate the effects of EA.



Endogenous cannabinoid ligands and CB1 receptors are widely present in the nociceptive and descending inhibitory pathways (Mitrirattanakul et al., 2006). CB1 receptors are expressed in both nerve endings of GABAergic neurons and glutamatergic neurons in the PAG, which provides histological evidence that the activation of the CB1 receptor may regulate GABAergic and glutamatergic neurotransmission (Drew et al., 2009; Hu et al., 2014). WIN55212-2 (WIN), a CB1R agonist, modulates various K+ and Ca2+currents that could activate GABAergic and glutamatergic neurons (Straiker et al., 1999; Yazulla et al., 2000; Fan and Yazulla, 2003; Straiker and Sullivan, 2003; Yazulla, 2008; Schwitzer et al., 2016).

Consistent with previous electrophysiology results, we experimentally confirmed that the CB1 receptors on GABAergic and glutamatergic neurons are involved in the analgesia of EA. Using the Cre/loxP system, we are able to specifically knock out the CB1 receptor on GABAergic neurons or glutamatergic neurons localized in the vlPAG. Knocking out the CB1 receptor on GABAergic neurons abolished most of the EA effect on pain hypersensitivity, while knocking out the CB1 receptor on glutamatergic neurons localized in the vlPAG, only lessened some of the EA effect on pain hypersensitivity. According to our results, EA can simultaneously inhibit GABAergic neurons and excite glutamatergic neurons in the vlPAG via CB1 receptors. Chemogenic CB1 knock-out on GABAergic neurons abolished the effect of EA while chemogenic activation of GABAergic neurons only partly attenuated the effect of EA. It suggested that the CB1 receptors on GABAergic neurons may also be required for activation of the CB1 receptor on glutamatergic neurons localized in the vlPAG, which conforms to the theory of ON- and OFF-cells in the vlPAG (Heinricher et al., 1987). According to Wang's research (Wang et al., 2016), a CB1R agonist reduced the mIPSC frequency regardless of whether AMPA receptors were blocked, while it affected the mEPSC frequency when inhibitory inputs were present. It indicated that the activation of GABAergic neurons may be necessary for glutamatergic neuron excitation via CB1 receptors.

Through chemical genetic manipulations, we have observed for the first time that EA can exert an analgesic effect by simultaneously inhibiting GABAergic neurons and stimulating glutamatergic neurons. We know that when pain occurs, it is accompanied by a functional imbalance between GABAergic neurons and glutamatergic neurons. The relative balance of GABAergic neurons and glutamatergic neurons is critical for the maintenance of homeostasis (Siegfried and de Souza, 1989; Schmidtko et al., 2008). The microinjection of GABAA receptor antagonists or glutamate agonists into the vlPAG produces antinociceptive effects (Bobeck et al., 2009; Liao et al., 2011). According to recent research by Vijay K, activation of glutamatergic neurons or inhibition of GABAergic neurons by chemical genetics achieves an effective inhibition of nociceptive sensation, in spite of that experiment being performed in normal mice rather than in a mouse pain model, as in the present experiments (Samineni et al., 2017). Despite the support of those experiments, the effect of clinical application of GABAA receptor antagonists or glutamate agonists is not optimistic (de Meij et al., 2014; Bruhn et al., 2017). In clinical treatment, it is indeed difficult to find a drug that can simultaneously act on both GABAergic and glutamatergic neurons, as they belong to different neuroreceptor systems with two distinct functions. According to our results, EA may simultaneously inhibit GABAergic neurons and activate glutamatergic neurons in the vlPAG via CB1 receptors to exert antinociceptive effects. The results of this study provide experimental evidence contributing to our understanding of the dual target adjustment mechanism of EA analgesia and homeostasis recovery under pain conditions.

In conclusion, we have demonstrated a novel role of GABAergic neurons and glutamatergic neurons in the vlPAG in EA antinociceptive effects. EA can simultaneously inhibit GABAergic neurons and excite glutamatergic neurons in the vlPAG via CB1 receptors, thereby exerting antinociceptive effects. Knocking out the CB1 receptor on GABAergic neurons is sufficient to abolish the EA effect on pain hypersensitivity, while the combination of activation of GABAergic neurons and inhibition of glutamatergic neurons in vlPAG is sufficient to attenuate the effect of EA. EA synchronously regulates the GABAergic system and the glutamatergic system with distinct functions through the CB1 receptor. This finding may provide new ideas for the clinical treatment of pain and the development of analgesic drugs.
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Background: Neurofeedback (NFB) is a neuromodulatory technique that enables voluntary modulation of brain activity in order to treat neurological condition, such as central neuropathic pain (CNP). A distinctive feature of this technique is that it actively involves participants in the therapy. In this feasibility study, we present results of participant self-managed NFB treatment of CNP.

Methods: Fifteen chronic spinal cord injured (SCI) participants (13M, 2F), with chronic CNP equal or greater than 4 on the Visual Numeric Scale, took part in the study. After initial training in hospital (up to 4 sessions), they practiced NF at home, on average 2–3 times a week, over a period of several weeks (min 4, max 20). The NFB protocol consisted of upregulating the alpha (9–12 Hz) and downregulating the theta (4–8 Hz) and the higher beta band (20–30 Hz) power from electrode location C4, for 30 min. The output measures were pain before and after NFB, EEG before and during NFB and pain questionnaires. We analyzed EEG results and show NFB strategies based on the Power Spectrum Density of each single participant.

Results: Twelve participants achieved statistically significant reduction in pain and in eight participants this reduction was clinically significant (larger than 30%). The most successfully regulated frequency band during NFB was alpha. However, most participants upregulated their individual alpha band, that had an average dominant frequency at αp = 7.6 ± 0.8 Hz (median 8 Hz) that is lower than the average of the general population, which is around 10 Hz. Ten out of fifteen participants significantly upregulated their individual alpha power (αp ± 2 Hz) as compared to 4 participants who upregulated the power in the fixed alpha band (8–12 Hz). Eight out of the twelve participants who achieved a significant reduction of pain, significantly upregulated their individual alpha band power. There was a significantly larger increase in alpha power (p < 0.0001) and decrease of theta power (p < 0.04) in participant specific rather than in fixed frequency bands.

Conclusion: Neurofeedback is a neuromodulatory technique that gives participants control over their pain and can be self-administered at home. Regulation of individual frequency band was related to a significant reduction in pain.

Keywords: central neuropathic pain, spinal cord injury, electroencephalography, neurofeedback, sensory-motor rhythm


INTRODUCTION

Neuropathic pain is a chronic condition caused by damage to or disease of the somatosensory nervous system (Haanpää et al., 2011), affecting 7–10% of the general population (Colloca et al., 2017). Although the cause of pain is in the nervous system, it is typically perceived as burning or stinging sensation coming from the body (Siddall et al., 2003). Neuropathic pain may be of a peripheral (i.e., post operative, cancer, and painful diabetic neuropathy) or of a central origin (Seifert and Maihöfner, 2009). Central neuropathic pain (CNP) is caused by an injury to the central nervous system including the brain and the spinal cord, and it has a high prevalence in conditions such a spinal cord injury (SCI) (Siddall et al., 2003; Finnerup, 2013), multiple sclerosis (Osterberg et al., 2005), stroke (Andersen et al., 1995) and Parkinson’s disease (Beiske et al., 2009).

In people with SCI, the prevalence of neuropathic pain is around 50% and it typically occurs within the first year of injury (Siddall et al., 2003). Severe CNP results in reduced quality of life (Middleton et al., 2007) due to its impact on sleep and anxiety (Siddall et al., 2003; Finnerup, 2013) and in more extreme cases also affects employability (Mann et al., 2013).

There are six main mechanisms involved in the chronification of neuropathic pain: (i) activity increase in areas of the pain neuromatrix, (ii) recruitment of additional cortical areas beyond the classical pain neuromatrix, (iii) cortical reorganization and maladaptive neuroplasticity, (iv) alterations in neurochemistry, (v) structural brain changes, and (vi) disruption of the brain default mode network (Seifert and Maihöfner, 2009).

Central neuropathic pain is typically treated with medications, such as antidepressant, anticonvulsants and opioids (Dickenson and Ghandehari, 2007). These medications have multiple side effects, such as drowsiness, nausea, constipation and dry mouth (Bakonja and Rowbotham, 2006) and some of them lead to misuse or even drug-related deaths (Gov.UK, 2019). In addition to having side effects, medications have a limited efficacy (Finnerup et al., 2018). For example, about half the people taking gabapentin experience a moderate reduction in pain (30%) (Wiffen et al., 2017).

Neuromodulatory treatment of CNP typically rely on external electrical or magnetic stimulation such as repetitive Transcranial Magnetic Stimulation (rTMS), transcranial Direct Current Stimulation (tDCS), and Cranial Electrotherapy Stimulation (CES) (O’Connell et al., 2018). A recent Cohrane review showed that rTMS on average results in 12%, while tDCS results in 17% short term relief in pain. There was no evidence of CES effectiveness. O’Connell et al. (2018) suggested 15% as a clinically relevant reduction in pain, meaning that only tDCS may result in a clinically significant reduction in pain. Typically, tCDS electrodes are applied over the motor cortex while rTMS is applied either over the pre-frontal or central area. It is believed that while both techniques target the central motor area, they indirectly influence cortical areas involved in the pain matrix. For this reason, stimulation sites do not necessarily correspond to the somatotopic location of the part of the body that is perceived as being painful.

Neurofeedback is a neuromodulatory intervention which does not require an external electrical or magnetic filed. It is a type of a biofeedback where users are provided with real time information about their brain activity in a form of a visual, audio or even haptic feedback. Neurofeedback allows users to develop a voluntary control over an unconscious physiological process using a feedback signal (Sherlin et al., 2011; Ros et al., 2014). Thus it enables the implicit control of covert brain activity that may have no direct behavioral correlates.

Neurofeedback has been used for decades to treat various disorders, most successfully attention deficit hyperactivity disorder and epilepsy (Demos, 2005). Development of inexpensive Brain Computer Interface technology contributed to its recent popularity not only for the treatment of neurological conditions but also for the improvement of peak performance in the able bodied people (Gruzelier, 2014). NFB has been used for treatments of various types of pain including complex regional pain syndrome (Jensen et al., 2007) fibromyalgia (Kayiran et al., 2010; Caro and Winter, 2011), trigemina neuralgia (Sime, 2004), cancer pain (Hetkamp et al., 2019), migraine (Siniatchkin et al., 2000), and CNP (Jensen et al., 2013a; Hassan et al., 2015).

The advantage of NFB over other neurostimulation techniques is that it enables the participants to take the active part in therapy, changing the locus of control from the external to the internal (Wood and Kober, 2018). People who use NFB for a prolonged period of time can learn to apply the technique at will without a feedback (Sherlin et al., 2011). Furthermore the technique is less costly than rTMS and is also potentially safer than rTMS, tDCS, and CES. From a research perspective, NFB has an additional advantage over neurostimulation techniques, it records brain activity thus providing direct evidence of neuromodulation during the therapy.

Neurofeedback is often based on operant conditioning, a strategy that increases a preferred behavior and decreases an undesired behavior providing a reward or punishment (Skinner, 1948). The idea behind this is to train a user to promote a desirable response to occur again under the same conditions (Sherlin et al., 2011). Typically in NFB a “reward” and a “penalty” are presented in a visual form, e.g., changes in the color or size of an object on a computer screen. Simple, frequently used forms of reward and penalty are changes in color (i.e., reward corresponds to green color while penalty corresponds to red color) or size of on object on a computer screen.

It is believed that NFB tunes brain oscillations toward a homeostatic set-point which affords an optimal balance between network flexibility and stability (i.e., self-organizing criticality) (Ros et al., 2014). It is believed that non-degenerative brain disorders may have a self-tuning impairment, having their dynamic repertoire “trapped” in an abnormal resting state (Ros et al., 2014). In this respect, chronic pain disrupts “a default mode network” (Baliki et al., 2008). NFB facilitates global brain connectivity and establishes a normalized default mode network.

In order to establish a NFB protocol for CNP it was necessary to identify how CNP affects brain oscillatory activity, as measured by EEG. An important factor influencing oscillatory EEG activity is thalamo-cortical dysrhythmia, that serves as a trigger for cortical dysfunction (Llinas et al., 1999; Walton and Llinas, 2010). Thalamo-cortical dysrhythmia is caused by either deafferentation or disinhibition of thalamic nuclei and as such may have a subcortical or supracortical origin such as neuropathic pain, tinnitus, Parkinson’s disease and depression (Llinas et al., 1999). In case of CNP caused by SCI, a lesion to the spinal cord causes deafferentation of thalamic nuclei leading to hyperpolarization of these cells. When hyperpolarized, thalamic neurons change from high threshold tonic firing to low threshold theta range oscillatory burst. Such low frequency oscillations entrain corticothalamic loops generating increased coherence between the thalamus and the cortex, and increased power in 4–8 Hz range in the cortical level, also accompanies by the reduction of the dominant (alpha) frequency (Llinas et al., 1999). At the same time thalamocortical modules in theta mode exert less collateral inhibition to the neighboring modules, which are thereby activated in higher beta and gamma frequency ranges (Llinas et al., 1999; Sarnthein et al., 2006). This abnormal high frequency firing is proposed to generate the positive symptoms of pain and allodynia (Schulman et al., 2005). In people with CNP, increased theta band activity is considered the main signature of CNP (Sarnthein et al., 2006; Stern et al., 2006; Boord et al., 2008; Vuckovic et al., 2014).

Previous EEG studies on CNP in SCI also reported a shift in the dominant alpha frequency toward lower values and a reduced reactivity (reduction of EEG power) to eyes opening, attributed to the altered input from the thalamus (Boord et al., 2008; Jensen et al., 2013b; Vuckovic et al., 2014). Changes in the resting state alpha band power are reported in some studies to be increased (Vuckovic et al., 2014) while others reported decreased alpha band power compared with participants with no pain (Jensen et al., 2013b). Our group also found an increased level of desynchronisation during imagined movements of both painful and non-painful limbs (Vuckovic et al., 2014), supporting results from fMRI studies indicating the over-activity of the sensory-motor cortex due to CNP (Wrigley et al., 2009; Gustin et al., 2010).

A recent review of EEG patterns in chronic pain found that the increased theta and alpha activity at rest and decreased amplitude of evoked potentials to sensory stimulation and cognitive tasks are the main indices of chronic pain (Pinheiro et al., 2016). On the contrary, Camfferman et al. (2017) suggested that the reduced alpha band power is an indicator of chronic pain in general. A discrepancy with respect to alpha band power in different studies may be partially explained by the way alpha band power was calculated, as in people with CNP peak activity is lower. Thus standard 8–12 Hz band might not reflect the individual alpha band power.

In our recent study we showed that a reduced alpha power and a reduced dominant alpha frequency are predictive asymptomatic markers of CNP in people with SCI (Vuckovic et al., 2018b). These markers appear before pain and are representative features for machine learning systems that can predict the risk of developing pain (Vuckovic et al., 2018a). This indicates that alpha activity may be the most relevant feature for a NFB protocol.

The NFB protocols for treatment of different types of chronic pain show that most protocols target the central or temporal cortex, upregulating alpha (8–12 Hz) or lower beta (12–15 Hz) activity and downregulating theta (4–8 Hz) and higher beta (20–30 Hz) (Kayiran et al., 2010; Caro and Winter, 2011; Jensen et al., 2013a; Hassan et al., 2015). All protocols were based on fixed frequency bands.

In our previous study we tested protocols that increased the alpha (9–12 Hz) and decreased the theta and higher beta band over the primary motor cortex (C3 and C4) (Hassan et al., 2015). Four out of five participants who received 20 to 40 sessions reported a more than 30% reduction in pain. The effect was notable up to 1 month following the last session. We also demonstrated that all participants were able to modulate their brain activity in the direction of NFB even without the feedback. On the contrary, with pre-recorded sham feedback provided they were not able to modulate their brain activity. Finally we showed that a week following the last session, their event related desynchronisation over the sensory-motor cortex during imagined movement was reduced, indicating reduced over activity of the motor cortex (Hasan et al., 2016). Their baseline EEG was also reduced in a wider pain matrix including the dorsolateral prefrontal cortex, the anterior cingulate cortex and the insular cortex, in the higher beta band.

In this participant self-managed study, we asked participants with long standing CNP and SCI to practice NFB on their own and monitored their pain level and EEG activity. The advantage of self-managed NFB is that users can decide when to use the NFB, thus potentially maximizing the effect of treatment.

Research questions that we are trying to answer in this paper are:

• Can people learn how to self-manage NFB for CNP?

• Are NFB bands for treatment of CNP fixed or patient specific?

• What is the relation between self-regulated brain activity and the experience of pain?



MATERIALS AND METHODS


Participant Demographics

Twenty people with SCI (4 female and 16 male, aged 50.6 ± 14.1 years), previously diagnosed with CNP (Mahnig et al., 2016) participated in this study. The American Spinal Injury Association (ASIA) Impairment Classification was used to determine the neurological level of SCI (Kirshblum et al., 2011), and the completeness of injury. The level of injury C (cervical) corresponds to tetraplegia while T (thoracic), and L (lumbar) to paraplegia. The completeness of injury is defined as: A-sensory and motor complete, B-sensory incomplete and motor complete and C and D-sensory and motor incomplete. Eight participants were able to walk, nine were fulltime wheelchair users who had good hand function and three participants were tetraplegic with poor hand function. Tetraplegics were assisted by their caregivers with NFB setup.

There were no inclusion restrictions with respect to the level or completeness of the injury, as there is no clear evidence of correlation between these factors and the incidence of CNP (Siddall et al., 2003). Table 1 shows participants’ demographic information. The inclusion criteria were: intensity of CNP ≥ 4 on a Visual Numerical Scale (VNS, 0 = no pain, 10 = worst pain imaginable), CNP ongoing for at least 6 months (chronic), aged between 18 and 75 years, no self-reported history of brain disease or injury, and basic computer skills. The exclusion criteria were: presence of chronic or acute muscular or visceral pain ≥ 4 VNS, traumatic brain injury, stroke, epilepsy, or any other self-reported neurological problem.

TABLE 1. Participants’ demographic information.
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All participants had below level pain while participants 3, 8, and 12 also had pain at the level of injury. The location of the painful region was marked by participants on a body chart (Figure 1). At level pain may occur due to injury to the roots or spinal cord, thus it may have central or peripheral origin. Below level pain is more common and more persistent; it has a central origin and is caused by the injury to the spinal cord (Bryce et al., 2012; Finnerup et al., 2014). Participants typically described the pain sensation as pins and needles, constant burning or freezing, tingling or squeezing combined with the intermittent electrical shock sensations.
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FIGURE 1. Body charts showing pain location for all 20 participants.



Most of the participants were prescribed CNP medications, such as antidepressants or anticonvulsants. They were asked not to change their medications throughout the study to avoid their interference with the NFB effect on pain. Six patients previously tried non-pharmacological treatments (acupuncture and mindfulness) that were available through the National Healthcare Service, but have not been receiving any non-pharmacological treatment for at least 6 months prior to taking part in the study. During a regular check-up communication, approximately once a fortnight (in person, email, or Skype) there were asked if there were any changes dosage or type of medication. All patient participants and able-bodied participant shown in Figure 2 provided written informed consent. The study has been approved by the Greater Glasgow and Clyde National Health Service Ethical Committee. This study is a registered clinical trial NCT02678494.
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FIGURE 2. (A) A member of the research team (who consented that his photo is provided) demonstrate the correct location of the EEG headset with an arrow pointing to the electrodes from which the EEG was provided. (B) Neurofeedback GUI; Horizontal black lines present an example of threshold values, they were not shown to users.





The Experimental Protocol


Initial Assessment

At the beginning of the study, all participants were asked to fill out a “Brief Pain Inventory” (Tan et al., 2004) and a “Neuropathic Pain Symptom Inventory” (Bouhassira et al., 2004). Participant’s initial response to NFB was measured using a laboratory device usbamp (Guger Technology, Austria), as in our previous study (Hassan et al., 2015; Hasan et al., 2016). This devices uses an EEG cap and can therefore precisely define the electrode locations. This is how the location of electrodes for the wearable EEG headset (Epoch, Emotiv, United States) was determined. Based on the literature (Jensen et al., 2013a) and our initial assessment of NFB on able-bodied people (Al-Taleb, 2018), we organized up to four initial assessment sessions in hospital. We were looking for early sensory responses to NFB such as: reduction in pain of at least one point on the VNS, a pleasant warmth replacing the sensation of burning or freezing, tingling in the toes or finger tips (Hassan et al., 2015). Five out of twenty participants decided to withdraw before completing all four NFB sessions, three could not commit to the study and two were lacking any response to NFB.



Participant Training to Use a Wearable BCI

The remaining fifteen participants and caregivers were trained to use the Epoch EEG (Emotiv, United States) device and custom made software. They were offered up to 4 training sessions before taking the EEG device and tablet with software home to train on their own. To minimize the number of hospital visits, some of the training sessions took place on the same day as the assessment with the usbamp. Participants were instructed to practice the NFB on demand but at least once a week for a period of 2 months; some participants decided to keep the system after 2 months, we followed them up till the end of the study. All participants were also asked to fill out an electronic pain diary before and after training. The intensity of pain was recorded using the VNS ranging from 0 (no pain) to 10 (worst pain imaginable) in integer values. EEG was recorded during NFB sessions from the training electrode. At the end of the training, semi-structured interviews were organized. The results of the interviews with participants will be analyzed in a usability study presented elsewhere.

Because Epoch was not initially designed to record from the central cortex, participants were trained to place the headset on the correct central location, so that the recording electrode was placed approximately in between C2 and C4. The Epoch headset is only available in one size it was therefore not possible to provide a more precise location. Figure 2A shows an example of correct placing of the headset with location for the electrode from which training was provided.



System Description and Neurofeedback Training Protocol

NFB training was provided approximately from the electrode location C4 (American Clinical Neurophysiology Society [ACNS], 2006), placed over the primary motor cortex of the left arm and hand. The sampling frequency was 128 samples/s and two reference electrodes were placed parietaly, above the ears for CMS/DRL noise cancelation. The impedance was set under 10 kΩ using Epoch proprietary software. A wireless communication between the EEG device and tablet, was based on proprietary 2.4 GB wireless technology.

Custom made software written in C++ (Al-Taleb, 2018) consisted of a unit for EEG recording and analysis and a Graphical User Interface (GUI). The GUI had the main screen for neurofeedback training, a screen for EEG parameters setting, and an electronic pain diary.

Neurofeedback sessions always started with 2 min baseline recording. During the baseline recording, participants sat still with their eyes open looking at the center of the screen. NFB training sessions were 5 min long and participants were advised to have 5–6 daily sessions.

A training protocol was adopted from the previous study by our group (Hassan et al., 2015). During NFB training the power of the EEG signal was calculated over a 0.5 s sliding window. EEG signal was filtered in four frequency bands: wideband 2–30 Hz, Θ theta (4–8 Hz), α alpha (9–12 Hz), and higher β beta (20–30 Hz) using a 5th order Butterworth filter. The relative power was calculated as a power in a selected band divided by wide band 2–30 Hz power. Relative power was presented to users during NFB (range from 0 to 1, corresponding to 0 to 100% of the wide band power).

The values of relative theta, alpha and beta power were shown on a computer screen, in a form of three separate bars (Figure 2B). During NFB training, participants were aiming at increasing the alpha band power and decreasing the theta and beta band power, relative to the baseline power recorded on the same day prior to NFB. A slightly higher alpha range starting from 9 rather than 8 Hz was selected in order to shift the dominant frequency toward the higher values, as a lower dominant alpha frequency was found to be a signature of CNP (Boord et al., 2008). While the theta and beta bands were related to EEG signatures of pain, these two bands are also related to noise coming from blinking (theta band) and muscle activity (beta band). Thus minimizing theta and beta power also minimized the online noise.

The training threshold was fixed and set to 110% of the baseline alpha power and to 90% of the baseline theta and higher beta power. A color of the representative bar was green when the alpha power was above the threshold and was red otherwise. For the theta and beta power the color of the representative bars was green when the power was under the threshold and red otherwise. The bars also changed size proportional to the amplitude of the power.



Off-Line Analysis


Removal of artifact

EEG was visually inspected and signal having an amplitude greater than 100 μV or containing electrooculogram EOG (blinking and eye rolling) was manually removed. On average 10–20% of the signal was removed.



Power spectrum density

PSD was calculated using Hamming windows over 4 s long recording overlapping for 2 s and averaging PSD over all windows (Welch periodogram method). A logarithmic PSD was calculated as 10log10⁡PSD for visualization purposes.

Power was calculated for (4–8 Hz), (8–12 Hz), and (20–30 Hz) and for individual frequency bands by summing up PSD values over the selected frequency range. In order to determine the individual bands, the frequency of alpha peak αp was determined first as a maximum of PSD graph and a band power was calculated with respect to that peak. The individual alpha band was defined as (αp± 2 Hz), the individual theta band as (αp−6 Hz to αp−2 Hz) and the individual higher beta band as (αp+12 Hz to αp+22 Hz).



Statistical analysis

Mann–Whitney U-test was used to compare VNS pain intensity before and after neurofeedback and EEG data. A non-parametric Spearman correlation coefficient was calculated between the intensity of pain and EEG features as well as between pain and patient demographic data. A significance level of p = 0.05 was adopted in all cases.






RESULTS


Participants Compliance With the Study

Out of fifteen participants who took part in the NFB study, seven used the system for 2 months as required. Three out of these seven continued to use the system for additional 6 weeks. Eight participants discontinued the study for the following reasons: unrelated health problems (N = 3), new caregiver (N = 1), moving home (N = 1), too long donning time (>15 min) (N = 2), broken device (N = 1). Out of seven participants who used the system in their home for 8 weeks or longer, five could walk, one was a sensory and motor complete paraplegic, and one sensory and motor complete tetraplegic. EEG data and pain diaries were collected from all fifteen participants (participants could not start NFB or exit the software application unless filling out the pain diary). Table 2 shows the number of session, frequency of use and the total duration of the study for each participant. Participants were advised to use NFB on demand, when they had time and when they felt most pain. From the frequency of use, which in most participants was about three times per week, it can be concluded that NFB had an effect that lasted several days. This is, however, only an estimate, because participants did not fill out the pain diary on a daily basis and at the same time of the day (participants often reported that pain tends to be higher in the evening than in the morning).

TABLE 2. The number of NFB sessions.
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The Ability to Regulate EEG Power

We analyzed the average ability of each participant to upregulate the alpha and to down regulate the theta and beta band power. Figure 3 shows the average (mean ± SD) modulation of power, with respect to the baseline power in fixed frequency ranges (theta, alpha, and higher beta) for each participant. Positive values correspond to the upregulation (increase) while negative values correspond to the downregulation (decrease). A dashed line represents 10% change with respect to the baseline ( ± 10% was also set as a training threshold). In addition, a statistical analysis was performed over all training sessions, to assess whether NFB consistently modulated EEG power in a desired direction (increase of the alpha and decrease for the theta and beta bands). This was a somewhat conservative approach as it also included early sessions while participants were still learning the NFB technique. Only three participants significantly upregulated their alpha band power, but nine participants significantly downregulated either theta or beta band power.


[image: image]

FIGURE 3. The average percentage of change (mean ± SD) over all training sessions for each participant in theta (4–8 Hz), alpha (8–12 Hz), and higher beta (20–30 Hz) bands. Asterisks show statistically significant values.



Figure 4 shows the average (mean ± SD) modulation of power, with respect to the baseline power in participant specific frequency ranges for each participant. Twelve out of fifteen participants increased on average the alpha power for more than 10% and for nine of them this was statistically significant. Ten reduced their theta band power by more than 10% while in seven this downregulation was statistically significant. Six reduced their beta band.
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FIGURE 4. The average percentage of change (mean ± SD) over all training sessions for each participant in patient specific theta, alpha, and higher beta bands. Asterisks show statistically significant values.



There was a statistically significant difference in the alpha (p < 0.001) and theta band power (p < 0.04) calculated for fixed and participant specific ranges. For the beta bands this difference was not statistically significant (p < 0.08).

To further illustrate why it was necessary to calculate the alpha band power in a participant specific manner, we show a representative example of power spectrum density for each participant during the baseline period and during NFB in Figure 5. Participants average dominant alpha peak is shown in Table 3. All but one participant had a dominant alpha peak 8 Hz or lower, as opposed to the general population where it is about 10 Hz (Niedermeyer, 1999). The dominant peak did not change as a result of NFB.
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FIGURE 5. Power spectrum density during baseline (dashed line) and during NFB (solid line) for each single participant.



TABLE 3. Individual dominant alpha peak.
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Figure 5 shows that during NFB participants did not shift their alpha peak in the 9–12 Hz range but increased the power in their own alpha range (see, e.g., P3, P4, P7, andP17). Six participants downregulated their beta band activity (desired direction) while four were increased their beta band activity (undesired direction). The individual theta band in most cases actually overlapped with the delta (1–4 Hz) band while individual alpha band partially overlapped with the theta (4–8 Hz) band. Furthermore in five participants (P5, P7, P11, P16, and P17) the dominant peak was barely visible in the relaxed state but emerged during NFB.

The alpha band power normally increases when a person closes their eyes. Engagement in a cognitive task normally results in decrease in alpha and increase in beta band activity (Niedermeyer, 1999). In addition to the wide spread alpha activity, the central cortex is also a source of the sensory motor rhythm, also present at 8–12 Hz (Niedermeyer, 1999). The idea behind NFB from electrode location C4 was to modulate the sensory-motor rhythm. This rhythm drops upon motor action, and there is no known verbalized strategy to increase it with the eyes opened. For this reason we believe that the increase in alpha (i.e., sensory motor rhythm) activity in this case is due to NFB and not due to general engagement in a cognitive task.



The Effect of NFB on Pain

Table 4 shows the average level of pain reduction following NFB treatment for each participant. Because the VNS pain ratings are not normally distributed (e.g., the initial pain level in all participants was between 4 and 10) we present them as median and first and third quartile and related statistical results based on non-parametric statistical analysis. We, however, also present the same results as mean ± SD in the Appendix, similar to how results are presented in most pain related publications. Both approaches provide similar results.

TABLE 4. Pain intensity before and after NF training (median, first and third quartile Q1, Q3).
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Twelve out of fifteen participants achieved statistically significant reduction in pain. In eight participants this was also clinically significant (larger than 30%). Thirty percent was based on studies reporting on the effectiveness of pharmacological treatments (Wiffen et al., 2017). If we adopt 15% as a clinically significant value, as in papers reporting on benefit of neurostimulation technology (O’Connell et al., 2018), thirteen participants achieved a clinically significant reduction in pain.

There was no direct correlation between the increase in alpha band power during NFB and decrease in pain (p = 0.4589, R = −0.0152). This is, however, not surprising bearing in mind that the NFB tunes the brain toward a homeostatic set point, that might not be a state with a maximum alpha band power. Baseline preNFB alpha power varies due to the circadian rhythm and was not possible to assess because participants did not necessarily always practice NFB at the same time of the day.

We analyzed how the baseline pain intensity changes over time. There was not a clear trend of Pre NFB pain level decrease, though in some patients relief of pain during NFB was almost compete (Figures 6B,C). This could be attributed to a fact that participants did not practice NFB at regular intervals but only when their pain level increased to the point that they needed pain relief. With that respect some participants consistently practiced NFB when their pain would reach the same level and achied about the same pain relief (Figure 6A) while in the others the pre and post NFB pain level varied, frequently reaching very low level (Figures 6B,C).
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FIGURE 6. Pain intensity (Visual Numerical Scale) before (blue dots) and after (red dots) NFB over all training sessions for representative participants (A) P4, (B) P17, and (C) P16.





A Relationship Between the Modulation of EEG Activity and the Intensity of Pain

We analyzed the relationship between a significant reduction in pain and a significant upregulation of the alpha power. There were four possible scenarios

(a) Participants significantly increased their individual alpha power and achieved a statistically significant reduction in pain.

(b) Participants significantly increased their alpha power but did not achieve a statistically significant reduction in pain.

(c) Participants did not significantly increase their alpha power but did achieve a statistically significant reduction in pain.

(d) Participants did not significantly increase their alpha power and did not achieve a statistically significant reduction in pain.

We showed that eight participants who significantly increased their alpha power also achieved a significant reduction in pain (P3, P4, P5, P7, P10, P12, P14, and P17), while four who did not achieve a significant increase in alpha power also achieved a significant reduction of pain (P1, P2, P16, and P19). However, three of these four had a significant reduction in beta or both theta and beta band power.

Furthermore two participants who achieved a significant increase in the alpha band power did not achieve a significant reduction of pain. One of these (P11) achieved a significant reduction in the beta band power while the other (P20) achieved a significant increase in beta power. Finally one participant who did not significantly increase the alpha band power did not significantly reduce pain (P18), this participant significantly reduced the theta band power.



Relationship Between Pain and Demographic Data

Our analysis confirmed results from the literature regarding the weak relationship between the intensity of pain and the participants’ demographic data (Siddall et al., 2003). Spearman non- parametric rank sum test was applied. There was no significant correlation between the level of pain and the level of injury (p = 0.6949, r = 0.0935). The level of pain was not significantly correlated with the time since injury though the p-value was close to the significance level (p = 0.0631, r = 0.4231) indicating that pain might get worse over time. No significant correlation was found between the level of pain and the reduction of pain on the VNS (p = 0.81, r = 0.65), the dominant baseline power alpha frequency and the reduction in pain during NFB (p = 0.9703, r = −0.0105), the initial level of pain and the dominant alpha frequency (p = 0.4522, r = −0.2101), and time since injury and the reduction in pain during NFB (p = 0.9701, r = 0.1010). Likewise, there was no significant difference in the initial level of pain between walkers (ASIA D) and non-walkers (ASIA A and B) (p = 0.7528), nor between participants with incomplete (ASIA B, C, and D) and complete (ASIA A) injury (p = 0.6242).

There was no clear correlation between the duration of the study in weeks and the reduction of pain (p = 0.796, R = 0.094) and the total number of NFB sessions and reduction of pain (p = 0.299, R = 0.287). This may indicate that NFB may contribute to reduction in pain to a certain level, but that further implementation may only keep this pain level. It also has to be acknowledged that not every NFB session is successful as it depends on the participant’s mental state (Demos, 2005).



Incidental Findings and Side Effects

Similar to our previous study, most participants reported a tingling sensations staring in their toes, or in case of tetraplegics also at the tip of their fingers. One participant that initially had CNP in the form of an excessive cold sensation, reported a sensation of pleasant warmth during NFB; the sensation of a pleasant warmth was also reported by the majority of participants whose pain was experienced as a burning sensation. Three participants reported successful transfer learning, i.e., applying NFB mental strategy without a device (it is possible that more participants had this ability but we did not systematically explored it). One participant said that wearing an audio headset at work produced similar sensation on his head which additionally helped him to imagine doing NFB. Transfer learning is an inherent property of successful NFB independent on a specific application (Sherlin et al., 2011) that might affected regularity of NFB practice with the device. It may be considered as the main advantage of NFB over tDCS or rTCS because it allows a person to apply a NFB strategy even without a device. Experience from other NFB studies (Sherlin et al., 2011), however, show that using NFB device at least once a week is necessary in order to keep the transfer learning ability.

Two participants with limited walking ability due to clonic spasm were spasm free immediately after 20–30 min of training, demonstrated in our laboratory. The spasm subsided for the rest of the day following NFB. Another participants who could walk with poor prioprioception reported returned sensation in his foot sole to the extent that he could feel whether the surface on which he walked was slippery or rough. He also demonstrated that, due to improved proprioception, he could stand still with his eyes closed, that is a challenging task for people with poor proprioception. Participants also occasionally mentioned improved sleep but it was hard to determine whether it was primarily a better nights sleep or better sleep quality due to reduced pain.

Negative side effects were occasional headaches, but it was unclear whether this was due to increased concentration or due to the NFB protocol. Another negative side effect was occasional hypersensitivity in the soles of the feet in the participant who regained proprioception, this was managed by reducing the duration of NFB.

We did not systematically examine participants’ mental strategy but on their check-up visit we asked what were they thinking of during NFB. They all mentioned evoking some happy episodic memory, such as thinking of a favorite activity, an episode with a favorite family member or a favorite holiday (e.g., imaging laying on a beach). This might be an indication that they activated default mode network (Sestieri et al., 2011).




DISCUSSION

With the advent of wearable consumer grade wearable EEG headsets, this technology become available to individual users. Thus neurofeedback becomes competitive with direct current stimulation technique, which has also been used for pain reduction, and can be purchased over the Internet. This prompted us to organize this feasibility participant self-managed NFB study. We demonstrate that after up to 4 training sessions at hospital, people naïve to EEG technology could learn how to use NFB on their own at home, reporting reduction in pain.

The most significant result of this study is the evidence that NFB is based on upregulation of participant specific rather than fixed frequency bands, which are lower than in healthy individuals. We show PSD modulation for each single participant, advancing our understanding of variation in neuromodulation strategies. Our previous study in a controlled hospital environment indicated a relationship between NFB and changes in pain related areas of the cortex (Hassan et al., 2015; Hasan et al., 2016). The NFB protocol, however, had three parameters and the number of participants was too small to establish which of these are most relevant for the reduction in pain. In this study we showed that nine out of fifteen participants achieved a significant modulation of their individual alpha band and that eight of those who achieved significant modulation of the alpha band also achieved a statistically significant reduction in pain. A study by Sarnthein et al. (2006) showed that patients who underwent central lateral thalamoctomy experienced immediate relief of CNP while their alpha peak frequency remained low 3 months post-surgery. Only 12 month post-surgery the frequency of the dominant alpha peak shifted toward higher frequencies (Sarnthein et al., 2006). Schulman et al. (2005) also showed that the dominant alpha peak shifted toward higher frequencies (energy in 9–11 Hz band increased) only in patients who reported 50% reduction of pain as a result of spinal cord stimulation. They did not report how long patients were pain free. Our study lasted on average under 3 months, so it is possible that prolonged NFB practice would result in alpha peak shift, under assumption that NFB would cause long term top down thalamic depolarization.

Although theta and beta band have clear relation to thalamo-cortical dysrhythmia, their relation to the reduction in pain through NFB was less clear than for the alpha band. One of the reasons might be that the bar representing the alpha power was placed in the middle of the GUI and was largest so participants might have perceived it as the most relevant. The other reason might be that the theta and beta bands overlap with eye movement artifact and muscular activity frequency range and could be reduced by minimizing these artifacts. A commercially available NFB software (e.g., NeXus, MindMedia) typically observe one frequency band and monitors the theta and higher beta band as a means of reducing eye movement and muscular artifacts rather than a proper NFB training. They typically present the central (e.g., 8–12 Hz, 12–15 Hz) band with the largest bar as it reliably presents EEG activity without the artifacts and is most relevant for the NFB protocol. On the other hand, minimizing the theta and beta activity also minimized the eye movement (theta) and muscular artifacts (beta).

We showed that 8 out of 15 participants achieved a clinically significant (larger than 30%) reduction in pain. We did not specifically check for how long the pain subsided, but judging by the frequency of use, the effect lasted from 1 to 3 days. This is comparable to the effect of medication and of other neurostimulation techniques (O’Connell et al., 2018). CNP is a chronic condition, and although NFB has a potential to target EEG features and to presumably restore the default mode network, the cause of CNP is the injury of the spinal cord which cannot be treated.

The main signatures of CNP are increased theta activity and reduced dominant alpha frequency (Sarnthein et al., 2006; Boord et al., 2008; Vuckovic et al., 2014). Reduced alpha activity has also been related to chronic pain in general (Camfferman et al., 2017). More recently we identified reduced alpha activity and reduced dominant alpha frequency as early, predictive markers of CNP (Vuckovic et al., 2018b). In the current study we show that individual alpha band in most participants has shifted toward the theta band frequency range. We also showed that none of the participants who reported reduced pain had increased their individual alpha peaks, which stayed around 8 Hz. From this we may conclude that the level of alpha synchronization, rather than its peak frequency is related to the cause of pain. Reduced dominant frequency has been also reported in people with SCI who do not suffer from CNP (Tran et al., 2004). Increased alpha power in people with SCI related CNP, reported in some previous studies (Jensen et al., 2013b) may be at least partially related to the fact that researchers were looking in too high frequency range.

Peak alpha band frequency varies among healthy individuals and is age dependent (Niedermeyer, 1999). From that reason, some NFB studies are based on individual frequency bands with respect to the individual peak alpha frequency αp (Quaedflieg et al., 2016; Lavy et al., 2019).

Increasing the alpha power, effectively means increasing the level of synchronization, i.e., bringing the sensory-motor area to an inactive state. Several EEG and fMRI studies indicated that CNP in the SCI population is related to the overactive sensory-motor cortex (Sarnthein et al., 2006; Gustin et al., 2010) and we also showed that prolonged NFB practice relates to decreased event related desynchronization during imagined movements of both painful and non-painful limbs (Hasan et al., 2016).

There are several limitations of this study. First of all we did not have a control group, as this would have been difficult and potentially unethical to organize in a self-managed study taking place over several months and requiring lots of participants’ engagement.

The role of placebo in pain treatments should not be underestimated (Cragg et al., 2016), as even the randomized controlled trial with one of the most widely used medication for CNP, pregabalin, showed that while about half of the participants taking gabapentin experienced a moderate reduction in pain (30%) and at the same time, one third of people taking placebo also experienced a moderate reduction in pain (Wiffen et al., 2017). The placebo effect might be even higher in NFB due to the fact that participants were given active “control” over their pain. We could only show that 2/3 of people who actively regulated their alpha brain waves also achieved a significant reduction in pain. On the other hand, due to “transfer learning,” i.e., the ability to reduce pain by brining themselves into “neurofeedback” state even without using the device it would be hard to test for placebo in people who are experienced in NFB.

Although NFB is a popular technique for the treatment of various neurological problems, there are few published pain related randomized controlled NFB studies. A randomized controlled studies for the treatment of fibromyalgia, suggested a protocol that upregulated the 12–15 Hz band and downregulated the theta and higher beta (22–30 Hz) band from Cz (Caro and Winter, 2011). Similar to our study they selected the motor cortex and had a most relevant frequency band to upregulate and two additional to downregulate. They reported a reduction in pain of 39% but did not provide any EEG evidence that participants successfully modulated their brain waves. Kayiran et al. (2010) performed a randomized control trial to compare the efficacy of NFB with the efficacy of medication for the treatment of fibromyalgia, using a similar protocol as Caro and Winter (2011). They claimed that NFB that increases a 12–15 Hz band power appears to facilitate a thalamic inhibitory mechanisms. They reported that the NFB group achieved larger benefits than the control group in terms of reduction in pain and other parameters related to sleep, depression and quality of life. They provided results averaged over all 18 participants about changes in the theta, alpha and beta power over different weeks. The only group who looked at the effectiveness of NFB for the treatment of CNP tested three different protocols (none being the same as ours) over four NFB sessions each and found modest, clinically non-significant reduction in pain (Jensen et al., 2013a). The protocols were based on increasing alpha or 10–15 Hz while decreasing beta or theta and beta bands from several different locations. They reported that this effect persisted at 3 months follow up. However, they later suggested that NFB may be a useful technique to enhance the effect of hypnotic analgesia (Jensen et al., 2016).

Motor imagery (MI) is a self-induced neuromodulation technique based on a verbalized strategy used in SCI both as a therapy and a method to reduce CNP (Moseley, 2007). Similarity between MI and our NFB protocol is that both modulate the alpha/sensory-motor rhythm. MI results in the suppression of SMR (movement event related desynchronisation) (Pfurtscheller and Lopes da Silva, 1999) while our protocol rewards the increase of SMR (synchronization). Gustin et al. (2010) showed that prolonged MI in people with CNP due to SCI increases pain. With that respect, one might expect that the opposite, i.e., increase of SMR would reduce CNP as shown in our study.

On the contrary, Moseley (2007) showed that motor imagery combined with a visual illusion reduces neuropathic pain in people with SCI. However, Moseley recruited mostly people with at level pain while in Gustin et al. (2010) participants had pain had under the level of injury CNP. In a case report, Yoshida et al. (2016) also showed that motor imagery training to increase SRM resulted in reduced neuropathic pain in a single participant with SCI who received 4 months of training. A systematic review of application of MI in SCI shows that MI has rehabilitation benefits but that effect on pain is inconclusive (Aikat and Dua, 2016).

The other limitation of our study is that the total duration and the total number of NFB sessions varied among participants. However, as one of the primary goals was to observe the self-managed usage pattern, this provided us with valuable information about frequency of use of NFB which for most participants was about three times a week for 20–30 min.

In this study most participants were taking drugs, such as antidepressants or anticonvulsants, which in large doses (more than normally prescribed) might increase the frequency content in the theta band (Bauer and Bauer, 2005; Wauquier, 2005). To the best of our knowledge all participants received medications in doses prescribed by a medical specialist.

Finally because it was necessary to reduce the setup time, EEG was recorded from one electrode only, which was sufficient to understand the neuromodulation strategy but did not allow for the exploration of the effect of NFB on wider cortical structures.

A randomized controlled trial with a modified NFB protocol, focused on participant individual alpha band should be performed to confirm the efficiency of the therapy. The analysis of non-oscillatory, scale-free cortical activity (e.g., fractals, long range temporal correlations (Dimitriadis and Linden, 2016; Kesiæ and Spasiæ, 2016) should confirm whether NFB bring the neural system in the state of self-organizing criticality Hernandez-Urbina and Michael Herrmann, 2016) which is considered a state of homeostatic set-point (Ros et al., 2014). A study in controlled conditions would also provide an opportunity to regularly test the mental states at the time of NFB (STAI form Y1-Y2 (Spielberger et al., 1983), BDI-II (Beck et al., 1996) and workload (NTLI NASA, 1986) as it might affect both participants ability to modulate their brain waves and to perceive the benefit of the therapy.

In this study all participants used the same protocol and the same electrode location, irrespective of the location of pain. In our previous study (Hassan et al., 2015) we showed that C3 was also effective in reducing pain but that it occasionally evoked spasms. A Cochrane review of rTMS and rDCS studies also showed that studies that targeted the motor cortex do not necessarily stimulate in a somatotopic manner with respect to the location of perceived pain. We believe taht the underlying mechanism is common in rTMS, tDCS, and NFB. CNP is seen by some researchers as a disrupted homeostatic state, in particular disrupted thermosensory inhibitory process (Craig, 2002). Thus neuromodulatory techniques for treatment of CNP maybe seen as therapies that tune the cortical activity toward a homeostatic setpoint. The main advantages of NFB over the other two modalities are that it potentially has less side effects as it does not apply an external electrical or magnetic stimulation, does not require an additional device and most importantly provides to participants an external locus of control and empowers them to actively contribute toward the reduction in pain. Hypnosis is another neuromodulatory technique which is believed to have a similar neuromodulatory mechanism to NFB, rTMS, and tDCS (Jensen et al., 2016).

Neurofeedback practitioners often set a variable NFB threshold which self-adjusts based on the last several minutes of NFB with the intention of adjusting the difficulty level for the participant’s performance. We used a fixed threshold in this study as it would have been difficult to perform quantitative analysis based on a variable threshold and also because variable threshold could lead to training in the opposite direction of the desired one (Ros et al., 2014).

Self-reported neuromodulation techniques through NFB included some pleasant episodic memories which indicate possible involvement of the default mode network (Sestieri et al., 2011). Our collaborators who used the same NFB equipment and protocol as our group tested the NFB mental strategy in ten participants with SCI and CNP (Anil et al., 2019). They showed that a mental state (e.g., attentiveness) rather than a mental strategy (e.g., imagination), was associated with neuromodulation success. They also showed that people who were unsuccessful in self-regulating their brainwaves also could not differentiate between successful and unsuccessful mental strategies.

In conclusion NFB may provide a clinically significant reduction of pain that lasts up to several days and people experienced with the technique may apply it even without the feedback. During NBF which results in reduction of CNP, people modulate their specific rather than fixed frequency bands. People with CNP can use NFB on their own without help of a trained professional. NFB does not provide cure for CNP and similar to pharmacological treatments would require long term use.
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TABLE A1. Average pain intensity of each single participants before and after NFB training..
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Exposure in vivo Induced Changes in Neural Circuitry for Pain-Related Fear: A Longitudinal fMRI Study in Chronic Low Back Pain
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Exposure in vivo (EXP) is a cognitive-behavioral treatment aimed at reducing pain-related fear in chronic pain, and has proven successful in reducing pain-related disability in patients with chronic low back pain (cLBP). The current longitudinal study aimed to reveal the neural correlates of changes in pain-related fear as a result of EXP. Twenty-three patients with cLBP were included in this study. Patients with cLBP underwent MRI scanning pre-treatment (pre-EXP), post-treatment (post-EXP), and 6 months after end of treatment (FU-EXP). Pain-free controls were scanned at two time points. In the scanner, participants were presented with pictures involving back-related movements, evoking pain-related fear in patients. Pre-treatment, functional MRI revealed increased activation in right posterior insula and increased deactivation in medial prefrontal cortex (mPFC) in patients compared to controls. Post-treatment, patients reported reduced fear and pre-EXP group differences were no longer present. Contrasting pre- to post- and FU-EXP in patients revealed that stimulus-evoked neural responses changed in sensorimotor as well as cognitive/affective brain regions. Lastly, exploratory analyses revealed a tendency toward an association between changes in neural activation and changes in fear ratings, including the hippocampus and temporal lobe (pre- to post-EXP changes), and mPFC and posterior cingulate cortex (pre- to FU-EXP changes). Taken together, we show evidence that neural circuitry for pain-related fear is modulated by EXP, and that changes are associated with self-reported decreases in pain-related fear.

Keywords: chronic pain, exposure in vivo, neuroimaging, pain-related fear, rehabilitation, chronic low back pain


INTRODUCTION

While most of us experience acute low back pain at some point in our lives, some will develop chronic low back pain (cLBP), with persistent pain lasting more than 6 months. An estimated one in five adults is currently in chronic pain, with cLBP being the most common (Breivik et al., 2006) and the world’s leading cause of disability (GBD 2015 Disease and Injury Incidence and Prevalence Collaborators, 2016; Hartvigsen et al., 2018). It is believed that maladaptive cognitions and emotional responses to pain are important factors for developing and maintaining chronic pain, as described by the fear avoidance model (Vlaeyen et al., 1995b, 2016). This model describes how, if immediate pain control is prioritized, pain-catastrophizing and pain-related fear may lead to pain-hypervigilance and avoidance behavior, and in turn increased functional disabilities. This then may amplify the pain experience and paradoxically increases pain-related fear, creating a vicious cycle. A subgroup of patients with cLBP indeed shows pain-related fears, including fear of movement and/or re-injury (Crombez et al., 1999; Vlaeyen and Crombez, 1999; Camacho-Soto et al., 2012; Thibodeau et al., 2013; Bunzli et al., 2015; Hartvigsen et al., 2018). In fact, pain-related fear is more closely linked to disability than pain intensity (Crombez et al., 1999; Zale et al., 2013).

To specifically target pain-related fears in clinical settings, Exposure in vivo (EXP) was developed. EXP is a cognitive-behavioral treatment based on experimental work showing that exposure to fearful activities and movements, rather than avoiding them, challenges catastrophic pain beliefs and can result in the extinction of fears and maladaptive responses (Vlaeyen et al., 1995a; Meulders and Vlaeyen, 2012). In EXP, movements and activities that are perceived as threatening and fearful are first identified using the pictorial tool The Photographic Series of Daily Activities (PHODA) (Leeuw et al., 2007). Then, the patient is repeatedly exposed to these feared movements and activities, while behavioral experiments are performed to challenge catastrophic expectations and interpretations regarding these movements, activities, and/or sensations. EXP has been applied as treatment for patients with chronic pain and elevated pain-related fear in a variety of settings and different pain conditions, including, but not limited to, non-specific cLBP. Ubiquitously, EXP has been successful in reducing pain-related fears and pain-related disability as compared to no treatment and at least as successful, if not more successful, in comparison to other treatments that are proven effective (Vlaeyen et al., 2001; Boersma et al., 2004; de Jong et al., 2005, 2008, 2012; Leeuw et al., 2008; Woods and Asmundson, 2008; den Hollander et al., 2016; Lalouni et al., 2016; Lopez-de-Uralde-Villanueva et al., 2016; Glombiewski et al., 2018).

It would be expected that EXP specifically impacts the neural circuitry involved in pain-related fear and fear extinction learning. Studies examining pain-related fear have identified altered neural responses in patients with cLBP to viewing and imagining activities/movements associated with pain (Taylor et al., 2015; Meier et al., 2016, 2017) – including increased recruitment of the insula, anterior cingulate cortex (ACC), amygdala, orbitofrontal cortex, striatum (i.e., regions involved in attentional/perceptual as well as affective/reappraisive aspects of pain), and altered crosstalk with the periaqueductal gray (PAG; involved in top-down pain modulation). For fear conditioning and extinction, experimental studies identified a core neural network, including the amygdala, insula, and ACC (Sehlmeyer et al., 2009; Fullana et al., 2016, 2018b). Only few imaging studies investigated fear learning and extinction in the context of pain (Kattoor et al., 2013; Labus et al., 2013; Icenhour et al., 2015), reporting altered neural responses in patients, including in the prefrontal cortex (PFC), ACC, insula, amygdala, hippocampus, PAG and thalamus. Further, results of clinical studies in chronic pain investigating treatment-induced functional brain changes show some overlap with neural changes related to pain-related fear and experimental fear extinction (e.g., implicating the amygdala, mPFC, and PAG) (Baliki et al., 2008; Becerra et al., 2014; Erpelding et al., 2014; Simons et al., 2014). The majority of treatment studies focused on intrinsic brain activity, i.e., in rest and without a specific task (Napadow et al., 2012; Harris et al., 2013; Bosma et al., 2018). The effects of EXP specifically have also only been investigated using resting-state fMRI (Zhu et al., 2018), showing that patients with post-traumatic stress disorder showed enhanced post-treatment resting-state functional connectivity between the amygdala, orbitofrontal cortex, hippocampus and the medial PFC. To date, there have been no studies investigating how (EXP) treatment modulates the circuitry underlying pain-related fear in chronic pain.

Therefore, the current longitudinal fMRI study tested the hypothesis that EXP acts upon the neural circuitry involved in pain-related fear, using a task designed to evoke pain-related fear. We compared patients with cLBP with pain-free volunteers pre- and post-EXP treatment; the cLBP group was also examined 6 months after end of treatment. We evaluated group differences and treatment effects in evoked brain activation. Also, more exploratively, we used (changes in) fear ratings to identify neural correlates specific to (reductions in) pain-related fear. A whole-brain approach was adopted in combination with analyses in a priori defined regions of interest (ROIs) that were considered to be of particular interest due to their involvement in pain-related fear and experimental extinction learning (i.e., amygdala, hippocampus, mPFC, PAG) and/or pain chronification (i.e., mPFC, NAc). We expected (I) pre-treatment group differences in neural circuitry recruited by stimuli evoking pain-related fear, correlated to fear ratings as well as pain-related outcomes in patients; (II) patient-specific pre- to post-treatment changes in regions showing pre-treatment group differences, as well as in other brain regions associated with chronic pain and with extinction (i.e., amygdala, hippocampus, mPFC, NAc, PAG); (III) pre- to post-treatment changes associated with changes in fear and persisting at 6 months follow-up.



MATERIALS AND METHODS


Overall Study Procedure

This study presents data of a larger study investigating effects of EXP on chronic pain, “BrainEXPain”. BrainEXPain was approved by the Medical Ethical Committee of Maastricht University Hospital/Maastricht University (MUMC+/UM), and the protocol is registered at ClinicalTrials.gov [NCT02347579]. Patient recruitment was done via the department of Rehabilitation Medicine at MUMC+/Adelante rehabilitation center where patients were seen for consultation. If patients were found motivated for rehabilitation treatment and eligible for the multi-disciplinary pain screening program, they were invited by the physiatrist for the study. Recruitment was open between January 2015 and August 2017.

Participants were then contacted by the research team and were screened for in- and exclusion criteria. Informed consent was obtained at study enrollment. Prior to scanning, all participants filled in questionnaires online (Qualtrics, Provo, United States1). The first study visit was scheduled prior to any (information on) treatment (i.e., baseline or pre-EXP). Afterward, patients underwent a multi-disciplinary pain screening and pain education, and started the exposure sessions (if eligible for treatment) – which were all part of standard care. At the end of treatment, patients underwent a post-EXP and a follow-up study visit (6 months after end of treatment; FU-EXP). Healthy controls participated in two study visits, with the time in between these visits matching the patients’ pre- to post-EXP. Participants received €15 per study visit and travel reimbursement for their participation.



Participants

Inclusion criteria for patients were age between 18 and 65 years, stable medication,2 experience of non-specific LBP > 6 months, and no other diagnosis explaining the symptoms. Exclusion criteria were claustrophobia, MRI incompatibility (e.g., pacemaker, pregnancy), and severe psychopathology (Symptom Check List-90). Of the 35 patients with cLBP invited by the physiatrist over the 2.5 years inclusion period, 23 patients with cLBP were included in BrainEXPain (8 patients were not interested in participating, 4 patients were MRI incompatible). Of these, three patients dropped out prior to or during the measurement (due to claustrophobia); of two patients the data analyzed here was not acquired due to technical error; three patients were excluded due to extensive motion (see Data Analysis); and one patient was excluded due to lack of any vision-related (occipital) activity (see Data Analysis). The final sample for this study therefore consisted of 14 patients (Table 1). Post-EXP data is available for 10 patients (three did not start EXP, one became MRI incompatible), and FU-EXP data is available for 9 patients (1 was lost to follow-up due to unrelated medical issues).

TABLE 1. Demographics of the final sample.
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The patient group was compared to a sample of 14 pain-free healthy volunteers, matched for age, sex and handedness on cohort-level. To match the patient group, 10 controls underwent a second study visit. Controls were recruited through local advertisements. Additional exclusion criteria were: history of a chronic pain syndrome, and seeking treatment for a pain condition in the last 6 months.



Exposure in vivo Treatment

Within MUMC+/Adelante, EXP is standard care for patients with cLBP presenting with elevated pain-related fear. No additional restrictions or requirements for EXP were set by BrainEXPain. EXP specifically aims to reduce disability by challenging erroneous interpretations and expectancies about pain (e.g., that pain always indicates harm or that activities cause harm). A detailed description of the exposure-protocol for pain-related fear can be found in Vlaeyen et al. (2012). In brief, EXP always started with identifying movements/activities that are perceived as threatening and fearful, education about treatment rationale and that harm or pain does not mean additional injury (i.e., by discussing MR images of the spine by the treating physiatrist). EXP then continued with repeated exposure to feared movements, activities and/or sensations combined with behavioral experiments to challenge catastrophic interpretations by creating violations of expectancies. Patients were furthermore instructed to keep performing the movements and/or activities they performed during their sessions. EXP typically consists of 16 sessions (although it could be shortened to 8 or extended to 20, per clinicians’ decision), which are guided by a psychologist and either a physical or an occupational therapist. To identify movements and activities that are perceived as threatening and fearful, EXP utilizes The Photographic Series of Daily Activities (PHODA) for the low back (Leeuw et al., 2007). The PHODA consists of photographs depicting back-related movements and activities that are rated based on their perceived harmfulness. See Table 2 for more participant and EXP-related characteristics.

TABLE 2. Information about EXP and the repeated measures.
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Assessment of Pain-Related Aspects and Performance Levels

At all time-points we assessed: pain intensity using a 0–10 visual analog scale anchored with “no pain at all” and “worst pain imaginable”; pain-related fear using the PHODA short electronic version for low back (Leeuw et al., 2007), and Tampa Scale for Kinesiophobia (TSK; Kori, 1990; Vlaeyen et al., 1995a), Pain Catastrophizing Scale (PCS; Sullivan et al., 1995; Crombez et al., 1999), Pain Disability Index (PDI; Tait et al., 1987; Soer et al., 2013), Physical Activity Rating Scale combined with the Perceived Activity Decline (PARS/PAD; Vercoulen et al., 1997; Verbunt, 2008) questionnaire. Only assessed at baseline as trait measures were: Fear of Pain Questionnaire (PFQ; McNeil and Rainwater, 1998; van Wijk and Hoogstraten, 2006) and State Trait Anxiety Inventory (STAI-Y2; van der Ploeg et al., 1980; Spielberger et al., 1983). In addition, all participants underwent performance testing during all study visits to assess functioning. In the 2 min walking test, participants walked for 2 min on a standardized track and the covered distance was measured in meters. During staircase walking, participants walked a complete staircase (up and down), after which the average time per step was calculated.



Picture Imagination Task

In the scanner, the participants were presented with visual stimuli, associated with one of three categories: rest (derived from a web-search – REST), movements and activities perceived as fearful for patients specifically (derived from the extended version of the PHODA, not used in pain assessment and/or treatment – MOVEMENT), or pictures implying bodily damage that may be perceived as fearful in general (derived from IAPS (Lang et al., 1997) and a web-search – MEDICAL). Backgrounds were removed to make the physical properties as similar as possible.

Participants were instructed to carefully look at the pictures and imagine that they were the person in the picture (carrying out the movement or activity, if applicable). After a short delay (see Figure 1 for details), participants were asked to rate how they would feel if they were the person on the picture (indirect assessment of fear). Ratings were done by pressing a button that moved a cursor on a horizontal line presented on the screen (later converted to 0–10 scores). In total, there were 21 trials (7 of each category). Stimuli were presented using Presentation Software (Neurobehavioral Systems Inc.), and were synchronized with MR data acquisition. The total task had a duration of approximately 8 min. The picture imagination task was always performed second, after a resting-state run. The total duration of the scan was approximately 75–90 min (data from other runs will be described elsewhere).
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FIGURE 1. Schematic overview of the design of the picture imagination task, showing the elements plus corresponding timing and a zoom into one example trial; TR, repetition time; ISI, inter-stimulus time; ITI, inter-trial time.





MRI Acquisition

MRI data were collected using a 3 Tesla whole body MRI scanner (Philips Gyroscan Achieva TX) using a 32-channel head coil, at the department of Radiology at MUMC+.

For the functional images, a T2∗-weighted standard echo-planar imaging (EPI) sequence was used to acquire 40 axial slices (3 mm isotropic) covering the entire cortical volume, using the following parameters: repetition time (TR) = 2000 ms, echo time (TE) = 25 ms, flip angle = 75°, matrix size = 120 × 240, SENSE factor = 2. In total, 225 functional volumes were collected, of which the first two volumes were dummy volumes that were discarded from subsequent analysis to avoid T1 saturation effects.

T1-weighted anatomical images were acquired using a 3D turbo field echo (TFE) sequence with the following parameters: 170 slices, 1 mm isotropic, TR = 8.1 ms, TE = 3.7 ms, flip angle = 8°, matrix size = 240 × 240.



Data Analysis


Assessment of Pain-Related Outcomes

Questionnaire and performance test data were analyzed using SPSS (version 24). A general linear model (GLM) with Group (patients, controls) as between-subjects (BS) factor was used to examine group differences pre-EXP, as well as post-EXP. In addition, a repeated measures (rmGLM) with Time [pre-EXP, post-EXP, (FU-EXP)] as a within-subjects (WS) factor was used to investigate changes over time.



Behavioral Data: Picture Imagination Task

Group comparisons in in-scanner fear ratings, focusing on MOVEMENT pictures, were evaluated using a rmGLM with Group (patients, controls) as BS factor and Picture Number (7 different Pictures per Category) as WS factor. In addition, the WS factor Time [pre-EXP, post-EXP, (FU-EXP)] was added in a separate analysis.



MRI Data: Pre-processing

MRI data analysis was performed using BrainVoyager 3.6 (Brain Innovation, Maastricht, the Netherlands). Pre-processing of the functional data included slice scan time correction, 3D head motion correction, linear trend removal, high-pass filtering (5 cycles per run; corresponding to 0.1 Hz), and spatial smoothing [4 mm using a full-width at half-maximum Gaussian kernel (FWHM)]. Data was then co-registered to the corresponding anatomical image, and normalized to MNI space. The three pictures categories (REST, MOVEMENT, and MEDICAL) plus the delay prior to the rating (i.e., in total 4–8 s) were used as predictors, convolved with the hemodynamic response function (HRF). Additional information on denoising procedures can be found in Supplementary Information.



MRI Data Analysis: Masking

Whole-brain analyses were run within a mask that excluded the white matter and cerebral spinal fluid, based on the Harvard-Oxford atlases (probability threshold 0.25) (Frazier et al., 2005; Desikan et al., 2006; Makris et al., 2006; Goldstein et al., 2007). To specifically test our hypotheses in brain regions that play important roles in chronic pain and/or fear extinction, additional analyses were run within predefined region-of -interest (ROI) masks. ROIs were defined in bilateral medial frontal cortex (mPFC), bilateral amygdala, bilateral nucleus accumbens (NAc), bilateral hippocampus based on the Harvard-Oxford subcortical atlas (probability threshold 0.25). A ROI corresponding to bilateral PAG was defined by dilating spheres around coordinates from Linnman et al. (2012) [x = 1, y = –29, z = –10 (volume = 1612 mm3, diameter ∼14.5 mm)]. In these ROI masks, FDR correction [q(FDR) < 0.05] and minimum cluster size of 4 voxels (108 mm3) was used for statistical thresholding.



MRI Data: Group Differences and Treatment Effects

To compare blood-oxygen-level dependent (BOLD) responses across Groups and Times, a univariate random-effects (RFX) analysis with separate subject predictors was run at the first level, after which this data was fed into a second-level RFX analysis where group maps could be estimated and contrasted. FDR correction [q(FDR) < 0.05] was used for map creation. In the whole-brain analysis, an initial threshold of p < 0.001 was used for contrasts across Groups and Times, after which cluster-size thresholding was performed using MonteCarlo simulations (n = 1000) to correct maps at the level of alpha 0.05. The main contrast of interest was MOVEMENT vs. baseline, plus effects of Group and Time herein, as this condition was designed to elicit pain-related fear specifically in the patient group.



MRI Data: Correlations With (Changes in) Pain-Related Outcome Measures and Changes in Fear

Two types of correlation analyses were performed. From regions in which significant Group and Time differences were observed, betas were extracted in order to perform correlation analyses with measures of pain-related outcomes. An additional, explorative, analysis for the patients was to examine correlations between changes in fear ratings and changes in neural activation patterns at a whole-brain level. For this, we used the percentage of change in fear ratings for MOVEMENT pictures (at post- and FU-EXP compared to pre-EXP), and took a less conservative initial cluster-defining threshold of p < 0.005 for the cluster-size thresholding.





RESULTS


Pre-treatment (Pre-EXP) Data


Patients Show High Levels of Fear, Pain, and Disability Pre-EXP

Pre-treatment, patients reported significantly higher levels of pain, pain-related fear, catastrophizing and disability compared to controls (Table 3). Groups furthermore differed in trait anxiety, but not in trait fear of pain. Also, patients reported significantly lower levels of physical activity and higher levels of perceived activity decline compared to controls. Lab-assessed performance tests confirmed this: patients covered significantly less distance within 2 min walking, and needed more time to walk stairs, compared to controls.

TABLE 3. Self-reported measures and performance tasks at baseline (pre-EXP).
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Patients Report More Fear for MOVEMENT Pictures Pre-EXP

The in-scanner fear ratings for MOVEMENT pictures showed a significant Group effect [F(1,26) = 188.15, p < 0.001, ηp2 = 0.88, 95% CI = 5.6, 7.5], where patients reported higher fear levels compared to controls (Figure 2 and Supplementary Figure S1 for fear ratings for all Picture Categories). Also, for patients, fear ratings were significantly and strongly correlated with pain-related fear as assessed using the PHODA (r = 0.64, p = 0.01) (Figure 2).
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FIGURE 2. (A) Fear ratings for the MOVEMENT pictures. Presented are means and standard errors for each group. Horizontal lines and asterisks indicate significant effects (∗p < 0.05). (B) Correlation between fear ratings for MOVEMENT pictures and pain-related fear as assessed using the PHODA.





Patients Show Increased BOLD Activation to MOVEMENT Pictures Pre-EXP

Figure 3 shows activation maps for the MOVEMENT pictures, per Group (see Supplementary Figure S2 for activation maps of all Picture Categories). Overall, the MOVEMENT pictures elicited activation in a similar network in patients and controls.
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FIGURE 3. Activation maps for the MOVEMENT Picture Category at pre-EXP, per group. Statistical maps are presented showing the neural activation of the MOVEMENT category relative to baseline for (A) Patients with cLBP, and (B) Pain-free volunteers, (C) Group differences in MOVEMENT condition. Cluster-level correction using p < 0.001 as initial threshold. CDT, cluster-defining threshold. lPFC, lateral prefrontal cortex; mPFC, medial prefrontal cortex; MCC, mid-cingulate cortex.



The whole-brain analysis showed a significant group difference in the right posterior insula (MNI x = 33, y = −10, z = 10, k cluster size = 206 mm3), with patients showed increased BOLD activation compared to controls (Figures 3, 4A). The masked analyses in the pre-defined ROIs additionally showed a difference in mPFC (MNI x = 0, y = 41, z = −11, k = 4 mm3), with patients showing increased BOLD deactivation compared to controls (Figure 4A, Supplementary Figure S2, and Supplementary Tables S1, S2).
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FIGURE 4. (A) Left: average beta values and standard errors for the MOVEMENT vs. baseline contrast for each group at pre-EXP, extracted from the two areas showing group differences. Right: Depiction of the location of the identified clusters. (B) Correlations between the posterior insula activation (beta value) and pain-related variables (self-reported and performance tasks). Note that the trendlines and magnitude of the correlations are shown for both the whole group (black) as well as the patient group only (red). mPFC, medial prefrontal cortex; PDI, pain disability index.





Patients’ Neural Activation to MOVEMENT Pictures Shows Specific Correlation to Pain-Related Outcomes

Correlation analyses were performed using betas extracted from the right posterior insula and mPFC (i.e., averaged across all voxels in the cluster). When investigating the entire sample, both the activation in the posterior insula and mPFC was correlated to pain intensity and pain-related fear. Activation in the posterior insula was furthermore correlated to pain catastrophizing, pain disability, and both performance tests (Table 4). When zooming into the patient group, activation during MOVEMENT pictures in the posterior insula was positively correlated with pain-related fear, pain disability and both performance tasks while activation in mPFC did not correlate with any of the variables (Table 4). For the posterior insula, correlations reflected that increased neural activation was related to increased levels of fear, disability and worse performance (Figure 4B). For the mPFC, the correlations were negative and reflected that decreased neural activation was related to increased levels of fear.

TABLE 4. Correlations at pre-EXP between pain-related variables and activation in the regions displaying a group difference.
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Effects of Exposure in vivo Treatment


Patients Show Improvements in Fear and Functioning After EXP Treatment


Pre- to post- to FU-EXP changes in patients

Patients showed main effects of Time for pain-related fear, pain-related disability, perceived activity decline, and the performance tests (Table 5). There were no main effects for pain intensity, pain catastrophizing and self-reported physical activity, although these measures generally showed a decrease, and showed clinically relevant reductions (defined as reduction of 30% or more compared to baseline) in 60, 60, and 40% of patients in these domains, respectively, from pre- to post-EXP (Table 5).

TABLE 5. EXP-induced changes in self-reported measures and performance tasks in the patient group.
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Pre- to post changes in controls

Controls did not show any effects of Time (all p’s > 0.05).



Group effects post-EXP

Post-EXP, groups did not differ anymore in fear of movement, pain catastrophizing, self-reported physical activity, and staircase walking. Patients still reported higher pain intensity and pain-related disability compared to controls, and performed significantly worse on the 2 min walking test (Table 6).

TABLE 6. Self-reported measures and performance tasks post-EXP.
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Patients Report Less Fear for MOVEMENT Pictures After EXP Treatment


Pre- to post- to FU-EXP changes in patients

There was a significant effect of Time for fear ratings for the MOVEMENT pictures [F(1.56, 12.44) = 24.76, p < 001, ηp2 = 0.76], with a significant decrease in ratings between pre- and post-EXP (p-corr < 0.001, 95% CI = –7.0, –3.2) and between pre- and FU-EXP (p-corr = 0.006, 95% CI = –7.2, –1.4), but no difference between post-EXP and FU-EXP (p-corr = 0.81, 95% CI = –1.3, 2.9) (Figure 5 and Supplementary Figure S3 ratings across all Picture Categories).
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FIGURE 5. EXP treatment-induced changes in fear ratings. Presented are the means and standard errors for the MOVEMENT pictures for each group across time. Horizontal lines and asterisks indicate significant effects (∗p < 0.05): group effects are shown in black, while simple effects of Session, separate per group are shown in color (red for patients with cLBP; there were no significant Session effects for controls).





Pre- to post changes in controls

There was no significant effect of Time [F(1, 9) = 0.31, p = 0.59, ηp2 = 0.03].



Group effects post-EXP

There was a significant Time x Group interaction [F(1, 18) = 55.20, p < 0.001, ηp2 = 0.78]. Simple effects per time point showed that at post-EXP, there was no longer a Group difference [F(1, 18) = 1.12, p = 0.30, ηp2 = 0.06, 95% CI = –1.9, 0.6].




Patients Show a Decrease in BOLD Activation to MOVEMENT Pictures After EXP Treatment


Pre- to post- to FU-EXP changes in patients

The effect of Time was investigated in the clusters showing a group difference pre-treatment (extracted betas from right posterior insula and mPFC clusters) as well as in a whole-brain analysis and in the predefined ROI masks.

The posterior insula cluster showed a main effect of Time [F(1.8, 14.8) = 4.06, p = 0.04, ηp2 = 0.34], explained by a linearly decreasing response to MOVEMENT pictures over Time [F(1, 8) = 7.02, p = 0.03, ηp2 = 0.40]. The mPFC only showed a marginally significant main effect of Time [F2.0, 158 = 3.25, p = 0.07, ηp2 = 0.29], explained by linearly increasing response to MOVEMENT pictures over Time [F(1, 8) = 8.7878, p = 0.02, ηp2 = 0.41] (see Figure 6).
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FIGURE 6. EXP treatment-induced effects in neural activation to MOVEMENT pictures in the posterior insula (A) and mPFC (B). Plotted are averaged beta values and standard errors per time point and per group. Purple lines and asterisks indicate the significant linear effects over Time in patients. ∗p < 0.05.



The whole-brain analyses showed a decrease in right post-central/supramarginal gyrus and pre-central gyrus, and an increase in activity in the precuneus from pre- to post-treatment (Figure 7 and Table 7). Comparing pre-treatment to 6 months follow-up, the right angular/inferior parietal lobe, right post-central, right middle frontal/dorsolateral PFC, right inferior frontal/ventrolateral PFC as well as left middle frontal gyrus showed a significant decrease in activation. Lastly, from post-treatment to 6 months follow-up, the right posterior cingulate cortex showed an additional decrease in activation. When evaluating the effect of Time in the predefined ROIs, there was a significant decrease from pre- to FU-EXP in the NAc (Table 7), but not in the other ROIs.
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FIGURE 7. Clusters of EXP treatment-induced changes in neural activation to MOVEMENT pictures in patients with cLBP. (A) Differences from pre- to post-EXP were observed in precuneus (increase, red) as well as precentral gyrus and postcentral gyrus/supramarginal gyrus (from left to right; both decreases, blue). In the boxes, the extracted betas from the corresponding cluster are presented seperately for pre-, post- and FU-EXP. Significant differences across Sessions are highlighted by an asterisk (p < 0.05). (B) Differences from pre- to FU-EXP along with corresponding beta plots. Significant changes were observed in left middle frontal gyrus, right middle frontal/dorsolateral PFC, right inferior frontal/ventrolateral PFC, right postcentral gyrus, and right angular/inferior parietal lobe (from left to right, all decreases, blue). (C) Differences from post- to FU-EXP changes along with corresponding beta plots. A significant difference was found in the posterior cingulate cortex (PCC, decrease, blue). Cluster-level correction using p < 0.001 as initial threshold. Presented in the boxes are means and standard errors. CDT, cluster-defining threshold.



TABLE 7. EXP-induced changes in neural activation to MOVEMENT pictures.
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Pre- to post changes in controls.

There were no effects of Time in the posterior insula and mPFC cluster. In controls, the whole-brain analysis revealed a change in two regions that do not overlap with the regions identified in patients (Supplementary Table S4). None of the predefined ROIs showed an effect of Time.




BOLD Activation to MOVEMENT Pictures Does Not Differ Anymore Between Patients and Controls After EXP Treatment


Group effects post-EXP

Post-treatment, no group differences were present anymore in the whole-brain analysis (also not when being less conservative with an initial threshold of p < 0.005 for cluster-size thresholding). None of the predefined ROIs showed a group difference post-EXP. In addition, when performing a Group comparison of the extracted betas from these ROIs, no group difference was identified at post-EXP [posterior insula: F(1, 18) = 2.58, p = 0.13, ηp2 = 0.13, 95% CI = −0.38, 0.05; mPFC: F(1, 18) = 2.11, p = 0.16, ηp2 = 0.11, 95% CI = −0.12, 0.63].




Neural Activation Changes to MOVEMENT Pictures in Patients Correlate With Changes in Fear Ratings (Explorative Analyses)

We explored whether changes in fear ratings for the MOVEMENT pictures from pre- to post-treatment were associated with specific changes in BOLD activation from pre- to post-treatment in patients. We found indications that a decrease in fear ratings from pre- to post-treatment was correlated to an increase of neural activation in the right hippocampus (MNI x = 30, y = –22, z = –17, k = 396 mm3) and the left temporal pole (MNI x = –42, y = 14, z = –20, k = 568 mm3) (see Figure 8). When extracting beta values, we found that the increase in BOLD activation in both regions was also related to decreases in pain-related fear from pre- to post-EXP (PHODA; left hippocampus: r = –0.82, p = 0.003, temporal pole: r = –0.89, p = 0.001) and to decreases in pain-related disability from pre- to post-EXP (PDI; left hippocampus: r = –0.78, p = 0.007, temporal pole: r = –0.71, p = 0.02).


[image: image]

FIGURE 8. Explorative analyses: EXP treatment-induced changes in fear correlate with changes in neural responses to pain-related fear. (A) Brain regions showing a correlation between change in fear rating and change in neural activation (beta value) from pre- to post-EXP, corresponding to the left temporal pole and the left hippocampus (yellow). The scatterplots present the correlations between the change in neural activation in temporal pole (left) and hippocampus (right) with the proportion of reduction in fear ratings from pre- to post-EXP. ∗Note that the correlations were evaluated with and without the outlier (i.e., the individual with the lowest reduction in MOVEMENT fear rating). The outlier was not influential, as the correlations were still highly significant. (B) Brain regions showing a correlation between change in fear rating and change in neural activation (beta value) from pre- to FU-EXP, corresponding to the ventromedial prefrontal cortex (vmPFC)/anterior cingulate cortex (ACC) and the posterior cingulate cortex (PCC) (green). The scatterplots present the correlations between the change in neural activation in vmPFC (left) and PCC (right) with the proportion of reduction in fear ratings from pre- to FU-EXP. Cluster-level correction using p < 0.005 as initial cluster-defining threshold (CDT).



The decrease in fear ratings from pre- to FU-EXP was furthermore related to an increase in right PCC (MNI x = 6, y = –55, z = 10, k = 407 mm3) and mPFC (MNI x = 0, y = 47, z = –5, k = 564 mm3). The right PCC betas additionally showed significant correlations to decreases in pain-related fear from pre- to FU-EXP (PHODA; r = –0.88, p = 0.002). Figure 8 shows these relations in more detail.

None of these clusters showed a main effect of Time [hippocampus: F(2.0, 15.7) = 0.35, p = 0.71, ηp2 = 0.04; temporal pole: F(1.6, 12.5) = 0.03, p = 0.94, ηp2 = 0.004; PCC: F(1.7, 13.9) = 2.87, p = 0.10, ηp2 = 0.26; mPFC: F(1.5, 12.1) = 0.29, p = 0.69, ηp2 = 0.04].





DISCUSSION

We provide the first evidence that clinical improvements following EXP in patients with cLBP are mirrored by changes in the neural circuitry for pain-related fear, the main target of EXP. Pre-treatment, we identified group differences in in-scanner fear ratings and neural responses to pictures of back-specific movements: compared to pain-free controls, patients with cLBP showed increased activation in the right posterior insula and increased deactivation in mPFC. Post-treatment, group differences were no longer present, and the process of change continued in patients at 6 months follow-up. Apart from general changes across treatment in lateral PFC, PCC, precuneus, NAc, and pre- and post-central gyrus, patients showed neural changes specifically related to changes in in-scanner fear ratings in the temporal pole, mPFC, PCC, and hippocampus. Pain-free volunteers did not show this, indicating that these changes cannot be attributed to general habituation effects. Hence, we provide evidence for treatment-induced neural changes in chronic pain that are specific to and correlate with improvements in self-reported fear.


Replicating the Positive Clinical Effects of EXP

As expected, after EXP treatment, pain-related fear and disability significantly decreased while the patient’s performance (i.e., walking and stair case walking) improved significantly. Changes were maintained, or in some cases even more pronounced, 6 months after the end of treatment. We did not observe a significant effect of EXP on pain intensity, which is not uncommon nor unexpected. EXP focuses on reducing pain-related disabilities and reducing pain intensity is no explicit aim. Some studies, however, have observed significant improvements in pain intensity on a group level (den Hollander et al., 2016; Glombiewski et al., 2018), and also in the current study we observed improvements in some patients (i.e., clinically meaningful reduction in 60% of the patients). In future studies, it would be interesting to examine why some people respond with a reduction in pain intensity, while others do not. The lack of effect on pain catastrophizing is surprising though and not expected, given previous studies (see e.g., Leeuw et al., 2008; den Hollander et al., 2016; Lopez-de-Uralde-Villanueva et al., 2016) and the focus of EXP on disconfirming negative beliefs (Vlaeyen et al., 2012; den Hollander et al., 2015). Also for pain catastrophizing, however, we did observe a reduction on average as well as clinically meaningful reductions in 60% of patients (pre to post-EXP), suggesting that there was an effect which did not reach significance due to a relatively small sample size.



Pre-treatment Group Differences in Fear Circuitry

We identified two brain regions showing a group difference in neural responses to pain-related fear. In the right posterior insula and mPFC, patients with cLBP showed altered neural activation compared to controls in response to our fear-evoking task. Focusing on pain-related fear, previous studies have demonstrated increased activation in the insula, as well as in other in regions including the ACC, superior parietal cortex, amygdala, orbitofrontal cortex, and striatum in patients compared to controls (Taylor et al., 2015; Meier et al., 2016). A potential explanation for the difference in extent of findings is our more stringent statistical thresholding (Woo et al., 2014) (i.e., with less stringent parameters, additional brain regions showed group differences; and when taking the picture categories together, a multitude of regions differed across groups, including ACC, superior parietal cortex and striatum, see Supplementary Information). Previous work related activation in insula, amygdala and several other regions to the amount of pain-related fear (Meier et al., 2016). Here, we extend these findings by showing that increased posterior insula activation is furthermore related to pain-related disability and actual physical performance (i.e., walking). In addition, its response was parametrically modulated by in-scanner fear ratings (Supplementary Information), further strengthening its specific involvement in pain-related fear. The insula is a core region involved in fear learning (Sehlmeyer et al., 2009; Fullana et al., 2016, 2018b), although loci are typically more anterior. The posterior insula, in contrast, has been associated with interoceptive integration (Craig, 2002), sensory aspects of pain/nociception (Garcia-Larrea and Peyron, 2013; Wager et al., 2013; Segerdahl et al., 2015), and experimental rather than clinical pain (Schweinhardt and Bushnell, 2010). This fits with abundant connections between posterior insula and somatosensory cortex (SI/SII; Wiech et al., 2014). Our finding that posterior insula activation was modulated by fear ratings, however, indicates additional involvement in pain-related fear, possibly due to a top-down modulatory effect of fear on this more sensory region.

The mPFC, and more specifically its ventromedial part (vmPFC), is also a core region involved in fear acquisition and extinction (Sehlmeyer et al., 2009), and general emotion regulation (Sotres-Bayon et al., 2006; Hartley and Phelps, 2010). mPFC involvement in pain and chronic pain is furthermore extensive (Ong et al., 2018). Our finding that mPFC showed a decreased (i.e., increased deactivation) response to fear-evoking stimuli in patients could point toward altered inhibitory control, and reduced ability to modulate or self-regulate pain (Tracey, 2010; Woo et al., 2015; Ong et al., 2018). To our surprise, amygdala activation to feared stimuli was not different across groups. Previous studies consistently reported the amygdala as a brain area of interest in (chronic) pain (see e.g., Simons et al., 2012) and fear or more generally threat (LeDoux, 1993). It may be that functional connectivity rather than neural activation distinguishes patients from controls. This will have to be explored in further analyses.



Patient-Specific Neural Changes Across Treatment

The increased posterior insula response to our stimuli in patients pre-treatment was reduced over the course of EXP, as was the increased mPFC deactivation. Importantly, we no longer observed group differences post-treatment. This is in accordance with normalizations observed in fear ratings as well as in most clinical measures. Treatment effects were still present or even increased at 6 months follow-up, suggesting generalization to daily life. This is in accordance with a recent RCT in complex regional pain syndrome, where EXP effect sizes were larger at 6 months follow up compared to post-treatment (den Hollander et al., 2016).

Furthermore, several brain regions showed changes in neural responses across treatment, including pre- and post-central gyrus/supramarginal gyrus, precuneus, lateral PFC, and NAc. In pre- and post-central gyrus/supramarginal gyrus, we observed decreases from pre- to post-EXP and from pre-EXP to follow-up. Recruitment of these areas associated with motor control, sensory properties of somatosensory stimuli (Peyron et al., 2000), as well as sensorimotor imagery (McNorgan, 2012; Hetu et al., 2013) was expected, as participants were imagining performing movements and activities depicted in the stimuli. Functional changes in sensorimotor regions have previously been identified in chronic pain (Flodin et al., 2014; Kregel et al., 2015). The changes over time we observed may reflect normalizations in sensorimotor neurocircuitry, and along similar lines it may also reflect changes in physical performance that go alongside with EXP, as an indirect result of reducing pain-related fear. The precuneus, on the other hand, showed increased activation over the course of treatment. The precuneus is part of the default-mode network (DMN), involved in interoception, mentalizing, integrating information more than processing it (Cavanna and Trimble, 2006). Its activation has been negatively correlated to pain sensitivity, without contributing to the actual neural representation of pain (Goffaux et al., 2014), the direction of which is in line with our findings. Interestingly, in fibromyalgia, abnormalities in connectivity between the insula (including posterior part) and the DMN have been observed (Napadow et al., 2010), and changes herein and in posterior insula glutamate levels have been observed following treatment-induced pain reductions (Napadow et al., 2012; Harris et al., 2013). Two prefrontal clusters, one in dorsal, one in ventral lateral PFC and a subcortical NAc cluster showed decreased activation from pre-EXP to 6 months follow-up. The NAc is a major reward center of the brain, and has been implicated in the regulation of pain (Woo et al., 2015) and in the chronification of pain (Baliki et al., 2012; Borsook et al., 2016). It is also associated with experiencing pain in the chronic phase (Hashmi et al., 2013), representing its motivational value. Our finding indicates that EXP also induces changes in the motivational component of pain and associated pain-related cues (e.g., reduced motivational salience of the back-related pictures following EXP). The dlPFC is also involved in the regulation of pain (Lorenz et al., 2003; Seminowicz and Moayedi, 2017), and abnormally increased activation has been observed in chronic pain (Seminowicz and Moayedi, 2017). Interestingly, following treatment, activation in the dlPFC during a cognitively demanding task as well as increases in cortical thickness were normalized (Seminowicz et al., 2011). In contrast, the vlPFC has been associated with affective/motivational processing, and control of goal-directed behavior (Taylor et al., 2004; Sakagami and Pan, 2007). It has extensive connections with orbitofrontal cortex and subcortical areas such as the amygdala, and also interacts with motor regions to orient attention (Corbetta and Shulman, 2002). Neural changes in this region to pain stimuli have been observed following CBT in fibromyalgia, but in opposite directions (Jensen et al., 2012). Importantly, additional analyses show that such changes did not occur in controls (Supplementary Information), suggesting that these time-dependent changes are not due to general habituation effects, but instead specific to the patient group and likely attributable to treatment.



Neural Changes Specific to Reductions in Pain-Related Fear Ratings

We explored whether fear reduction was associated with specific changes in neural activation to our stimuli. In these explorative analyses, we found indications that pre- to post-EXP decreases in fear ratings were associated with neural activation increases in right hippocampus and left temporal pole. Decreased ratings from pre-EXP to follow-up were associated with increases in the mPFC and PCC. The mPFC, PCC, and hippocampus are associated with fear extinction (Sehlmeyer et al., 2009). Reduced hippocampal volumes and abnormal hippocampal connectivity have been reported in chronic pain (Mutso et al., 2012, 2013). Treatment-induced increases in mPFC neural activation in relation to decreases in fear is in agreement with increased inhibitory control occurring during fear extinction. Cautiously, our findings suggest that extinction during EXP may reflect similar working mechanisms as observed during experimental extinction studies. Noted, the initial cluster-defining statistical threshold (CDT) for cluster-size thresholding was slightly less conservative (p < 0.005), which we consider fair given the additional constraints of the analysis. Also note that these regions did not show main effects across treatment, suggesting individual rather than group-level differences. Future analyses will have to investigate whether there are functional connectivity alterations between mPFC and amygdala, which would be the hypothesized mechanism of extinction (Phelps et al., 2004; but also see Fullana et al., 2018a; Morriss et al., 2018).



Limitations and Future Considerations

Our findings should be interpreted in light of its limitations. First, there was no control treatment, hence we cannot infer that neural changes are specific to EXP. Though, our pain-free control group did control for effects of practice and time. And as we focused on pain-related fear -the main target of EXP-, related findings to within-session fear ratings as well as to clinical assessments of pain-related outcomes, this adds to the specificity of our findings. Second, the focus here is on the MOVEMENT category, because it is most relevant for our patient group, but also for simplicity reasons. Not all findings were specific to this category (e.g., the other two categories also showed pre-EXP posterior insula differences). However, most importantly, time-dependent changes in these regions were specific to this category (Supplementary Information). Finally, the relatively small sample size may have comprimised our statistical power, and motivated us to focus on the whole-brain correlation analysis only (i.e., no other correlations with changes over time), limiting the generalizability of our findings. Several participants could not be included in our analyses or were lost to follow-up, partly because our study was conducted amidst clinical standard care (e.g., the patient and/or clinical team decided not to start EXP), and partly due to the challenges of conducting MRI research in clinical pain populations. Despite that, we show strong data of group differences as well as changes across time, all surviving stringent statistical testing. Larger samples will be needed to reproduce the current findings, and to extend to models predicting treatment responses.




CONCLUSION

We show the first evidence that clinical improvements in chronic pain following EXP treatment are mirrored by changes in pain-related fear neural circuitry. Group differences identified prior to treatment were no longer present after treatment. Time-dependent effects in patients continued up to 6 months after the end of EXP, and involved regions implicated in cognitive/affective, motivational as well as sensory aspects related to pain. This suggests that the effects of EXP are long-term and go above and beyond modulating fear circuitry. Lastly, explorative analyses found indications that brain regions implicated in fear extinction -including the hippocampus, PCC and mPFC- changed their neural response proportionate to the change in self-reported fear, suggesting that extinction during EXP may reflect similar working mechanisms as extinction in experimental settings. Taken together, our findings show that neural circuitry for pain-related fear is modulated by EXP, and that changes are associated with self-reported improvements in pain-related fear.
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FOOTNOTES

1
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2 Also, participants were asked not to change anything in their medication use on the day of the MRI, and all confirmed they did not take less or more medication than usual. See Supplementary Table S3 for an overview of the patients’ medication use.
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Growing evidence indicates that neuropathic pain is frequently accompanied by cognitive impairments, which aggravate the quality of life of chronic pain patients. Here, we investigated whether acupuncture treatments can improve cognitive dysfunction as well as allodynia induced by neuropathic pain in mice. One week after the left partial sciatic nerve ligation (PSNL), acupuncture treatments on the acupoints GB30-GB34 (AP1), HT7-GV20 (AP2), or control points (CP) were performed for 4 weeks. Notably, the significant attenuations of mechanical allodynia and cognitive impairment were observed in the AP1 group, but not in PSNL, AP2, or CP groups. A random decision forest classifier based on the pain and cognitive functions displayed that the acupuncture group was clearly segregated from the other groups. We also demonstrated that acupuncture restored the reduced field excitatory post-synaptic potentials and was able to elevate the expression levels of glutamate receptors (NR2B and GluR1) in the hippocampus. Moreover, the expressions of Ca2+/calmodulin-dependent protein kinase II and synaptic proteins (pPSD-95 and pSyn-1) were enhanced by acupuncture treatment. These results suggest that acupuncture can enhance hippocampal long-term action through the regulation of the synaptic efficacy and that acupuncture may provide a viable option for managing both pain and cognitive functions associated with chronic neuropathic pain.

Keywords: acupuncture, partial sciatic nerve ligation, analgesia, cognitive impairment, glutamatergic receptor


INTRODUCTION

Chronic pain conditions are among the most common causes of disability worldwide. In addition to pain and disability, chronic pain is also associated with cognitive and emotional disorders which further diminish the quality of life (Price, 2000; Nicholson and Verma, 2004; Guida et al., 2015; De Gregorio et al., 2019). Current pharmacological treatments often do not meet patients’ needs due to unsatisfactory efficacy and adverse effects. In addition, the comorbidities may cause patients to seek multiple treatments, increasing their financial burdens. Thus, it is essential to enhance therapeutic outcomes by taking a holistic approach targeting these multidimensional aspects of chronic pain while controlling for side effects (Bergbom et al., 2011; Hopton et al., 2014).

To date, human studies have indicated that supraspinal structures including the hippocampus, anterior cingulate cortex, medial prefrontal cortex, and dorsal raphe nucleus are involved in chronic pain (Fields et al., 1977; Wang and Nakai, 1994; Valet et al., 2009; Zimmerman et al., 2009; Khan et al., 2014). In particular, the reduced hippocampal volume and changes in hippocampal structures were found in patients with chronic pain, implicating pain-related cognitive dysfunction (Valet et al., 2009; Zimmerman et al., 2009; Ezzati et al., 2014). Many studies have also shown the functional impairment of hippocampus including abnormal cytokine expression, short-term and working memory deficits as well as impairment of long-term potentiation (LTP) in animal models of chronic pain (Kodama et al., 2007, 2011; Ren et al., 2011; Wu et al., 2015).

Nerve injuries also affect synaptic plasticity and induce numerous changes in multiple neurotransmitters and intracellular signal transduction through changes in the expression or function of excitatory and inhibitory transmissions in the hippocampus (Mutso et al., 2012; Wang X.Q. et al., 2015; Liu et al., 2017; Saffarpour et al., 2017). Glutamate is a major excitatory neurotransmitter of the central nervous system, and recent studies have investigated the potential roles of the hippocampal glutamatergic system in the pathophysiology of pain (Wang X.Q. et al., 2015; Saffarpour et al., 2017). It is widely recognized that glutamate regulates excitatory synaptic transmission in the hippocampus via the NMDA receptor (NMDAR) and α-amino-3-hydroxy5-methyl-4-isoxazolpropionic acid receptor (AMPAR). An NMDAR subunit, NR2B, is involved in various physiological processes including learning, memory, and synaptic plasticity by regulation of LTP induction. In addition, calcium/calmodulin-dependent protein kinase II (CaMKII) has a critical role in LTP induction. Reduced levels of glutamate receptors and CaMKII were found in the hippocampal area of the neuropathic pain model (Xu et al., 2012).

Both clinical and animal studies have shown that acupuncture significantly improves chronic pain (Kim et al., 2005, 2007). In addition, acupuncture could mitigate pain-related comorbidities such as depression and insomnia in chronic pain patients (Huang et al., 2011; Hopton et al., 2014). Several animal studies showed that acupuncture improves both the nociceptive and cognition-related behaviors in a cobra venom-induced chronic neuropathic pain model (Chen et al., 2017). However, it remains elusive how acupuncture rescues comorbid conditions as well as pain simultaneously.

In the present study, we first examined whether acupuncture could improve both cognitive and pain behaviors in the partial sciatic nerve ligation (PSNL)-induced neuropathic pain model. Next, a random decision forest classifier in machine learning was used to see if the therapeutic effects of acupuncture can be predicted based on pain and cognitive behaviors. Then, we examined the changes in glutamatergic receptors and synaptic proteins as well as LTP in the hippocampus to elucidate the molecular mechanism of therapeutic effects by acupuncture.



MATERIALS AND METHODS


Animals

Seven-week-old male C57BL/6 mice (22 to 25 g in body weight; Samtaco, Seoul, South Korea) and four-week-old male C57BL/6 mice (for patch clamp recording; Samtaco) were individually housed at 24 ± 2°C under a 12/12 h light/dark cycle (light: 08:00 to 20:00, dark: 20:00 to 08:00) for at least 7 days before conducting experiments with free access to food and water.



Induction of Neuropathic Pain by PSNL

A left hind paw PSNL model was established in accordance with the approach by Malmberg and Basbaum (1998) with a few modifications. Mice were anesthetized with rompun (100 μl, intraperitoneally (i.p.); Bayer, Seoul, South Korea) and 2% zoletil (100 μl, i.p.; Virbac S.A., Carros, France). The bilateral hind thigh was shaved, and the sciatic nerve was exposed using scissors. Then, the dorsal 1/3 to 1/2 of the nerve was lightly ligated with 8-0 silk (AILEE, Busan, South Korea), and the open wound was closed. In non-nerve injured group (Sham; n = 10), the nerve was exposed without injury and was closed. Seven days after PSNL surgery, mice were randomly assigned to one of 5 groups: PSNL, acupuncture 1 (AP1), acupuncture 2 (AP2), control points (CP), or amitriptyline groups (each n = 10).



Acupuncture and Control Treatments

Acupuncture treatments were performed at acupoints GB30 and GB34 (AP1 group), HT7 and GV20 (AP2 group), or two control points (CP group) bilaterally, which continued daily for 28 consecutive days starting from day 7 after surgery (Figure 1A). GB30 (at the junction of the lateral 1/3 and medial 2/3 of the greater trochanter with the sacral hiatus) and GB34 (in the depression anterior and distal to the head of the fibula) are combinations of acupoints that are utilized for the treatment of lumber neuropathic pain in the clinic (Cho et al., 2013; Ju et al., 2017). HT7 (radial to the flexor carpi ulnaris tendon on the palmar crease) and GV20 (on the vertex of the head) are combinations of acupoints frequently used for the treatment of cognitive and emotional impairments (Lee et al., 2012; Chen et al., 2016; Fleckenstein et al., 2018; Yu et al., 2018). The detailed locations of acupoints were shown in Figure 1A. For the acupuncture treatments, mice were mildly immobilized, and a sterilized acupuncture needle (8 mm in length and 0.18 mm in diameter; Haenglim-seoweon Acuneedle Co., South Korea) was inserted bilaterally to a depth of 3 mm and turned bi-directionally for 30 s at a rate of two spins per second, one 180° clockwise rotation and 180° counterclockwise rotation, by bare fingers. In order to rule out the non-specific effects of acupuncture, the same acupuncture stimulation was given to control points (CP group). The two control points were located at the non-acupoints, approximately 3 mm lateral from the middle of the medial border of the scapula or the tail base on the gluteus muscle (Figure 1A).
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FIGURE 1. Effects of acupuncture on mechanical allodynia evaluated through von Fey test. Experimental design of acupuncture (AP1, AP2, or CP) or amitriptyline (10 mg/kg, i.p.) administration in the PSNL-induced neuropathic pain model. Locations of the acupuncture treatment GB30 (Hwando) and GB34 (Yanglingquan) [AP1 (red circle)], HT7 (Sinmun) and GV20 (Baekhoe) [AP2 (green circle); dapple green circle indicated backside], and control point [CP (orange circle)] (A). ∗∗∗p < 0.001 vs. the PSNL group. Anti-allodynic effects of acupuncture (AP1, AP2, or CP) or amitriptyline was measured on the ipsilateral (B,D) and contralateral (C,E) plantar surfaces 2 h after the administration (for 0, 3, 7, 14, 21, and 28 days). n = 10/group. ∗∗∗p < 0.001 vs. the Sham group, ###p < 0.001 vs. the PSNL group, and &⁣&⁣&p < 0.001 vs. the AP1 group. Data were analyzed with a two-way repeated measures ANOVA followed by post hoc Bonferroni tests. The results are expressed as the mean ± SEM.



Amitriptyline is a tricyclic antidepressant, and is widely used to treat various neuropathic pain (Max et al., 1987; Benbouzid et al., 2008; Palazzo et al., 2016). As a positive control, amitriptyline (amitriptyline group; 10 mg/kg in 100 μl, Sigma-Aldrich, St. Louis, MO, United States) was given i.p. daily for 28 consecutive days from day 7 after the PSNL surgery. A solution of amitriptyline was freshly prepared on each treatment day in 0.9% NaCl (Berrocoso et al., 2011). To subject animals to the equal stress condition, the Sham, PSNL and amitriptyline group animals were also mildly immobilized as done in AP and CP groups.



Nociceptive Behavior Test

The electronic von Frey test (IITC, Woodland Hills, CA, United States) was conducted (Jang et al., 2018) to evaluate the mechanical allodynia. This test was performed before surgery and treatment (Base and 0 day), respectively, and was also conducted at 3, 7, 14, 21, and 28 days after 2 h of acupuncture and amitriptyline treatment (AM 11:00–PM 06:00).



Cognitive Function Tests

Spatial working memory was measured by spontaneous alternation behavior in Y-Maze. Each mouse was placed in one of the Y-maze arms and allowed to explore freely through the maze during a 5-min session (Palazzo et al., 2016). The sequence and the total number of arms entered were recorded. An arm entry was considered complete when both hind paws were in the arm. The apparatus was cleaned with water and ethanol between each passage. Percentage of spontaneous alternation was determined by the number of triads containing entries into all three arms/maximum possible alternations (total number of arms entered − 2) × 100 (Palazzo et al., 2016).

The novel object recognition (NOR) test was used to evaluate the short-term memory. The apparatus consisted in a 40 × 40 × 27 cm acrylic box with white walls and floor. The box and objects were cleaned between trials to eliminate olfactory cues. Animals received 5 min sessions in the empty box for habituation to the apparatus and test room (Palazzo et al., 2016). Twenty-four hours later, each mouse was exposed to two familiar objects (block of round, diameter: 4 cm) during 5 min “training stage” in the box. Next, the animal was placed back in the box and exposed to a novel object (block of rectangle, 4 × 4 × 4 cm) as well as the familiar object for another 5-min “test stage” at 24 h after “training stage.” The time spent exploring each object was measured. The recognition index reflecting the short-term memory ability was calculated as the ratio of time spent exploring the novel object over total exploration time (Palazzo et al., 2016). All cognitive function tests were performed before treatment (AP1, AP2, CP, or amitriptyline) and on day 28 of treatment. The tests were conducted from 2 h after treatment (AM 11:00–PM 06:00).



A Random Decision Forest Classifier in Machine Learning

Based on the three behavioral data (mechanical allodynia, Y-maze, and NOR), a random forest classifier was used to test whether we could predict which mouse belongs to which experimental group. Random forest classifier is an ensemble method that incoporates decision tree models with multiple randomness and predicts them through the average value of the predictions of these trees (Breiman, 2001; Geurts et al., 2006). The classifier of this study was analyzed for three types of behavioral data that were labeled by the experimental group using Python’s scikit learn package1 (Pedregosa et al., 2011). The classification accuracy was obtained by applying fourfold cross validation. One hundred iterations were performed to extract the average value. In addition, we randomly permutated the labeling of the experimental group by repeating the procedure 10,000 times to generate a statistical null model for comparison. In order to express the process and meaning of classification, a decision tree was obtained at four depth levels. Finally, mouse data were represented on a scatter plot using two pairs of measurements for pain and cognitive function.



Western Blotting

After anesthetized, the brain was extracted. Brain tissue samples including the hippocampus were homogenized in 200 μL of lysis buffer, containing 20 mM hydroxyethyl piperazineethanesulfonic acid (pH 7.5), 1% NP-40, 10% glycerol, 150 mM NaCl, 60 mM B-Glucoside, 1 mM phenylmethanesulfonyl fluoride, 0.7 μg/mL Pepstatin, phosphatase and protease inhibitor cocktail tablets. Western blot was performed (Park et al., 2014) to measure the protein expression levels of glutamatergic receptors and synaptic proteins in the hippocampus. Primary antibodies were rabbit anti-phospho-NR2B (pNR2B), rabbit anti-total-NR2B (tNR2B) (diluted 1:1,000; Merck Millipore, Darmstadt, Germany), rabbit anti-phospho-GluR1 (pGluR1), rabbit anti-total-GluR1 (tGluR1), rabbit anti-phospho-CaMKII (pCaMKII), rabbit anti-total-CaMKII (tCaMKII), rabbit anti-phospho-protein kinase C-γ (pPKC-γ), rabbit anti-total- protein kinase C-γ (pPKC-γ), rabbit anti-phospho-Syn-1 (pSyn-1), rabbit anti-total-Syn-1 (tSyn-1), rabbit anti-phospho-PSD-95 (pPSD-95), rabbit anti-total-PSD-95 (tPSD-95) (diluted 1:1,000; Cell Signaling Technology, Beverly, MA, United States), and rabbit anti-β-actin (diluted 1:10,000; Sigma-Aldrich). Then, the membrane was incubated with the secondary horseradish peroxidase-conjugated goat anti-rabbit antibody (diluted 1:1,000; Pierce, Rockford, IL, United States). The membrane was visualized using a chemiluminescence kit (Super Signal West Pico; Pierce), and the signal intensities were analyzed by a densitometry and image QI software. We show all bands before contrast modification (Supplementary Figure 4).



Immunofluorescence

Immunofluorescence was conducted (Jang et al., 2018) to measure the expression of NR2B and GluR1 in neuron cells in the PFC. Primary antibodies raised against NeuN (mouse, 1:500, MAB377; Chemicon International, Inc., Temecula, CA, United States), GFAP (mouse, 1:500, 14-9892-82; Thermo Fisher Scientific, San Diego, CA, United States), Iba-1 (mouse, 1:500, MABN92; Merck Millipore), NR2B (rabbit, 1:500, 06-600; Merck Millipore), and GluR1 (rabbit, 1:1000, #8084; Cell Signaling Technology) were diluted in 1 × PBST supplemented with 0.1% BSA. The incubation was performed in dark at 4°C for 72 h. Next, following PBST washes, the sections were incubated for 1 h with a mixture of Alexa 488-conjugated donkey anti-rabbit secondary antibody (1:1000; Thermo Fisher Scientific) and Alexa 594-conjugated donkey anti-mouse secondary antibody (1:1000; Thermo Fisher Scientific). The numbers of NeuN/NR2B and NeuN/GluR1 double-positive cells within the CA1, CA3, and DG in the hippocampus were counted three times by a researcher blind to each group using a square grid (300 × 300 μm). The mean counts were defined as the numbers of NeuN/NR2B and NeuN/GluR1 double-positive cells. Additionally, tissues incubated without primary antibody were used as a negative control (Supplementary Figure 3).



Electrophysiology

After post-surgery day 35, electrophysiological recordings were made. The electrophysiology was performed (Citri and Malenka, 2008; Villers and Ris, 2013; Sweet et al., 2015) to measure LTP. Following isoflurane anesthesia, the brain was removed, and the hippocampus was quickly dissected out with a vibratome (VT 1200 S; Leica Microsystems, Wetzlar, Germany). Hippocampal slices (400 μm) were incubated in 20 mL artificial cerebrospinal fluid (aCSF; containing 119 mM NaCl, 2.5 mM KCl, 1 mM NaH2PO4, 26.2 mM NaHCO3, 11 mM D-glucose, 2.5 mM CaCl2, and 9 mM MgCl2; pH = 7.2–7.4; 4°C) saturated with 5% CO2 in O2 at 32°C for at least 1 h. Then, the prepared slices were transferred to a recording chamber, containing oxygenated aCSF (119 mM NaCl, 2.5 mM KCl, 1 mM NaH2PO4, 26.2 mM NaHCO3, 11 mM D-glucose, 2.5 mM CaCl2, 1.3 mM MgCl2, and 0.4 mM ascorbic acid; pH = 7.2–7.4; 4°C) at a flow rate of 2 mL/min at 32°C. Glass electrode (recording electrode) were filled with recording aCSF and placed in the stratum radiatum of CA1. Electrodes were lowered 75 to 150 μm under the surface of the slice using micromanipulator (ROE-200, Sutter Instruments, Novarto, CA, United States) and Controller (MPC-200, Sutter Instruments). Then, a bipolar electrode (Stimulation electrode) was placed in the CA3 area to evoke the field excitatory postsynaptic potential (fEPSP) responses (Citri and Malenka, 2008; Sweet et al., 2015). The hippocampal slices were stimulated with 0.5 mV/0.5 ms every 30 s for at least 10 min, followed by 0.5 mV/100 Hz/1 s for 15 min of test stimulation. This signal amplified by an amplifier (MultiClamp 700B, Molecular Devices) was then sent to a computer through A/D converter (Digidata 1440A, Molecular Devices, Sunnyvale, CA, United States) and analyzed using Clampex 10.7 Software (Molecular Devices).



Statistical Analysis

All statistical parameters were calculated using GraphPad Prism 5.0 software (GraphPad Software, San Diego, CA, United States). An unpaired two-tailed t-test was used for comparing the difference in emotional and cognitive impairment between sham and PSNL groups. Cognitive impairment behaviors based on the Y-maze and NOR test, electrophysiology, western blot and immunohistochemical data were subjected to one-way analysis of variance (ANOVA) tests followed by Newman–Keuls tests. Analyses of mechanical allodynia at various time points were performed using two-way repeated measures ANOVAs and Bonferroni post hoc tests for pairwise multiple comparisons. Spearman rank correlation coefficient tests were conducted to analyze whether the von Frey test was correlated with Y-maze and NOR test, and whether the expression levels in NR2B and GluR1 in the hippocampus were correlated with von Frey and NOR test. All data are expressed as the mean ± standard error of the mean (SEM). For all analyses, p < 0.05 was considered to indicate statistical significance.




RESULTS


Acupuncture Improves Mechanical Allodynia in PSNL-Induced Neuropathic Pain

The anti-allodynic and analgesic effects of acupuncture were measured using the von Frey test in the PSNL-induced neuropathic pain model. The baseline measurement was performed 1 day before PSNL surgery. Then, mice were randomly assigned into five groups. Paw withdrawal frequency in five groups did not show any difference. The effects of treatments with acupuncture (AP1, AP2, or CP) or amitriptyline (10 mg/kg, i.p.) were investigated for 28 days in the PSNL-induced neuropathic pain model (Figure 1). For mechanical allodynia, a two-way repeated measures ANOVA revealed a significant effect of group (F5,246 = 175.5, p < 0.0001) and a significant group × time interaction (F30,246 = 8.733, p < 0.0001). Bonferroni post hoc tests showed that AP1 treatment reversed the established ipsilateral mechanical allodynia at each time point (each p < 0.001 vs. PSNL over day 7 after treatment; Figure 1B). Likewise, the paw withdrawal frequency was significantly lower in the amitriptyline group than in the PSNL group (each p < 0.001 vs. PSNL over day 14 after treatment; Figure 1B). We also observed the effects of acupuncture (AP1, AP2 or CP) or amitriptyline administration in the nociceptive behavior test at day 28. A one-way ANOVA indicated a significant difference between groups for paw withdrawal frequency on day 28 (F5,54 = 68.08, p < 0.0001). Newman–Keuls post hoc tests revealed that the paw withdrawal frequencies were lower in the AP1 (p < 0.001) and amitriptyline groups (p < 0.001) than the PSNL group (Figure 1D). There were no significant changes in the pain levels in the contralateral hind paws (Figures 1C,E). Our results showed that acupuncture treatment in AP1 had an analgesic effect.



The Effect of Acupuncture on Cognitive Function in PSNL-Induced Pain Model

To examine the effects of acupuncture treatment on PSNL-induced cognitive impairment, we used Y-maze and NOR test (Figure 2). First, we observed cognitive impairment 8 days after PSNL surgery. Unpaired two-tailed t-tests revealed that the spontaneous alternation in PSNL mice was significantly lower than that in sham mice (t18 = 1.120, p = 0.0176; Figure 2A). In addition, unpaired two-tailed t-tests showed that the recognition index in the PSNL group was significantly decreased by PSNL surgery (t18 = 12.20, p = 0.0087; Figure 2E). Next, acupuncture (AP1, AP2, or CP) or amitriptyline (10 mg/kg, i.p.) treatment was continued for 28 consecutive days and the effects of treatments on cognitive impairment were measured again at day 28. In the Y-maze test, one-way ANOVA revealed a significant difference between groups for spontaneous alternation (F5,54 = 8.450, p < 0.0001), and Newman–Keuls post hoc tests showed that spontaneous alternation in AP1 group was higher than that in the PSNL group (p < 0.05; Figure 2B). There were no significant changes in total arm entries of Y-maze test (Figures 2C,D). In the NOR test, a one-way ANOVA (F5,54 = 15.78, p < 0.0001) followed by Newman–Keuls post hoc tests showed that the PSNL-induced reduction in recognition index (p < 0.001 vs. Sham group) was restored by AP1 and amitriptyline treatments (each p < 0.001 vs. PSNL group), whereas AP2 and CP had no effects (Figure 2F). Furthermore, spontaneous alternation and recognition index were negatively correlated with paw withdrawal frequency (r = −0.6180, p < 0.0001; r = −0.6487, p = 0.0026, respectively; Figures 2G,H). Therefore, our results showed that cognitive functions are impaired by induced neuropathic pain and that acupuncture has the potential to improve the cognitive impairment in neuropathic pain.
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FIGURE 2. Effects of acupuncture on cognitive functions measured through Y-maze and NOR tests. Effects of acupuncture (AP1, AP2, or CP) or amitriptyline (10 mg/kg, i.p.) treatment on cognitive impairment were investigated using Y-maze (A–D) and NOR (E,F) tests in the PSNL-induced neuropathic pain model. All groups: n = 10. ∗p < 0.05, ∗p < 0.01, ∗∗∗p < 0.001 vs. the Sham group, #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the PSNL group, &p < 0.05, &⁣&p < 0.01, and &⁣&⁣&p < 0.001 vs. the AP1 group. The data were analyzed with a one-way ANOVA followed by Newman–Keuls post hoc tests (A–F). Data are expressed as the mean ± SEM. The cognitive function measures in both Y-maze and NOR tests were correlated with paw withdrawal frequency (G,H). The r-values were analyzed with the Spearman rank correlation coefficient. AP1, acupuncture 1 (GB30 and GB34); AP2, acupuncture 2 (HT7 and GV20); CP, control point; NOR, novel object recognition.





Effects of Acupuncture on Analgesia and Cognitive Function Using Machine Learning

The decision tree algorithm consists of a random forest algorithm that is internally trained to express the distribution of behavior data values, the classification process, and semantics for each experimental group. It displays the decision boundary of the entire 40 mouse data on the scatter plot. This is presented in Figure 3. The Sham and AP1 groups were segregated from the PSNL and CP groups. The Sham and AP1 groups showed lower pain responses, while the PSNL and CP groups showed higher pain responses. The pain response data appear to provide useful information in distinguishing the Sham and AP1 groups, while the NOR and Y-maze data do not. The pain data between the PSNL and CP groups do not differ significantly, but the Y-maze and NOR data apparently allow a better distinction between them (Figures 3A,B). By applying 4-fold cross validation, we predicted with a 64.4% accuracy the membership of each mouse in each experimental group through the three threshold values of pain, NOR, and Y-maze.
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FIGURE 3. Effects of acupuncture on classification using a random forest classifier analysis in machine learning method. Cognitive functions and nociceptive behavior data of the four groups (Sham, PSNL, AP1, and CP) were analyzed by random forest algorithm in machine learning. Representative figures show that the spontaneous alternation in Y-maze (A) and recognition index in NOR test (B) were analyzed against the paw withdrawal frequency in the von Frey test. All groups: n = 10. AP1, acupuncture 1 (GB30 and GB34); CP, control point.





The Effects of Acupuncture on LTP From CA3 to CA1 Regions of the Hippocampus in PSNL

LTP recording was performed to investigate the electrophysiological basis of the effects of acupuncture (Figure 4). After 14–28 days of acupuncture treatment (AP1), the time course of fEPSP slopes that were normalized to the 15 min baseline period was presented in Figure 4B. The fEPSP slopes of the four groups were increased immediately after electronic stimulation and stabilized to different levels above the baseline. The statistical mean value of the last 15 min was shown in Figure 4C. One-way ANOVA showed that there were significant differences in the mean slopes of fEPSP among the four groups (F3,120 = 19.17, p < 0.001, Figure 4C). Newman–Keuls post hoc tests showed that the mean fEPSP slopes were smaller in the PSNL and CP groups than in the Sham (p < 0.01 vs. PSNL) and AP1 groups (p < 0.001 vs. PSNL group; p < 0.001 vs. CP group), indicating that acupuncture treatment did efficiently reverse the PSNL-induced LTP impairment.
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FIGURE 4. Acupuncture increased fEPSP slopes in the hippocampal CA3 to CA1 areas of neuropathic pain model. A schematic of a transverse hippocampal area used in electrophysiology methods, showing recording (rec) and stimulating (stim) regions (A). Averaged fEPSP data. High-frequency stimulation was given at 0 min, and the signal was followed for up to 15 min (B). Summary of fEPSP slopes (from 0 to 15 min) shown in (C). n = 5 in all groups. ∗∗p < 0.01 vs. the Sham groups. ###p < 0.001 compared with the PSNL group, and &⁣&⁣&p < 0.001 vs. AP1 group. The data were analyzed with a one-way ANOVA followed by Newman–Keuls post hoctests. The results are expressed as the mean ± SEM. AP1, acupuncture 1 (GB30 and GB34); AP2, acupuncture 2 (HT7 and GV20); CP, control point.





Effects of Acupuncture on Expression Levels of Glutamate Receptors in the Hippocampus of PSNL Mice

Many studies have shown that NR2B and GluR1 plays important roles in the synaptic plasticity through induction and maintenance of LTP at the Schaffer collateral-CA1 synapses; LTP is important in learning and memory functions (Lisman et al., 2002; Fonseca, 2012; Bliss and Collingridge, 2013; Wang H. et al., 2015; Shang et al., 2017). To investigate the role of glutamate receptors in neuropathic pain, we examined hippocampal NR2B and GluR1 using double-immunostaining (Figures 5, 6). First, NR2B- and GluR1-positive cells were double stained for three cell type markers (GFAP, Iba-1 or NeuN). The results suggest that they are expressed in neurons, but not in astrocytes or microglia (Supplementary Figure 1). Next, double-immunostaining and western blotting were carried on hippocampal NR2B and GluR1 for acupuncture groups (AP1, AP2 or CP) or amitriptyline group (10 mg/kg, i.p.). Coronal sections of the hippocampus from the three groups (Sham, PSNL and AP1) were subjected to NR2B and NeuN antibodies for double-immunostaining. A one-way ANOVA showed a significant difference between the groups for expression of NR2B (CA1: F2,7 = 18.26, p = 0.0017; CA2: F2,7 = 0.2718, p = 0.7697; CA3: F2,7 = 6.523, p = 0.0252; DG: F2,7 = 11.23, p = 0.0065), and Newman–Keuls post hoc tests showed that expression levels of NR2B were lower in the PSNL group than those in the Sham group (CA1: p < 0.01, CA3: p < 0.05, DG: p < 0.01). AP1 administration reversed the attenuation of hippocampal NR2B expression resulted from the PSNL surgery (CA1: p < 0.01, CA3: p < 0.05, DG: p < 0.01 vs. PSNL; Figures 5A,B). In western blot analysis, one-way ANOVA showed a significant difference in protein expression of NR2B in the hippocampus between the groups (F5,24 = 6.521, p = 0.0006). Newman–Keuls post hoc tests showed that hippocampal NR2B expression levels in the AP1 group were significantly higher than those in the PSNL group (p < 0.01; Figure 5D). There was a positive correlation between increased expression levels of NR2B in the hippocampus and the recognition index in NOR test (r = 0.5837 and p = 0.0007; Figure 5E), but a negative correlation between levels of NR2B in the hippocampus and paw withdrawal frequency in von Frey test. (r = −0.6403 and p < 0.0001; Figure 5F).
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FIGURE 5. Effects of acupuncture on the expression levels of hippocampal NR2B receptor. These results show the changes in hippocampal NR2B expression levels (CA1, CA2, CA3, and DG) after administration of acupuncture (AP1, AP2, or CP) or amitriptyline (10 mg/kg, i.p.) for 28 consecutive days (A–F). Histological examinations of the hippocampus showing the expression of NR2B (green) and NeuN (red) after AP1 administration in the PSNL-induced neuropathic pain model (A,B) and a representative figure showing the hippocampal regions in the mouse brain (C). n = 3–4/group. Scale bar: 100 μm. ∗p < 0.05, ∗∗p < 0.01 compared to the Sham group in each area. #p < 0.05, ##p < 0.01 compared to the PSNL group in each area. The NR2B protein levels were measured in the hippocampus (D). n = 5/group. ∗∗p < 0.01 compared to the Sham group. #p < 0.05 compared to the PSNL group. The results were analyzed with a one-way ANOVA followed by Newman–Keuls post hoc tests. The data are expressed as the mean ± SEM. The cognitive function values in the NOR test and nociceptive values in the von Frey test were correlated with the hippocampal NR2B protein levels (E,F). The r-values were analyzed with the Spearman rank correlation coefficient. AP1, acupuncture 1 (GB30 and GB34); AP2, acupuncture 2 (HT7 and GV20); CP, control point.
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FIGURE 6. Effects of acupuncture on the expression levels of hippocampal GluR1 receptor. These results show the changes in hippocampal GluR1 expression levels (CA1, CA2, CA3, and DG) after administration of acupuncture (AP1, AP2, or CP) or amitriptyline (10 mg/kg, i.p.) for 28 consecutive days (A–F). Free-floating coronal hippocampus sections from the three groups (Sham, PSNL, and AP1) were subjected to immunofluorescence with GluR1 (green) and NeuN (red) antibodies to label GluR1-positive NeuN in neurons (A). Representative graphs showing the expression levels of GluR1 in the hippocampus (A,B) and a representative figure showing the hippocampal regions in the mouse brain (C). n = 3–4/group. Scale bar: 100 μm. ∗p < 0.05, ∗∗p < 0.01 compared to the Sham group in each area. #p < 0.05, ##p < 0.01 compared to the PSNL group in each area. The expression levels of hippocampal GluR1 protein were examined (D). n = 5/group. ∗∗p < 0.01 compared to the Sham group. #p < 0.05 compared to the PSNL group. All data were analyzed with a one-way ANOVA followed by Newman–Keuls post hoc tests. All data are expressed as the mean ± SEM. The cognitive function values in the NOR test and nociceptive values in the von Frey test were correlated with the GluR1 protein levels in the hippocampus (E,F). The r-values were analyzed with the Spearman rank correlation coefficient. AP1, acupuncture 1 (GB30 and GB34); AP2, acupuncture 2 (HT7 and GV20); CP, control point.



Next, coronal sections of the hippocampus from the three groups (Sham, PSNL, and AP1) were subjected to GluR1 and NeuN antibodies. A one-way ANOVA showed a significant difference in the expression of GluR1 between the groups (CA1: F2,7 = 13.27, p = 0.0042; CA2: F2,7 = 1.900, p = 0.2192; CA3: F2,7 = 6.630, p = 0.0242; DG: F2,7 = 17.98, p = 0.0017). Newman–Keuls post hoc tests showed that GluR1 expression levels were lower in the PSNL group than those in the Sham group (CA1: p < 0.01, CA3: p < 0.05, DG: p < 0.01 vs. PSNL). Similar to NR2B, AP1 administration suppressed the reduction of hippocampal GluR1 expression levels induced by sciatic nerve surgery (CA1: p < 0.01, CA3: p < 0.05, DG: p < 0.01 vs. PSNL; Figures 6A,B). In western blot analysis, a one-way ANOVA showed a significant difference in protein expression of GluR1 between the groups (F5,24 = 5.216, p = 0.0022). Newman–Keuls post hoc tests showed that hippocampal GluR1 expression levels were significantly increased in the AP1 group compared to the PSNL group (p < 0.01; Figure 6D).

The GluR1 expression levels in the hippocampus were positively correlated with the recognition index in NOR test (r = 0.5634 and p = 0.0012; Figure 6E), and were negatively correlated with the paw withdrawal frequency in von Frey test (r = −0.6615 and p < 0.0001; Figure 6F). These results suggest that acupuncture administration may enhance cognitive functions by restoring glutamate receptors in the hippocampus in neuropathic pain.



Effects of Acupuncture on Expression Levels of CaMKII in the Hippocampus in PSNL Mice

CaMKII and PKC-γ have a critical role in learning and memory functions. Their functions are regulated through Ca2+ influx mediated by NR2B receptors in post synaptic membranes. The reduction of CaMKII expression levels have been found in the hippocampus of neuropathic pain models (Xu et al., 2012). Therefore, we examined the effects of acupuncture (AP1, AP2, or CP) or amitriptyline (10 mg/kg, i.p.) treatments on the CaMKII expression levels in the hippocampus of PSNL mice. A one-way ANOVA showed a significant difference in proteins expression of pCaMKII and tCaMKII between the groups (each F5,24 = 10.66; p < 0.0001; F5,24 = 5.156; p = 0.0024), and Newman–Keuls post hoc tests showed that pCaMKII and tCaMKII expression levels were decreased in the PSNL group compared to the sham group (each p < 0.001, p < 0.01; Figures 7A,B). Notably, AP1 treatment significantly restored pCaMKII and tCaMKII expression levels (each p < 0.01, p < 0.05 vs. PSNL; Figures 7A,B). However, pCaMKII and tCaMKII protein expression levels were not improved in the AP2, CP and amitriptyline groups (Figures 7A,B). PKC-γ expression levels were not changed in the hippocampus by acupuncture treatment (Supplementary Figure 2).
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FIGURE 7. Effects of acupuncture on the expression levels of CaMKII and synaptic proteins. These results show the changes in protein levels of hippocampal CaMKII (A,B; n = 5/group) and synaptic proteins (C,D; n = 4/group) after administration of acupuncture (AP1, AP2, or CP) or amitriptyline (10 mg/kg, i.p.) for 28 consecutive days. ∗∗p < 0.01, ∗∗∗p < 0.001 compared to the Sham group. #p < 0.05, ##p < 0.01 compared to the PSNL group. Data are expressed as the mean ± SEM. The same β-actin value was used (A,C; B,D). AP1, acupuncture 1 (GB30 and GB34); AP2, acupuncture 2 (HT7 and GV20); CP, control point.





Effects of Acupuncture on Expression Levels of Synaptic Proteins in the Hippocampus in PSNL Mice

Finally, we examined the effects of acupuncture administration on synaptic proteins, such as Syn-1 and PSD-95. A one-way ANOVA showed a significant difference in proteins expression of pSyn-1 (F5,18 = 5.600; p = 0.0028) and pPSD-95 (F5,18 = 10.11; p < 0.0001) between the groups, and Newman–Keuls post hoc tests showed that PSNL of the sciatic nerve induced a significant decrease in pSyn-1 (p < 0.05) and pPSD-95 (p < 0.01) compared with sham-operated mice. Acupuncture administration significantly improved pSyn-1 and pPSD-95 protein levels (each p < 0.05, p < 0.01 vs. PSNL). However, pSyn-1 and pPSD-95 protein levels were not significantly altered in the AP2 and CP groups (Figures 7C,D). Our data showed that the acupuncture treatment restored impaired synaptic proteins in the hippocampus following neuropathic pain.




DISCUSSION

Chronic pain is characterized as having a multidimensional aspect, involving nociception and affective or cognitive procession. Acupuncture is known to have an analgesic effect and improve cognitive impairment in chronic pain patients (Paramore, 1997; Couilliot et al., 2013). However, the detailed mechanisms associated with the co-curation effects of acupuncture on pain and cognitive impairment are yet to be revealed. In the present study, we found that the acupuncture treatment at acupoints GB30 and GB34 improved both nociceptive behavior and cognitive impairment associated with a PSNL-induced neuropathic pain model. The acupuncture group was classified as a different one from the PSNL group when analyzed using a decision tree algorithm of machine learning. We also found that acupuncture can enhance synaptic plasticity through increasing LTP as well as expression levels of NR2B and GluR1 in the hippocampus, which were impaired in the PSNL group. In addition, the expressions of CaMKII and synaptic proteins such as pPSD-95 and pSyn-1, indicators of synaptic plasticity, were enhanced by acupuncture treatment.

Central sensitization that develops following peripheral nerve injuries is thought to contribute to chronic pain and the deleterious effects on cognitive functions in preclinical models and in patients (Schnurr and MacDonald, 1995; Nicholson and Verma, 2004; Kodama et al., 2007, 2011). Here, we observed that PSNL mice with prolonged mechanical allodynia had impairments in the working and recognition memory when subjected to Y maze and NOR tests, consistent with recent studies (Kodama et al., 2011; Dimitrov et al., 2014; Liu et al., 2017). In contrast, acupuncture treatment (AP1) resulted in the improvements of memory-function as well as mechanical allodynia. Other acupoints or non-acupoints did not result in such improvement, which implies that acupoints GB30 and GB34 are specific for these therapeutic effects. Next, a random decision forest classifier in machine learning was used to determine whether the therapeutic effects of acupuncture can be predicted based on the pain and cognitive behaviors. Machine learning classifiers are specific applications of machine learning technology that use individual features to predict the pre-assigned class to which a given example belongs (Breiman, 2001; Geurts et al., 2006). The success of a given model can be assessed by examining how faithfully it predicts group membership, also allowing for the comparison of performance between feature sets (Pedregosa et al., 2011). We found that the mice treated with acupuncture were not only classified as a different group from the PSNL mice, but also shifted toward the sham mice. In contrast, mice treated with acupuncture at the control points clustered with the PSNL group.

The hippocampus plays a critical role in cognitive functions. Decreased hippocampal volume and alteration of synaptic plasticity have been found in Alzheimer’s disease rodent models with cognitive impairment (Tozzi et al., 2015; Jin et al., 2017). Such hippocampal changes were also observed in chronic pain, and the reduced synaptic plasticity might be associated with the cognitive impairment comorbid with pain (Valet et al., 2009; Zimmerman et al., 2009; Mutso et al., 2012). LTP is a cellular model of activity-dependent changes in synaptic strength, underlying information storage and memory creation (Kim et al., 2001). Recently, the decreased hippocampal LTP was reported in several pain models such as the peripheral nerve injury-induced cognition-impaired mice (Kodama et al., 2011; Mutso et al., 2012; Chen et al., 2017; Liu et al., 2017). Consistent with previous studies, we also found that LTP was reduced when measured in the hippocampal CA1 of PSNL mice with cognitive impairment. Moreover, we found that acupuncture enhanced LTP compared to the PSNL-induced neuropathic pain mice. Recent experiments in chronic pain reported that acupuncture may modulate synaptic function and regulate cognitive impairment, but no molecular mechanisms have been proposed (Xu et al., 2012; Chen et al., 2017). Therefore, we investigated the underlying mechanisms associated with the improvements in cognitive function and pain by acupuncture treatment by focusing on the LTP-related molecular mechanisms in the hippocampus.

Induction and maintenance of LTP at the Schaffer collateral-CA1 synapses is NMDA and AMPA receptors-dependent (Holmes and Grover, 2006; Fonseca, 2012; Luscher and Malenka, 2012; Bliss and Collingridge, 2013). NR2B increases CaMKII activity by increasing Ca2 + influx into the synapse, which then increases the expression of GluR1 in the synapse and thus mediates many important brain functions including cognition, learning and memory (Tovar and Westbrook, 1999; Lisman et al., 2002; Goebel et al., 2005; Wang H. et al., 2015; Shang et al., 2017). The down-regulation of NR2B, GluR1, CaMKII and synaptic proteins in the hippocampal neurons are associated with learning-memory deficits and cognitive dysfunctions in Alzheimer’s disease (AD) animal models (Liu et al., 2016; Mariani et al., 2017; Zhu et al., 2018). As shown in a recent AD study, the expression of NR2B in the hippocampus was shown to be reduced in a PSNL-induced neuropathic pain model (Wang X.Q. et al., 2015). Zhu et al. reported that the expression of GluR1 as well as the neurons co-expressing brain-derived neurotrophic factor and GluR1 were downregulated in the hippocampal CA3 region of neuropathic pain mice, which was also correlated with the pain-related comorbid conditions (Zhu et al., 2017). Consistent with these studies, our results revealed that hippocampal NR2B and GluR1 were significantly downregulated in the CA1 and CA3 of the PSNL neuropathic pain model, whereas acupuncture treatment rescued them. Interestingly, the correlation analyses revealed that the expression levels of NR2B and GluR1 are positively correlated with the cognitive functions, while negatively correlated with pain behaviors. This implies that the increase in NR2B and GluR1 in the AP1 group can play a pivotal role for the restoration of pain and comorbid cognitive dysfunction. In addition, we showed that acupuncture enhanced the expression levels of pCaMKII and tCaMKII in the hippocampus, while they were decreased in a neuropathic pain model. These results are consistent with a recent study showing that acupuncture further reduces CaMKII expression level in the hippocampal CA3 following a peripheral nerve injury (Xu et al., 2012). Activation of CaMKII is crucial for LTP induction in the hippocampus, and it has been implicated in activity-dependent synaptic strengthening (Lisman et al., 2002). PKC-γ is activated through increased intracellular Ca2+ influx, but this was not improved by acupuncture administration. Fernández de Sevilla and Buño et al. suggested that CaMKII has an important role in the initiation of the acetylcholine-mediated enhancement of NMDAR- and AMPAR-mediated transmission, but that PKC might be essential in the initiation of the acetylcholine-mediated augment of only NMDAR-mediated transmission (Fernandez de Sevilla and Buno, 2010). Therefore, we postulate that the difference between CaMKII and PKC expression patterns in the hippocampus might be involved in cholinergic mechanisms on the acupuncture treatment, and further studies are required.

Finally, we demonstrated the significant alteration of synaptic proteins such as Syn-1 and PSD-95 in the hippocampus of the PSNL model mice. Syn-1 is a presynaptic terminal specific marker involved in transport, emissions, and recycling of the vesicles, and believed to play an important role in the process of the calcium-dependent neurotransmitter release, such as glutamate (Valtorta et al., 2004). PSD-95 is a structural protein of post-synapse and is increased by the activation of CaMKII, a protein that plays a crucial role in synaptic plasticity (Cheng et al., 2006). In this study, we found that acupuncture treatment recovered the decreased levels of phosphorylated Syn-1 and PSD-95 in the hippocampus of PSNL-induced neuropathic pain. Therefore, our results suggest that acupuncture can improve both nociception and cognitive impairment by regulating glutamate transmission through increasing the expressions of glutamate receptors and synaptic proteins.

It is well known that synapses between neurons are the structural basis of neural connection and neural plasticity. In the recent study, the total dendrite length, the number of dendrite branches, and spine densities in the basal and apical dendrites of CA1 pyramidal neurons were reduced significantly in the neuropathic pain mice (Liu et al., 2017). Therefore, further studies are needed to explore whether acupuncture can change the morphology of CA1 pyramidal neurons related to the synaptic plasticity.

The limitation of this study is that it is not known how changes in the peripheral nervous system affect the brain. Acupuncture showed analgesic effect through increases in adenosine and adenosine monophosphate release in the muscle, and this effect disappeared in the adenosine A1 receptor knockout mice (Goldman et al., 2010). The locally activated ERK signaling pathway was also mediated in the acupuncture analgesia (Park et al., 2014). However, since this study was focused on the CNS, we did not closely observe changes in adenosine, ATP or ERK pathway in the peripheral nervous system following acupuncture treatment. In addition, the stimulation of the metabotropic A1 receptors are known to be involved in modulation of chronic pain at the spinal and supra spinal level, in both neuronal and, at least partly, glial or microglial cells (Luongo et al., 2012; Luongo et al., 2014). Moreover, LTP in hippocampal CA1 area was inhibited in the adenosine A1 receptor knockout mice (Zhou et al., 2018). Further studies are needed to define the relationship between adenosine A1 receptors in the local tissue and glutamate receptors in hippocampus.

In conclusion, we demonstrated that acupuncture treatment can improve both allodynia and comorbid cognitive impairments simultaneously, and that the therapeutic effects of acupuncture were correlated with the increased expressions of NR2B and GluR1 in the hippocampus. Acupuncture also enhanced pCaMKII and tCaMKII as well as the pre- and post-synaptic proteins in this area. Finally, these molecular changes contribute to the increase of LTP in the CA1 of the hippocampus. These results might imply that acupuncture can be one of the potential options for controlling both pain and comorbid cognitive impairments, while further clinical trials are needed to prove it.
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Neuroimaging studies have demonstrated that altered activity in somatosensory and motor cortices play a key role in pain chronification. Neurofeedback training of sensorimotor rhythm (SMR) is a tool which allow individuals to self-modulate their brain activity and to produce significant changes over somatomotor brain areas. Several studies have further shown that neurofeedback training may reduce pain and other pain-related symptoms in chronic pain patients. The goal of the present study was to analyze changes in SMR power and brain functional connectivity of the somatosensory and motor cortices elicited by neurofeedback task designed to both synchronize and desynchronize the SMR power over motor and somatosensory areas in fibromyalgia patients. Seventeen patients were randomly assigned to the SMR training (n = 9) or to a sham protocol (n = 8). All participants were trained during 6 sessions, and fMRI and EEG power elicited by synchronization and desynchronization trials were analyzed. In the SMR training group, four patients achieved the objective of SMR modulation in more than 70% of the trials from the second training session (good responders), while five patients performed the task at the chance level (bad responders). Good responders to the neurofeedback training significantly reduced pain and increased both SMR power modulation and functional connectivity of motor and somatosensory related areas during the last neurofeedback training session, whereas no changes in brain activity or pain were observed in bad responders or participants in the sham group. In addition, we observed that good responders were characterized by reduced impact of fibromyalgia and pain symptoms, as well as by increased levels of health-related quality of life during the pre-training sessions. In summary, the present study revealed that neurofeedback training of SMR elicited significant brain changes in somatomotor areas leading to a significant reduction of pain in fibromyalgia patients. In this sense, our research provide evidence that neurofeedback training is a promising tool for a better understanding of brain mechanisms involved in pain chronification.
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INTRODUCTION

Fibromyalgia (FM) is a chronic pain syndrome characterized by generalized and enhanced pain sensitivity, as well as by fatigue, morning stiffness, sleep disturbance, affective and cognitive dysfunctions, and a generalized hypersensitivity to pain stimulation (Wolfe et al., 1990, 1995). Its prevalence ranges from 3 to 10% in the general adult population and is more frequent in women than men (Wolfe et al., 2013; Clauw et al., 2018). Although the underlying etiology of FM still remains unclear, several studies have showed altered brain activation in areas of the so called pain network involved in the emotional and cognitive processing of pain (Gracely, 2004; Burgmer et al., 2009, 2010). Functional magnetic resonance imaging (fMRI) studies have further reported that resting-state functional connectivity of the anterior cingulate cortex (ACC), basal ganglia insula, thalamus, amygdala, medial prefrontal cortex and somatosensory and motor cortices were increased in patients with FM as compared with healthy controls (Cifre et al., 2012; Flodin et al., 2014; Ichesco et al., 2014), reflecting an abnormal hyperexcitability of the central nervous system (Desmeules et al., 2003). In this regard, altered somatosensory and motor cortex activity has been proposed to play a central role in the experience of pain and its chronification (Harris, 1999; Pujol et al., 2014; González-Roldán et al., 2016; Lim et al., 2016; Don et al., 2019). Furthermore, primary motor cortex activity has been suggested to be a major modulator of pain processing (Castillo Saavedra et al., 2014), while primary somatosensory cortex is highly involved in the localization and discrimination of pain experience (Diers, 2019).

EEG neurofeedback is a technique based on learning to self-regulate several parameters of cortical activity such as amplitude, frequency and/or coherence of EEG signal (Gruzelier, 2014). During neurofeedback training, individuals learn to modify their own brain activity by receiving visual or acoustic information about these EEG parameters (Enriquez-Geppert et al., 2017). Neurofeedback has been widely used successfully in chronic pain syndromes, showing potential benefits to reduce pain, anxiety and depression in these patients (Mueller et al., 2001; Kravitz et al., 2006; Kayıran et al., 2010; Nelson et al., 2010; Caro and Winter, 2011). In this sense, it has been highlighted that the efficacy of the treatment could be related to the decrease and/or the increase of somatosensory and motor activity associated with the processing of nociceptive information (Jensen et al., 2008, 2014). Sensorimotor rhythm (SMR) refers to oscillations between 12 and 15 Hz recorded over somatosensory and motor areas (Pfurtscheller and Lopes da Silva, 1999; Budzynski, 2009; Gruzelier, 2014). Studies about SMR-based neurofeedback training in chronic pain patients have shown significant short-term improvements in pain relief, and other non-pain associated symptoms in patients with complex regional pain syndrome (Jensen et al., 2007), chronic low back pain (Mayaud et al., 2019) and chronic spinal cord injury (Vučković et al., 2019). Furthermore, SMR-based neurofeedback training has provided evidence that it is able to reduce pain and fatigue symptoms in patients with fibromyalgia (Kayıran et al., 2010; Caro and Winter, 2011).

Although several studies have demonstrated that neurofeedback training was able to reduce pain-related symptoms, little is known about the functional changes that the SMR-based neurofeedback training is eliciting in EEG activity and brain connectivity. In this sense, increased resting-state functional connectivity in several pain areas such as ACC (Ros et al., 2013), insula (Kluetsch et al., 2014) or the amygdala (Nicholson et al., 2016) have been reported after neurofeedback training of the alpha EEG. In addition, a significant enhancement of resting-state functional connectivity of somatosensory and motor cortices has been demonstrated after neurofeedback training of SMR in patients with stroke (Várkuti et al., 2013; Young et al., 2014; Mohanty et al., 2018) and in healthy participants (Terrasa et al., 2019). Although all these findings support the notion that neurofeedback training can produce relevant changes in clinical symptoms and brain activity, little is known about the neurophysiological processes involved during brain self-regulation training.

The primary goal of the present study was to analyze changes in SMR activity and brain functional connectivity of the somatosensory and motor cortices in response to neurofeedback training of the SMR in FM patients. For this purpose, a training protocol based on learning to synchronize and desynchronize the SMR power over motor and somatosensory areas was applied during six sessions, and brain changes produced when performing the neurofeedback task were examined. Our hypothesis was that those FM participants achieving a successful self-regulation of the SMR would show increased synchronization and desynchronization modulation of SMR power, enhanced somatomotor functional connectivity and reduced pain during the last neurofeedback training session.



MATERIALS AND METHODS


Participants

Seventeen right-handed female patients (aged 54.94 ± 10.11) with a diagnosis of FM were recruited from the Asociación Granadina de Fibromialgia (AGRAFIM) in Granada (Spain). The diagnosis of FM was confirmed by a professional rheumatologist following the American Rheumatology College 2010 Criteria. Exclusion criteria were: FM diagnosis of less than 1 year, pregnancy, vision or auditory deficits, and neurological or psychiatric diseases (except depression). Thirteen of the seventeen fibromyalgia patients had a diagnosed and medicated depression disorder. No participants with other psychiatric disorders were accepted in the study. All participants were taking regular medication, including analgesic/myorelaxant (88.24%), antidepressant (76.47%), and anxiolytic (70.59%). During the experiment, participants were asked to avoid the use of any other non-pharmacology therapy. The study was conducted in accordance with the Declaration of Helsinki (1991) and approved by the Ethics Committee of the Balearic Islands (Spain). Written informed consents were obtained from the participants after the experimental procedure explanation.



Procedure and Clinical Assessment

The patients attended a total of seven sessions and were sequentially assigned to either a SMR neurofeedback training (SMR, n = 9) or a control group that received false feedback during the training task (SHAM, n = 8) following the order of their arrival at the first session. In the first session, a thorough psychological evaluation was conducted under the supervision of a trained and experienced psychologist (MM), including a semi-structured interview on chronic pain and following self-report questionnaires: the McGill Pain Questionnaire (MPQ) (Melzack, 1975), the West Haven-Yale Multidimensional Pain Inventory (WHYMPI) (Kerns et al., 1985), the Tampa Scale for Kinesiophobia (TSK) (Roelofs et al., 2004), the Pain Anxiety Symptoms Scale (PASS) (McCracken et al., 1992), the Pain Vigilance and Awareness Questionnaire (PVAQ) (McCracken, 1997), the MOS Social Support Survey (MOS) (Sherbourne and Stewart, 1991), the Coping Strategies Questionnaire (CSQ) (Rosenstiel and Keefe, 1983), the MOS 36-item Short-form Health Survey (SF-36) (Ware and Sherbourne, 1992), the Beck Depression Inventory (BDI-II) (Beck et al., 1996), and the Fibromyalgia Impact Questionnaire (FIQ) (Burckhardt et al., 1991).

After the psychological assessment, patients participated in a six-session neurofeedback training program with 3 sessions per week during 2 weeks. The training protocol was successfully tested in a previous work with healthy participants (Terrasa et al., 2019). During the first (PRE session) and the sixth sessions (POST session), all individuals performed the training in a MRI scanner, while the rest four sessions were performed in a MRI simulator. The simulator reproduced the characteristic disturbing sounds of the real scanner. At the end of the PRE and the POST sessions, patients were asked to rate their pain using a numerical scale ranging from 0 to 100. Furthermore, given that high anxiety levels can impair neurofeedback training (Hardman et al., 1997; Gruzelier et al., 1999), the level of anxiety was assessed with the State-Trait Anxiety Inventory (STAI) (Spielberger et al., 1970) before the beginning of each assessment session. In addition, all participants were asked to complete a diary three times a day (morning, afternoon, evening) with ratings of pain, fatigue and negative mood on a numerical scale ranging from 0 to 100.



EEG Neurofeedback Task and Processing

During the neurofeedback training program, EEG signals were acquired by a QuickAmp amplifier (Brain Products GmbH, Munich, Germany) at 1000 Hz sampling rate, with high-pass and low-pass filter settings at 0.10 and 70 Hz, respectively. A 50 Hz notch filter was also applied. EEG was recorded from 64 Ag/AgCl electrodes placed according of the 10-20 International System referenced to FCz. Ground electrode was located at position AFz. Electrode impedance was kept lower than 10 kOhm.

The EEG neurofeedback task was to learn to synchronize (i.e., by increasing power amplitudes at specific electrodes) and to desynchronize (i.e., by decreasing power amplitudes at specific electrodes) the SMR. The task was performed using the Cursor Task module of BCI2000 platform (Schalk et al., 2004). Each trial began with the presentation of a target (a gray vertical rectangle) located on the left or right edge of the screen. At the same time, a gray ball appeared in the center of the screen and subjects were asked to control the movement of the ball on the horizontal axis by synchronizing or desynchronizing the SMR for a maximum of 9 s. The goal of the task was to move the ball and impact the target. If the goal was achieved, the ball remained on the screen for a second (reward presentation) and then disappeared; otherwise, the ball simply disappeared. The participants did not receive any instruction other than that they had to learn to control the ball (move it to the right or left according to the position of the target) and hit the target as many times as possible. Two parameters of the task performance were analyzed: number of trials in which the ball hit the target (percentage of hits) and the time to hit the target in successful trials (duration of successful trials).

During each neurofeedback trial, SMR power at C3, CP1, and CP5 electrodes was calculated every 0.5 s of input data by means of maximum entropy method (autoregressive model order = 16) with 3 Hz bin resolution. These signal features were translated into output control signal using a linear equation selecting the power of the selected electrodes into 12–15 Hz frequency bin. Finally, the signal was normalized to make the output control signal zero mean and unit variance. The subjects had to synchronize the SMR power to move the cursor to the left or to desynchronize the power to move the cursor to the right. The greater the power variation was, the greater the cursor movement speed.

Given that the PRE and POST sessions were conducted in the MRI scanner, BrainVision RecView software was applied online to partially remove the gradient artifact (imaging artifact) and the pulse artifact (ballistocardiographic artifact) of MRI from the EEG signal using an automated implementation of the average subtraction method (Allen et al., 1998, 2000). RecView was modified to enable export of the corrected EEG data in real time through a TCP/IP socket to BCI2000. This procedure was optimized with BrainVision Syncbox ensuring an optimal communication between the MRI scanner master clock and Review.

During the PRE and POST sessions, the task consisted of 100 trials (50 trials with the target displayed on each side of the screen) presented in random order with an interval between the 15 s trials, and all participants (SMR and SHAM) received real feedback on their performance. The remaining four training sessions consisted of four runs with 20 trials (10 trials with the target displayed on each side of the screen) presented in random order within each run and with an interval between trials of 6 s. In these neurofeedback training sessions, only the SMR group received real feedback on the SMR power variations, while the SHAM group received random feedback. For the latter, the movement of the ball was manipulated to reach the target only in 50% of the trials (25% right, 25% left).

The preprocessing of EEG data during the PRE and POST sessions was carried out using Matlab R2016b. EEG signals were bandpass filtered within 1–30 Hz and an algorithm for ocular correction (Gratton and Coles) was applied. Data were segmented into epochs of 9 s and separated by trial type (synchronization or desynchronization). Then, power spectral density was calculated for the interval between 1 and 30 Hz (1 Hz resolution) for all channels and each trial type (synchronization or desynchronization). The average power density at C3, CP1, and CP5 electrodes within SMR range (12–15 Hz) was computed and the difference on SMR power between synchronization and desynchronization trials was calculated as an SMR modulation score, reflecting the degree of self-control over SMR activity.



Functional MRI Data Acquisition

During the PRE and POST sessions, fMRI images were acquired using a 3.0 Tesla scanner (SIEMENS MAGNETOM TrioTim syngo MR). Echo-planar sequence (EPI) functional images of the whole brain (except the cerebellum) were acquired during the EEG neurofeedback for a maximum time of 40 min and 6 s (Total volumes = 1200; 27 axial slices per volume interleaved; TR = 2.0 s; ET = 23 ms; Flip Angle = 80°; Acquisition Matrix = 66 × 66; FOV = 232 mm; Slice Thickness = 3.0 mm; no gap). Furthermore, MPRAGE sequence T1 anatomical images were also acquired for each subject to perform co-register and nuisance pre-analyses (176 slices; TR = 1900 ms; ET = 2.52 ms; Flip Angle = 9°; FOV = 250 mm; Slice Thickness = 1 mm).



Data Analyses

After the initial statistical analyses, we observed that participants in the SMR group as a whole could not achieve an average performance above the random level, as demonstrated in previous studies with healthy participants (Cincotti et al., 2008; Blankertz et al., 2010; Terrasa et al., 2019). Furthermore, there were no significant differences between the SMR and the SHAM groups on percentage of hits. Therefore, we decided to subdivide the SMR group in good responders (who achieved a mean performance level above 50% of success during all the sessions) and bad responders (who achieved a mean performance level under 50% of success during all the sessions). Good responders showed 70% of success in at least one session of the neurofeedback training. Thus, the study was finally conducted with three groups: good-SMR responders (n = 4) with 67.76% ± 15.97 of successful trials (mean of the six sessions), bad-SMR responders (n = 5) with 48.31% ± 7.26 of successful trials and SHAM group (n = 8). The task performance (percentage of hits) for each group through the six sessions are shown in Figure 1.
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FIGURE 1. Percentage of successful trials for each group through all the sessions.


Statistical analyses were carried out using IBM SPSS Statistics v21. For repeated measures analyses, normal distributions of the used variables were tested and Greenhouse–Geisser epsilon corrections were applied to control for violation of the sphericity assumption. Results are reported with the original degrees of freedom, the p-values and the partial eta squared parameters (ηp2). When significant effects were found, post hoc analyses were performed using Bonferroni correction.

For the demographic and psychological data, one-way analyses of variance (ANOVAs) were used to examine differences among groups (good-SMR responders, bad-SMR responders and SHAM) on age, years since FM was diagnosed and self-report questionnaires (MPQ, WHYMPI, TSK, PASS, PVAQ, MOS, CSQ, SF-36, BDI-II, and FIQ). Group differences in depression comorbidity were analyzed with a Chi-Squared test. Differences on pain ratings and STAI-S scores were examined by using an ANOVA with the factors Group and Assessment session (PRE vs. POST). With respect to the diary data, the average of the three data points (morning, afternoon, night) obtained during the day after the PRE assessment session, as well as the average of the data points obtained the previous day to the POST assessment session was computed for pain, fatigue and negative mood. Differences on these ratings were tested by using ANOVAs with the factors Group and Assessment session (PRE vs. POST).

Task performance scores (percentage of hits and duration of successful trials) during the assessment sessions (PRE vs. POST) were tested by using an ANOVA with the factors Group, Assessment session and Trial type (synchronization vs. desynchronization). Regarding the EEG analyses and to test that good-SMR responders would show significant training effects on SMR modulation scores compared to bad-SMR responders and SHAM group, an ANOVA with the factors Group Assessment Session (PRE vs. POST) was carried out at selected electrodes (C3, CP1, and CP5).

In order to further explore the possible interference of FM symptoms on training effects, those questionnaire scores that showed significant differences among the groups were correlated with task performance scores (percentage of hits and duration of successful trials) and SMR modulation scores during the PRE and POST sessions.



Functional MRI Analyses

The fMRI connectivity analyses were performed with the CONN-fMRI fc toolbox v18a (Whitfield-Gabrieli and Nieto-Castanon, 2012) in conjunction with SPM 12 (Wellcome Department of Imaging Neuroscience, London, United Kingdom)1. All structural and functional sequences in both PRE and POST sessions were pre-processed using the CONN’s default pipeline for volume-based analysis following these steps: resampling to 2 × 2 × 2 mm voxels and unwarping, centering, slice time correction, normalization to the Montreal Neurological Institute (MNI) template, outlier detection to use as a first-level nuisance covariate (ART-based scrubbing), and smoothing to an 8 mm Gaussian kernel. Motion parameters (translations in the x, y, and z directions) were entered as multiple regressors and images with motion over 2.0 mm were regressed entirely out of the time course. Furthermore, BOLD data underwent a denoising process by using CompCor method (Behzadi et al., 2007) in a single linear regression step, and applying a band-pass filter (0.01–0.09 Hz) in order to reduce both noise effects and low frequency drift.

A Seed-to-Voxel parametrical analysis was performed by using four seeds of interest (3 somatomotor and 1 visual brain region, all bilaterally) that were preselected from the Harvard-Oxford atlas: precentral gyri (PreCG), postcentral gyri (PostCG), supplementary motor area (SMA), and intracalcarine cortex (ICC). The visual area was included as control. Individual correlation maps were generated extracting the mean BOLD time course from the eight preselected seeds and calculating the correlation coefficients with the BOLD time-course of each voxel throughout the whole brain. These correlations were obtained by applying the General Linear Model (GLM) and bivariate correlation analyses weighted for Hemodynamic Response Function (HRF). Only BOLD signals during successful trials were analyzed.

To examine group differences in functional connectivity during the POST compared to the PRE session, we used a 3 × 2 factorial analysis with the within-subjects factor Assessment session (PRE vs. POST) and the between-subjects factor Group (good-SMR responders, bad-SMR responders, SHAM). Furthermore, two-sample t-tests between pairs of groups separately for each session were performed. A whole-brain height threshold of p < 0.001 (uncorrected) was used to identify areas with significant functional connectivity changes, and a family-wise error (FWE)-corrected threshold of p < 0.01 at this height threshold was applied for all reported clusters.




RESULTS


Demographic and Psychological Data

Table 1 displays demographic and psychological data of the three groups. No significant differences among groups were found on age, “years since FM was diagnosed” or depression comorbidity [χ2(2) = 0.049, p = 0.976]. One-way ANOVAs revealed slight significant differences on FIQ scores among the three groups [F(2, 14) = 4.156, p = 0.043, ηp2 = 0.409]. However, Bonferroni post hoc analyses only showed a non-significant trend between good-SMR and bad-SMR responders on these scores (40.81 ± 5.12 and 68.37 ± 20.20, respectively, p = 0.062). Furthermore, one-way ANOVAs revealed significant differences among the three groups on three dimensions of the SF-36: “pain” [F(2, 15) = 4.116, p = 0.041, ηp2 = 0.388], “general health perception” [F(2, 15) = 5.954, p = 0.015, ηp2 = 0.478] and “change in health” [F(2, 15) = 7.127, p = 0.008, ηp2 = 0.523]. Bonferroni post hoc analyses of these effects revealed that good-SMR responders had higher score than bad-SMR responders on the dimensions “pain” (39.75 ± 21.50 and 9.20 ± 12.60, respectively, p = 0.049), “general health perception” (41.25 ± 14.36 and 12.00 ± 12.55, respectively, p = 0.013) and “change in health” (43.75 ± 12.50 and 5.00 ± 12.18, respectively, p = 0.008). No significant differences among groups were observed on other self-reported questionnaires.


TABLE 1. Demographic data and questionnaires scores (mean ± SD) for each group, including effect sizes of the group differences (*p < 0.05; **p < 0.01).
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The ANOVA on pain ratings revealed a significant interaction effect of Group × Assessment Session [F(2, 14) = 4.103, p = 0.040, ηp2 = 0.370]. The Bonferroni post hoc tests showed that good-SMR responders reported lower levels of pain than bad-SMR responders (27.50 ± 17.08 and 74.00 ± 19.49, respectively, p = 0.047) after the POST session. No significant group differences were found on pain ratings after the PRE session. Good-SMR responders also reported a significant reduction on pain ratings from the PRE to the POST session (PRE = 47.50 ± 20.62, POST = 27.50 ± 17.08; p = 0.042). No significant differences between the PRE and the POST sessions were observed for either bad-SMR responders (PRE = 66.00 ± 5.48, POST = 74.00 ± 19.49) or SHAM participants (PRE = 58.13 ± 36.44, POST = 68.13 ± 30.46) (Figure 2). Thus, neurofeedback training of the SMR was able to elicit a significant average pain reduction of >40% in good responders, but not in bad responders. Moreover, it was observed that all good responders (4 out of 4) reduced pain ratings, whereas neurofeedback training elicited a pain reduction in only 2 of the 5 bad responders and in 2 of the 8 participants of the SHAM group (Supplementary Table S1).
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FIGURE 2. Pain ratings during the Assessment sessions (PRE and POST) for each group (∗indicates p < 0.05).


No significant differences were found due to Group or Assessment session on anxiety scores (STAI-S) or subjective ratings (pain, fatigue, and negative mood) obtained from the diary (Supplementary Table S1).



Task Performance and EEG Neurofeedback Analyses

Figure 3 displays the task performance during the PRE and the POST sessions for good-SMR responders, bad-SMR responders and the SHAM group. The good-SMR responders showed higher percentage of hits than bad-SMR responders and the SHAM group (60.25% ± 8.74, 45.30% ± 5.47, and 42.81% ± 7.40, respectively). The ANOVA on task performance revealed significant main effects of Group [F(2, 14) = 10.865, p = 0.001, ηp2 = 0.608], showing significant differences between the good-SMR responders and the bad-SMR responders, as well as between the good-SMR responders and the SHAM group (Bonferroni post hoc: all ps < 0.01), but not between the bad-SMR responders and the SHAM group. No other significant effects were observed on task performance.
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FIGURE 3. Percentage of successful trials during the Assessment sessions (PRE and POST) for each group (∗∗indicates p < 0.01).


A similar statistical analysis of task performance was computed taking into account the Trial type (synchronization vs. desynchronization). The ANOVA results reveled significant main effects of Group [F(2, 14) = 10.612, p = 0.002, ηp2 = 0.603], as well as a trend effect of Group × Assessment Session × Trial type [F(2, 14) = 3.300, p = 0.067, ηp2 = 0.320]. The Bonferroni post hoc test yielded significant differences in bad-SMR responders and the SHAM group between trial types during the POST session (all ps < 0.01). Thus, percentage of hits during synchronization were higher than during desynchronization in bad-SMR responders (62.80% ± 10.92 and 26.00% ± 15.75, respectively) and the SHAM group (53.75% ± 7.74 and 31.25% ± 11.16, respectively) during the POST session. In contrast, good-SMR responders showed no significant differences in percentage of hits between synchronization and desynchronization during the POST session (67.00% ± 13.11 and 62.50% ± 15.61, respectively, p = 0.614). During the PRE session, only the SHAM group showed significant differences in percentage of hits between synchronization and desynchronization (53.75% ± 9.35 and 32.25% ± 14.04, respectively, p = 0.003) (Supplementary Figure S1).

The duration of successful trials during synchronization and desynchronization trials in the assessment sessions are shown for the three groups in Supplementary Figure S2. The ANOVA revealed a significant effect of Group × Trial type [F(2, 14) = 6.064, p = 0.013, ηp2 = 0.464]. Bonferroni post hoc test showed that desynchronization trials lasted significantly longer than the synchronization trials in bad-SMR responders (4.15 s ± 0.81 and 3.15 s ± 0.79, respectively) and the SHAM group (4.03 s ± 0.77 and 3.33 s ± 0.50, respectively) (all ps < 0.001). In contrast, no significant differences were found on duration of successful trials between desynchronization and synchronization in good-SMR responders (3.83 s ± 0.66 and 3.82 s ± 0.62, respectively) (p = 0.958). No other significant differences due to group, Assessment session or Trial task were found.

Figure 4 displays changes of SMR power modulation (difference between synchronization and desynchronization trials at electrodes C3, CP1, and CP5 within 12–15 Hz) during the Assessment sessions. The ANOVA revealed significant main effects of Group [F(2, 14) = 11.129, p = 0.001, ηp2 = 0.614], as well as a trend effect of Group × Assessment Session [F(2, 14) = 3.225, p = 0.070, ηp2 = 0.315]. The Bonferroni post hoc tests showed significant differences between good-SMR and bad-SMR responders, as well as between good-SMR responders and the SHAM group during the POST session (all ps < 0.001). SMR modulation score was higher in good-SMR responders (7.91 μV2/Hz ± 2.20) than in bad-SMR responders (0.04 μV2/Hz ± 1.06) and SHAM group (1.63 μV2/Hz ± 1.81). No significant group differences were found during the PRE session. Furthermore, only good-SMR responders displayed a significant enhancement of the SMR modulation score between the PRE (1.57 μV2/Hz ± 1.41) and the POST sessions (7.91 μV2/Hz ± 2.20) (p = 0.003).
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FIGURE 4. SMR modulation score (power difference between synchronization and desynchronization) over C3, CP1 and CP5 electrodes during the Assessment sessions (∗∗ and ∗∗∗ indicate p < 0.01 and p < 0.001, respectively).


Finally, correlational analyses revealed that percentage of successful trials during the POST session was positively correlated with the “pain” (r = 0.688, p = 0.003) and “change in health” (r = 0.715, p = 0.002) dimensions of the SF-36 questionnaire. Furthermore, SMR modulation was negatively correlated with FIQ scores (r = -0.552, p = 0.033). No correlations were found between performance scores, SMR modulation and questionnaire scores during the PRE session.



Functional MRI Data

The hypothesis that participants with a successful SMR neurofeedback training would show an increased somatomotor functional connectivity was explored using a seed-to-voxel analysis. No significant group differences were found on functional connectivity from PRE to POST sessions. Nevertheless, significant group differences on the functional connectivity of the somatomotor seed regions with a variety of cortical regions were observed during both the POST and the PRE sessions, separately. Table 2 shows the T-maxima of the significant clusters, as well as MNI coordinates, P-values (FWE corrected) and the size of each cluster in contiguous voxels for PRE and POST sessions.


TABLE 2. Seed-to-voxel results of the two-sample t-tests comparing pairs of groups during the PRE and POST sessions.
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During the PRE session, bad-SMR responders (compared to SHAM group) exhibited increased functional connectivity between the left PreCG seed and the left temporooccipital middle temporal gyrus [t(11) = 7.95, p < 0.001] and the left central opercular cortex [t(11) = 9.93, p < 0.001], as well as between the left PostCG seed and the superior lateral occipital cortex [t(11) = 8.20, p < 0.001] and the left temporooccipital middle temporal gyrus [t(11) = 6.66, p < 0.001], and between the right ICC seed and the superior lateral occipital cortex [t(11) = 9.19, p < 0.001] and the left superior frontal gyrus [t(11) = 7.36, p < 0.001]. No significant differences on seed-to-voxel connectivity were found between good-SMR and bad-SMR responders, or between good SMR responders and SHAM in the PRE session.

During the POST session, good-SMR responders (compared to SHAM) exhibited increased functional connectivity between the right PostCG seed ant the left PostCG [t(10) = 6.93, p < 0.001] and between the left PostCG seed and the right PostCG [t(10) = 11.90, p < 0.001] and the right temporal occipital fusiform cortex [t(10) = 8.59, p < 0.001]. Good-SMR responders (compared to bad-SMR responders) also demonstrated enhanced connectivity between the left PostCG seed and the right PostCG [t(7) = 14.41, p < 0.001]. Furthermore, bad-SMR responders (compared to good-SMR responders) presented increased functional connectivity between left PreCG seed and the precuneous [t(7) = 14.16, p < 0.001] and between right PostCG seed and the right superior lateral occipital cortex [t(7) = 11.09, p < 0.001]. Bad-SMR responders (compared to SHAM) also demonstrated enhanced connectivity between the left PostCG seed and the left superior lateral occipital cortex [t(11) = 8.80, p < 0.001]. Thus, it appears that good-SMR responders had improved functional connectivity among somatomotor areas during the POST session; whereas bad-SMR responders showed increased functional connectivity with visual areas. Figure 5 displays those brain locations, where the functional connectivity of the left and right PostCG seed was higher in good-SMR than in bad-SMR responders and SHAM.
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FIGURE 5. Group differences on functional connectivity of the left (A) and the right (B) postcentral gyrus with somatomotor areas in the POST session. Color indicates the connectivity strength in good-SMR responders when compared to bad-SMR responders and the SHAM group.





DISCUSSION

The aim of the present study was to examine changes in SMR power and functional connectivity of the somatosensory and motor cortices during a neurofeedback training based on synchronization and desynchronization of the SMR power over motor and somatosensory areas in patients with fibromyalgia (FM). In addition, changes in fMRI connectivity of somatosensory and motor cortices elicited when performing the neurofeedback training were also analyzed. Participants were randomly assigned to a SMR training group (real feedback) or to a SHAM group (non-contingent feedback). The analyses of the task performance during the six sessions revealed that only some participants of the SMR group were able to achieve a success rate above 50% (chance level). Thus, SMR group participants were further subdivided into good (good-SMR responders, those participants who performed the task above the chance level), and bad responders (bad-SMR responders, those participants who performed the task at the chance level). Good responders displayed significant enhancements of power modulation (the difference between SMR synchronization and desynchronization) at electrodes over somatomotor cortices, as well as increased functional connectivity between motor and somatosensory related areas during the last session as compared to the first session of the neurofeedback training. No changes on brain activity or connectivity were observed in bad responders or in the SHAM group. In addition, good responders significantly reduced pain ratings compared to both bad responders and the SHAM group.

Taking together all participants who received SMR neurofeedback training, it was observed that their average percentage of hits during the task was similar to the SHAM group and close to the random probability level. This finding contrasts with previous studies showing that healthy participants can learn to modulate SMR in one session and achieve a successful performance in the neurofeedback task of around 75% (Popescu et al., 2007; Blankertz et al., 2008, 2010). In the present study, we decided to examine the effects of a six-session neurofeedback training program (3 sessions per week for 2 weeks) that was already tested in healthy participants with a successful performance of above 75% (Terrasa et al., 2019). The lack of information about the success rate in previous studies with fibromyalgia patients (Mueller et al., 2001; Kravitz et al., 2006; Kayıran et al., 2010; Nelson et al., 2010; Caro and Winter, 2011) makes difficult the comparison, but it is worthy to highlight that about 20% of healthy individuals cannot modulate their cerebral activity (Allison and Neuper, 2010). In our study, around half of FM participants were not able to perform successfully the neurofeedback task, and we decided to subdivide the participants who received the SMR training in good and bad responders to further explore the differences in brain activity and functional connectivity. Even good responders achieved an average success rate of above 60% in the neurofeedback training task, below the performance previously observed in healthy subjects. Thus, it seems that the presence of chronic pain could affect the behavioral performance in neurofeedback tasks. In this sense, we also observed that good and bad responders to the SMR neurofeedback training displayed significant differences in several clinical characteristics of pain symptoms before the training program. Thus, for instance, good-SMR responders had significant lower scores in pain impact (FIQ and SF-36 dimension), together with better health perception and health change (SF-36 dimensions) than bad-SMR responders. By contrast, participants in the SHAM group yielded better scores on health status and pain impact than bad responders, but worse than good responders. In addition, significant correlations were observed between successful performance in the neurofeedback task and pain impact and perceived health status, indicating that only those FM participants with less symptom severity were able to perform successfully the neurofeedback training. Other pain-related symptoms such as depression, anxiety or kinesiophobia were not relevant for task performance. These data suggest that the poor performance of chronic pain patients could be related to the direct impact of chronic pain on their health rather than to other pain comorbidities. Future research should further clarify the role of chronic pain in the performance of the neurofeedback task and explore whether there are some patients who could benefit more than others from neurofeedback training.

The best performance of good responders was also reflected in the ability to synchronize and desynchronize SMR with the same success and speed. On the other hand, bad responders and participants in the SHAM group were worse and slower to desynchronize than to synchronize the SMR. Moreover, there was no modulation of SMR power (difference between EEG power in synchronization and desynchronization trials) neither in bad responders nor in the SHAM group. Thus, it appears that the optimal task performance was accompanied by a better power modulation of both synchronization and desynchronization of the SMR over motor and somatosensory related electrodes after the neurofeedback training. Our findings are in agreement with previous data showing, for instance, that FM patients were able to modulate delta, theta and alpha EEG power (Mueller et al., 2001), or the theta/SMR ratio after the neurofeedback training (Kayıran et al., 2010). Considering that most neurofeedback studies have reported significant but unspecific changes in brain activity over the cortex, the present study provides further evidence that only some FM participants were able to self-regulate their brain activity over somatomotor cortices and that these modulatory changes were followed by a significant reduction in pain.

Previous studies have suggested that neurofeedback training may increase resting-state functional connectivity in several pain areas such as ACC (Ros et al., 2013), insula (Kluetsch et al., 2014) or the amygdala (Nicholson et al., 2016). In addition, significant enhancements of resting-state functional connectivity of somatosensory and motor cortices have been demonstrated in patients with stroke (Várkuti et al., 2013; Young et al., 2014; Mohanty et al., 2018) and healthy participants (Terrasa et al., 2019). In the present study, significant changes in functional brain connectivity of motor and somatosensory areas were observed when performing the neurofeedback task in good responders to the neurofeedback training of the SMR, but not in bad responders or participants in the SHAM group. Indeed, good responders showed higher functional connectivity of the bilateral PostCG with other somatosensory and motor areas than bad-SMR responders and the SHAM group. Therefore, it appears that a successful neurofeedback training based on the modulation of the SMR may lead to a greater interconnectivity between somatosensory and other somatomotor areas. In contrast, bad responders displayed increased functional connectivity between somatomotor areas and several brain areas during both before and after the neurofeedback training. Most of these areas (precuneous, angular gyrus and superior lateral occipital cortex) are involved in visuospatial processing and object recognition (Grill-Spector et al., 2001; Cavanna and Trimble, 2006; Seghier, 2013), suggesting that bad responders were trying to use some visual strategy to solve the neurofeedback task. Interestingly, functional connectivities of somatomotor areas and the insula, as well as visual processing and pain-related areas, were also increased in bad responders at the beginning and the end of the neurofeedback training. It is well known that the insula is involved in sensory and affective dimensions of pain processing and its functional connectivity seems to be impaired in chronic pain leading to a disruption of modulatory circuits involved in pain (Lu et al., 2016). Thus, our findings of an enhanced functional connectivity of these pain-related brain areas in bad responders suggest that patients could be more focused on pain perception, rather than on the neurofeedback task.

Together with changes in activity and functional connectivity within motor and somatosensory brain areas, neurofeedback training of the SMR was able to elicit a significant average pain reduction of >40% (2 cm on the VAS) in good responders, but not in bad responders. In addition, it was observed that all good responders (4 out of 4) reduced pain ratings, whereas neurofeedback training elicited a pain reduction in only 2 of the 5 bad responders. Although the sample of the present study was small, our findings are in agreement with previous studies showing that neurofeedback training of SMR can produce pain reduction in chronic pain patients (Mueller et al., 2001; Kayıran et al., 2010; Nelson et al., 2010; Caro and Winter, 2011). Furthermore, our neurofeedback training protocol consisted of six sessions, while other studies with relevant clinical effects have used at least 10 (Kayıran et al., 2010), or even more than 30 sessions (Caro and Winter, 2011). Indeed, there is significant variability in terms of study design and intervention procedures (duration and number of treatment sessions) with respect to neurofeedback intervention in patients with fibromyalgia (Santoro and Cronan, 2014). In the present study, we decided to examine the effects of a six-session neurofeedback training program (3 sessions per week for 2 weeks) that was already tested in healthy participants (Terrasa et al., 2019). Although patients with chronic pain achieved poorer performance than healthy controls in this program, our findings seem to indicate that 4–6 training sessions may be enough to produce positive clinical results. Thus, this short program could be used as a marker to examine the long-term suitability of neurofeedback training to reduce pain in patients with chronic pain.

Nevertheless, the design of the present study has some shortcomings and its findings should be taken with caution. First and most important, the sample size was small and this makes the findings only preliminary, especially in the fMRI analyses. Second, the fact that all participants took regular medication during neurofeedback training could have biased the results, so their possible effects on the brain changes observed in this study should be further explored. Third, all subjects were women and, therefore, further studies should include male participants with FM to assess the possible influence of gender on the effects of neurofeedback training. Fourth, this was not a double-blind study and, therefore, our findings could be affected by factors that were not related to the neurofeedback intervention. And finally, our psychological assessment was designed to characterize patients and ensure that the groups were comparable in those measures before the training. Further analyzing the effects of neurofeedback training on self-report questionnaires (including depression) is of great interest and should be examined in subsequent studies.

In summary, the present study revealed that neurofeedback training based on the synchronization and the desynchronization of the SMR led to an augmented functional connectivity between areas associated with the somatosensory and motor activity, as well as to an enhancement of power modulation in fibromyalgia patients. Nevertheless, this result was only obtained in those participants with less impact of the fibromyalgia symptoms. Moreover, these changes in EEG power and functional brain connectivity were mirrored by a reduction in pain. In this sense, our research provide evidence that neurofeedback training is a promising tool for a better understanding of brain mechanisms involved in pain chronification.
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Background: Chronic pain is a significant global health issue. For most individuals with chronic pain, biomedical treatments do not provide adequate relief. Given the evidence that neurophysiological abnormalities are associated with pain, it is reasonable to consider treatments that target these factors, such as neurofeedback (NF). The primary objectives of this review were to summarize the current state of knowledge regarding: (1) the different types of NF and NF protocols that have been evaluated for pain management; (2) the evidence supporting each NF type and protocol; (3) if targeted brain activity changes occur with NF training; and (4) if such brain activity change is associated with improvements on treatment outcomes.

Methods: Inclusion criteria were intentionally broad to encompass every empirical study using NF in relation to pain. We considered all kinds of NF, including both electroencephalogram- (EEG-) and functional magnetic resonance imagining- (fMRI-) based. We searched the following databases from inception through September 2019: Pubmed, Ovid, Embase, Web of Science, PsycINFO. The search strategy consisted of a combination of key terms referring to all NF types and pain conditions (e.g., neurofeedback, rt-fMRI-NF, BOLD, pain, migraine).

Results: A total of 6,552 citations were retrieved; 24 of these that were included in the review. Most of the studies were of moderate quality, included a control condition and but did not include a follow-up. They focused on studying pain intensity (83%), pain frequency, and other variables (fatigue, sleep, depression) in samples of adults (n = 7–71) with headaches, fibromyalgia and other pain conditions. Most studies (79%) used EEG-based NF. A wide variety of NF types and protocols have been used for pain management aiming to either increase, decrease or regulate brain activity in certain areas theoretically associated with pain.

Conclusions: Given the generally positive results in the studies reviewed, the findings indicate that NF procedures have the potential for reducing pain and improving other related outcomes in individuals with chronic pain. However, the current evidence does not provide definitive conclusions or allow for reliable recommendations on which protocols or methods of administration may be the most effective. These findings support the need for continued – but higher quality – research in this area.

Keywords: systematic review, neurofeedback, neuromodulation, pain management, treatment outcome


INTRODUCTION


Rationale

Chronic pain is a major global health issue (Goldberg and Mcgee, 2011), affecting about one in four adults (Schopflocher et al., 2011; van Hecke et al., 2013; Nahin, 2015) and a similar number of youths (Huguet and Miró, 2008; King et al., 2011). Chronic pain has a number of negative physical, psychological and social consequences in the life for those with this condition (Institute of Medicine (U.S) Committee on a National Agenda for the Prevention of Disabilities, 1991; Bair et al., 2003; Finan et al., 2013; De Ruddere and Craig, 2016). The costs of chronic pain to society are enormous, and include both direct (e.g., medical expenses) as well as indirect costs [e.g., expenses associated with work absenteeism, hiring somebody to take care of the patients, or travel costs to receive treatment (Gaskin and Richard, 2012; Groenewald et al., 2014)]. For most individuals with chronic pain, the available treatments do not provide adequate relief and are generally unable to prevent new episodes (Williams et al., 2012).

The brain, an organ influenced by biological, psychological, and social factors, plays a central role in the onset and maintenance of pain (Chapin et al., 2012). For example, a growing body of evidence indicates that there are structural and functional neurophysiological brain abnormalities in individuals with chronic pain (May, 2008; Apkarian et al., 2011; Davis and Moayedi, 2013). Likewise, individuals with chronic pain evidence patterns of brain activity (as measured by electroencephalography; EEG) that differ from those without chronic pain (Pinheiro et al., 2016). It is possible that some of these brain abnormalities may be reversible with treatment (May, 2008; Flor, 2014). Thus, it would be reasonable to consider treatments that target brain activity directly as viable interventions for reducing the severity and impact of chronic pain.

Neurofeedback (NF) is a non-invasive treatment that targets brain activity. It is a type of biofeedback that provides real-time information to patients about their brain activity, allowing them to learn how to directly change this activity in ways that may lead to improved health and comfort. NF can be performed either by using brain activity measured via EEG or functional Magnetic Resonance Imaging (fMRI). The EEG approach is used much more often, because EEG biofeedback technology is more accessible and less expensive. With EEG-based NF, one or more electrodes are placed on the patient's scalp to measure the amplitude (also referred to as “power”) of oscillatory activity in different frequency bandwidths. The raw electrical signal represents the collective activity of millions of neurons in the cortex, just below the electrode. This signal is analyzed and aspects of that electrical brain activity are fed back to the patient (Jensen et al., 2014). Normally, EEG-based NF targets a change in the power of activity in specific oscillation bandwidths whereas fMRI-based NF targets changes in the blood oxygen-level dependent (BOLD) activity in regions of interest in the brain (Sulzer et al., 2013; Thibault et al., 2018).

Whether NF is conducted with EEG or fMRI, measured changes in brain activity are fed back to the patient. Often, but not always, the feedback is provided via a game. For example, a program might allow the patient to “fly” a plane when he or she makes a change in the targeted brain activity (e.g., an increase in alpha power as measured over the sensory cortex). The plane will fly smoothly as long as the targeted brain activity is in the direction of the training criteria established by the therapist, whereas the plane might drop or otherwise malfunction if the brain activity falls outside of the training range. This feedback influences and progressively helps the patient learn to change brain activity via operant conditioning (Heinrich et al., 2007; Sherlin et al., 2011). It is important to note that although operant conditioning is the principle underlying the most common NF treatments, there are some types of NF that operate via different principles (Sherlin et al., 2011). Also, changes in brain activity often take a relatively long time to occur with NF treatment; a full course of NF treatment is normally comprised of 15–50 sessions of 20–40 min each (Heinrich et al., 2007; Hammond, 2011).

In the context of pain treatment, NF aims to change brain activity that is thought to underlie or influence the experience of pain (Ibric and Dragomirescu, 2009). The findings from a number of research studies provide preliminary support for the efficacy of NF for reducing pain in clinical samples (Jensen et al., 2014; Miró et al., 2016). However, some investigators have questioned whether NF has any beneficial effect for pain or other problems over and above placebo or outcome expectancy effects (Thibault et al., 2017). Thus, a critical summary of the available evidence regarding the efficacy of NF interventions targeting pain as an outcome is needed in order to better understand the current state of knowledge regarding this potentially promising pain intervention.



Objectives

Given the considerations discussed above, the primary objectives of this review were to summarize the current state of knowledge regarding (1) the efficacy of NF for reducing pain and (2) the effects of NF on pain-related brain activity in individuals experiencing pain.



Research Questions

Specifically, we aimed to: (1) describe the different types of NF and NF protocols, and how NF has been used for pain management; (2) summarize the evidence regarding the efficacy of each type of NF and different NF protocols for modulating pain and for improving pain-related outcomes; (3) determine the level of evidence regarding the effect of NF training on measures of brain activity thought to be related to pain, and if changes in measures of this brain activity are associated with improvements in pain-related outcomes; and (4) asses the quality of the studies included in the review.




METHODS


Study Design

The current systematic review was conducted and reported following the Preferred Reporting Items for Systematic reviews and Meta-Analyses for Protocols 2015 (PRISMA-P 2015) guidelines (Moher, 2015) and was preregistered at the PROSPERO International Prospective Register of Systematic Reviews (https://www.crd.york.ac.uk/prospero/; with registration number CRD42018115335).



Participants, Interventions, Comparators

We included studies using samples of children or adults, either healthy or with clinical pain conditions, where neurofeedback was used to influence pain outcomes. The inclusion criteria were intentionally broad in order to include in the review every empirical study using NF to treat pain. All types of studies were included, regardless of sample size or study design. We also considered all kinds of NF, both EEG- and fMRI-based NF, and included studies combining the use of NF with other interventions or using NF to enhance the efficacy of other pain treatments. We also aimed to include studies on all types of pain, including chronic pain, acute pain, and laboratory (induced) pain. Any study that assessed at least pain intensity or pain frequency was included. The only exclusion criterion was if a given paper under consideration was written in a language other than Spanish or English.

We considered studies that included the assessment of pre- to post- treatment changes in pain intensity and/or pain frequency, as measured using questionnaires or rating scales with support for their reliability and validity (Jensen and Karoly, 2001). When available, we also examined the extent to which any changes noted after NF training did or did not maintain at follow-up.

When assessed, we noted the effects of NF on pain-related outcomes, including fatigue, sleep problems/sleep quality, psychological function (anxiety or depression), perceived health-related quality of life and pain-related interference or disability. We also considered pre- to post-treatment changes in measures of brain activity; that is, pre- to post-treatment changes in the power of different brain oscillation bandwidths or pre- to post-treatment changes in BOLD activity. When possible, we also examined if any pre- to post-treatment improvements in these outcomes maintained at follow-up.



Search Strategy

We searched the following databases from inception through September 2019: PubMed, Ovid, Embase, Web of Science, PsycINFO and Scopus. The search strategy consisted of a combination of key terms referring to all neurofeedback types and pain conditions (e.g., neurofeedback, rt-fMRI-NF, pain, migraine, fibromyalgia). To see the full Pubmed strategy please see https://www.crd.york.ac.uk/PROSPEROFILES/115335_STRATEGY_20181031.pdf. We also searched the reference lists of all articles reviewed in order to identify any additional studies to include. In addition, we performed a search of ClinicalTrials.gov to identify ongoing or completed studies with unpublished results and asked the corresponding authors to allow us to include their results in the review. Finally, we attempted to contact the authors of any papers included in the review that did not provide all the data needed for our synthesis to request these data.



Data Sources, Studies Sections, and Data Extraction

Two of the authors (RR and RdlV) independently assessed the eligibility of the articles retrieved after the database search for inclusion in the review. If any disagreement emerged, they were resolved in consultation with a third author (JM). Next, a deduplication process was conducted via a reference manager (Mendeley). Once a final list of selected articles was identified, their reference lists were reviewed to identify additional studies that could be of interest.

We extracted the following study characteristics from each article identified for inclusion: article title, author(s), publication year, country, sample characteristics (sample size, age, sex, education level, household income, pain problem), intervention protocols (i.e., scalp positions and bandwidths targeted for EEG-based NF, brain regions being targeted in fMRI-based NF, number, duration and frequency of sessions), primary study outcomes (i.e., pain intensity, pain frequency), and secondary outcomes (i.e., fatigue, sleep quality, psychological function [anxiety, depression], perceived health-related quality of life and pain-related disability). If available, we extracted EEG or BOLD activity in whichever way it was reported.

When more than one measure was used to assess the same construct, we planned to inform about the one that is reported most often in the literature as the primary outcome for that study. If data from the same study were reported in different papers, we only retrieved the data from the paper that was published first, unless there was a subsequent study that added additional participants or provided additional data.



Data Analysis

Given the paucity of research on the topic, as evidenced by preliminary searches as well as the disparity of methods and outcomes reported, we anticipated that a meta-analytical approach would not be feasible. As this was confirmed after the search, here we present a systematic narrative synthesis summarizing the characteristics and findings of the studies included in the review. We included all studies identified irrespective of their risk of bias. In addition, we organized the narrative synthesis by study design, starting with those with stronger designs and continuing from there to the studies using lower-quality designs. We describe separately EEG-based NF (and its subtypes) and fMRI-based NF. We report on the outcomes (clinical and neurophysiological) as a function of the type of NF (EEG- or fMRI-based) and protocol used. We also summarize the different uses of NF in pain management. Next, we summarize NF's effects on pain intensity and pain frequency, as well as on measures of the pain-related variables mentioned above. We also note whether the studies provided EEG- or fMRI-assessed physiological data, and if they reported changes in measures of physiological activity following NF. If so, we assessed whether these changes in brain activity were associated with changes in the brain activity targeted by the intervention. If presented by the study authors, we also report on the extent to which changes in measured brain activity change were associated with observed improvements in treatment outcomes.

In addition, we rated and describe study quality using the Quality Assessment Tool for Quantitative Studies from the Effective Public Health Practice Project [EPHPP; (Thomas et al., 2004)], as this tool allows for a comparison of study quality between studies using different designs. The EPHPP tool consists of six quality components to be rated as “strong” (coded as “1”) “moderate” (coded as “2”), or “weak” (coded as “3”): selection bias, study design, confounders, blinding, data collection methods, and withdrawals and drop-outs. We did not compute a final score for each study as relevant methodological aspects of the studies appear to be better assessed individually (Jüni et al., 1999). Again, two authors (RR and RdlV) conducted this evaluation independently. In the event of any disagreements, these were resolved in consultation with a third author (JM).




RESULTS


Study Selection and Characteristics

Our initial search retrieved 6,552 citations. After eliminating duplicates, 3,560 articles were assessed based on their title and abstract. A total of 3,513 articles were excluded because they did not meet the inclusion criteria and 47 were read in full. A total of 11 authors were contacted for additional data. However, only one of these responded to us, and this author did not provide the additional data needed. One completed project that could be potentially eligible was found in ClinicalTrials.gov. We contacted the corresponding author for that project but did not receive an answer. The final number of studies included in the review was 24. See Figure 1 for a flow diagram of the article selection process.
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FIGURE 1. Study selection diagram flow.


The vast majority of the studies we identified for inclusion in this review were conducted in the last decade. A plurality of the studies (k = 12, 50%) were conducted in the United States, four (17%) were conducted in Germany, and the rest were conducted in six other countries. The quality of the study designs was rated as “moderate” for the most part. Two studies (9%) were case series, 19 (79%) were non-randomized trials, and only three (13%) were randomized controlled trials (RCTs). The sample sizes in the studies that were not case series ranged from n = 7–71. Only seven (29%) studies included follow-up assessments. Most of the studies (19, 79%) included only adults, four (17%) included both adults and youths, and one (4%) used a pediatric sample only. The pain type most frequently studied was headache (including migraines; k = 5, 21%). The rest of the studies evaluated the effects of NF in individuals with a variety of pain conditions: fibromyalgia (two studies), spinal cord injury (SCI) and chronic pain (three studies), a variety of chronic pain problems (two studies), pain associated with radiation therapy for cancer (one study), chemotherapy-induced peripheral neuropathy (CIPN; one study), postherpetic neuralgia (one study), Complex Regional Pain Syndrome Type I (CRPS-I; one study), and chronic paraplegia (one study). Two studies (8%) used NF to enhance hypnotic analgesia in individuals with multiple sclerosis. Also, a total of four studies (17%) assessed the effects of NF on laboratory (induced) pain in healthy individuals.

In addition to pain intensity (k = 20, 83%) and pain frequency (k = 4, 17%), the studies assessed a number of other pain-related outcomes such as: fatigue (k = 6, 25%), sleep quality/problems (k = 3, 13%), anxiety (k = 2, 8%), depression (k = 2, 8%), and pain-related interference (k = 4, 17%). Seventeen (71%) of the studies assessed changes in brain activity after the intervention. Of these, 11 (46%) performed analyses to determine if pre- to post-treatment changes in measures of brain activity were associated with pre- to post-treatment changes in one or more study outcomes.

Regarding the NF type, most studies (k = 19; 79%) used EEG-based NF; five (k = 5, 21%) used fMRI-based NF. Among the studies that were conducted with EEG, 15 (63%) used brain oscillation power-based NF, two (8%) used surface and/or low-resolution electromagnetic tomography (LORETA) Z-score NF, and two (8%) used event related potentials (ERPs) NF. A total of 21 studies (88%) used NF as a single intervention, one (4%) used it in addition to other interventions and two (8%) used it to enhance the effects of another intervention.

A variety of control conditions were used in the controlled studies: one study (4%) tested NF provided to a clinical sample against the same NF intervention provided to a control sample of healthy individuals and a waitlist-control condition, one (4%) used an active control condition and a waitlist-control condition, two (8%) used a waitlist-control condition, one (4%) used a sham condition, four studies (17%) used an active control condition, one (4%) used three active control conditions and a sham condition, and one (4%) used four sham control groups and one active control condition.

Participants in the studies reviewed received between one to 98 sessions. For those who received more than one session, frequency ranged from once a week to daily, and duration ranged from 16–120 min. See Tables 1, 2 for details about the interventions and participants in the studies reviewed.


Table 1. Description of participant characteristics.
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Table 2. Description of study and intervention characteristics.
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Synthesized Findings
 
Description of the Different NF Types and NF Protocols

A variety of NF types and protocols have been used for pain management. Most of them attempted to decrease brain activity hypothesized to be associated with the processing of nociceptive information (Siniatchkin et al., 2000; Emmert et al., 2014) and/or increase brain activity hypothesized to be inconsistent with pain information processing (Mathew et al., 1987; Jensen et al., 2014). Others aimed to normalize brain activity, relative to available normative data on brain activity (Koberda et al., 2013; Prinsloo et al., 2019). Here, we briefly describe the main characteristics of each type of NF used before discussing their effects on treatment outcomes.

We identified five different types of NF: four EEG-based and one fMRI-based. EEG-based NF asses and aim to modify the power of brain oscillation activity in different bandwidths from electrodes placed on the scalp. Brain oscillations are traditionally grouped in different bandwidths, expressed in cycles per second (Hz). The traditional bandwidths most often used for bandwidth classification, from slower to more rapid are: delta (δ, 0.5–4 Hz), theta (θ, 4–8 Hz), alpha (α, 8–13 Hz), beta (β, 13–30 Hz), and gamma (γ, 30+ Hz). Other bandwidths that are sometimes used in NF studies are most often subclassifications of these primary ones, such as low β (12–15 Hz) and high β (21-30 Hz) (Marzbani et al., 2016). Another common bandwidth used in NF studies is called “sensorimotor rhythm” (SMR) frequency (12–15 Hz). The SMR bandwidth is the same frequency as low β, but is a common frequency found in the sensorimotor areas of the cortex (Hoedlmoser et al., 2008).


Brain oscillation power-based NF

This type of NF that has been used most frequently in research in this area (Krigbaum and Wigton, 2014). This approach aims to increase or decrease the power of specific oscillation bandwidths as assessed from electrodes placed on different parts of the scalp. There is a large variety of protocols that have been used when treating patients with this procedure; in fact, we were unable to identify any studies that used the same NF protocol. That said, many of the protocols were quite similar. The protocols are often named based on the frequencies they seek to alter (e.g., an “alpha protocol” would be one seeking to alter – often increase – α power). This approach normally involves three electrodes: one for the active training site, one for the reference site, and one for ground. Some protocols using this approach are theory-based; that is, they intend to alter a frequency theorized to be associated with a behavioral outcome [e.g., increased α is associated with increased relaxation; (Hammond, 2011)]. Other protocols are data-based; that is, based on an initial quantitative electroencephalogram (qEEG) assessment of the patient that is then used to select the electrode positions and bandwidths to be targeted. Using the data-based approach, the participant is first administered a qEEG assessment to evaluate his or her unique EEG pattern, relative to a normative database. “Excesses” (power at bandwidths that are substantially greater than normative values) or “deficits” (power at bandwidths that are substantially lower than normative values) for any bandwidth activity at specific electrode sites are then identified, relative to healthy individuals. Once this assessment is conducted, an individualized treatment protocol is then designed to target any EEG “abnormalities” (i.e., deviations from the norm). The goal is to “normalize” the brain activity.



Surface Z-score NF and LORETA Z-score NF

To discuss the LORETA Z-score NF approach it is necessary to explain what LORETA imaging is. LORETA is a functional imaging procedure that seeks to estimate EEG bandwidth activity in deeper (intracranial) regions of the brain, based on data collected from surface electrodes (Pascual-Marqui et al., 1994, 2002). Similar to EEG data collected from specific electrodes, data from LORETA imaging can be compared with normative LORETA data, and then used to develop a treatment protocol (e.g., to reduce θ power in the thalamus, if a specific patient's pretreatment LORETA assessment indicates excessive thalamic θ). Alternatively, it is possible to simply determine that more (or less) power of a specific bandwidth at a certain intracranial site might decrease an individual's pain and, based on that information, to develop a protocol to use LORETA Z-score NF to alter activity in that bandwidth at that location. It is also possible to use a “normalizing” protocol in real time, such that the qEEG or LORETA-based data are compared to the norms directly, allowing to reinforce responses in the direction of the normative database. The use of qEEG and LORETA data in real time NF are commonly referred to as “surface Z-score NF” and “LORETA Z-score NF,” respectively (Wigton, 2013).



ERP-based NF

Event-related potential (ERP) assessments allow the study of stereotypical brain activity responses that occur at different specific time points following a specific stimulating cognitive, sensory or motor event (such as a response to an aversive stimuli; Luck, 2014). These time-locked brain responses to the aforementioned events are called components, which are believed to reflect the activity of postsynaptic potentials produced when thousands or millions of pyramidal neurons fire in synchrony while processing information (Sur and Sinha, 2009). ERP-based NF seeks to alter these components. One common ERP-based NF approach targets slow cortical potentials (SCP), which are slow event-related electrical shifts in the EEG of less than 1 Hz, that alternate between being electrically positive and negative (Wyckoff and Strehl, 2011; Krigbaum and Wigton, 2014). A distinctive component central to SCPs is the contingent negative variation (CNV), a negative potential that is recorded from the scalp during response anticipation, while the subject is anticipating and preparing for task performance (i.e., when they are told to press a button when a warning appears on the monitor). The aim of SCPs NF is to either increase or suppress the CNV by means of feedback, in order to regulate the excitation threshold (Strehl, 2009). Increased negativity is related to increased neural activity and a lower excitation threshold, whereas increased positivity is related to less neural activity and a higher excitation threshold (Strehl et al., 2006). Another ERP-based protocol that has been used for pain management targets changes in the amplitude of the N150-P260 complex, as this complex is sensitive to nociceptive stimulation (Miltner et al., 1988). The N150 is an early negative component that occur 150 milliseconds after the presentation of a stimulus, whereas the P260 is an early positive component that can be observed 260 milliseconds after the presentation of a stimulus.



Real-time fMRI NF

rt-fMRI NF allows patients to regulate brain activity in specific brain areas (including deeper areas of the brain) by targeting changes in the BOLD activity in the regions of interest. The most commonly used procedure in this type of NF involves an anatomical scan combined with a localizer task to identify the voxels of the region of interest to be trained (Sulzer et al., 2013; Thibault et al., 2018). Following this, the level of BOLD activity in the targeted area is fed back to the patient in order to facilitate their ability to increase or decrease that activity, as appropriate. The goal is to teach the individual to deliberately control the activation of the brain areas thought to be involved in pain perception and regulation.




Evidence Regarding the Effects of EEG-Based NF
 
Brain Oscillation Power-Based NF

We identified 15 articles that evaluated the effects of brain oscillation power-based NF on pain and pain-related outcomes. In the first of these, a RCT was conducted to evaluate the efficacy of a SMR protocol in individuals with fibromyalgia (Kayiran et al., 2010). Participants were randomly allocated to either the NF group (n = 18) or an active control group (n = 18) receiving 10 mg of escitalopram per day for 8 weeks. The NF treatment was comprised of 20 30-min sessions aiming to increase SMR bandwidth activity assessed over the right-central area of the scalp (C4 in the international 10-20 system). In addition to assessing pain intensity, the authors assessed resting state EEG activity in the participants who received NF during an eyes-open condition at baseline, 2 weeks, 4 weeks (end of treatment), 8 weeks (1-month follow-up), 16 weeks (3-month follow-up) and 24 weeks (5-month follow-up) after treatment started. Although they found no changes in the mean amplitudes of resting state bandwidth power over time, there was a statistically significant decrease in the θ/SMR ratio at the end of the treatment, compared to baseline. Participants in both treatment conditions reported significant pre- to post-treatment reductions in pain intensity (measured with a 10-cm Visual Analog Scale), fatigue, anxiety and depression. The improvements were maintained at all the follow-up assessment points (i.e., up to 5 months after treatment started, or 4 months after treatment ended). In the NF group, the maximum reductions in both pain intensity and fatigue were reached at the 4th week of treatment (i.e., at the end of NF treatment), whereas in the active control group the greatest reduction in pain intensity was reported at the 8th week of treatment (i.e., at the end of active treatment for the control group). Moreover, the improvements in pain intensity, fatigue, anxiety and depression were significantly greater for the NF group than the control group at every assessment point. See Tables 3, 4 for a summary of the pain and brain activity outcomes for all the studies.


Table 3. Pre-treatment, post-treatment and follow-up pain intensity and frequency ratings.
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Table 4. Brain activity outcomes.
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In another RCT, a sample of 71 cancer survivors with CIPN were randomly allocated to the NF group (n = 35) or to a wait-list control group (n = 36) (Prinsloo et al., 2018). A qEEG was conducted and used to develop patient-specific NF protocols to normalize EEG-assessed oscillation power. The NF treatment consisted in 20 45-min sessions. The average pain intensity and pain interference ratings for the NF group were significantly lower at the end of the treatment compared to the wait-list control group; these differences were still statistically significant at 1-month and 4-month follow-up assessment points. Although there was also a significant difference in fatigue ratings between groups at the end of treatment, these differences were no longer statistically significant at 1-month and 4-month follow-up. There were no significant between-group differences in sleep quality or sleep disturbances at any assessment point. Results showed that brain activity, that is, the EEG frequencies targeted in the scalp positions chosen by the protocol, changed significantly from pre- to post-treatment toward a more “normal” EEG activity and that it was significantly different for the NF group compared to the waitlist group. Specifically, the NF group showed a significant increase in α relative power and a significant decrease in β relative power as averaged over all the electrodes.

Another RCT compared the efficacy of NF and transcutaneous electrical nerve stimulation (TENS) in a group of 45 healthcare practitioners with primary headaches (Farahani et al., 2014). Participants were randomly allocated to either a NF group (n = 15), a TENS group (n = 15) or a waitlist-control group (n = 15). The NF treatment consisted of 20 30-min sessions and aimed to increase SMR and decrease θ and high β over the right and left temporal cortex (T3 and T4 in the international 10–20 system). Both the NF and TENS groups experienced significant reductions in headache frequency compared to the waitlist-control group. However, the NF group achieved a significantly greater reduction in headache frequency than the TENS group.

In an uncontrolled study (Stokes and Lappin, 2010), 37 patients with migraine were treated with a combination of NF, passive infrared hemo-encephalography (pIR-HEG; a form of neurofeedback based on thermal outputs in response to changes in blood flow dynamics rather than brain electrical activity Carmen, 2004), and thermal biofeedback (i.e., a type of biofeedback that aims to change body temperature). The treatment consisted of an average of 40 sessions and included an average of 30 frequency-based NF sessions and an average of 10 pIR-HEG or hand-warming biofeedback sessions. NF training aimed to reduce the amplitude of the frequencies which were assessed at baseline and determined to be “excessive;” that is, treatment was tailored to each participant and was not standardized. The scalp positions where NF was conducted were primarily 5 sets of homologous sites (including over the prefrontal, frontal, temporal, central and parietal areas; FP1-FP2, F3-F4, T3-T4, C3-C4, and P3-P4 in the international 10–20 system). Compared with baseline scores, patients reported a significant reduction in the number of migraines per month at follow-up (a post-treatment assessment was not conducted), which was conducted three months to two years after the end of the treatment.

Walker studied the effects of NF as a treatment for recurrent migraine headaches (Walker, 2011). Of the 76 individuals entering the study, 46 chose to follow the NF treatment and 25 chose to remain with anti-migraine medication (the specific medication used by the study participants was not reported). The qEEG analysis at baseline showed an excess of power in the high β frequency band at a number of electrode sites – excesses that were most pronounced in the frontal, central and parietal regions. The NF protocol consisted in five 30-min sessions targeting a reduction in high β activity and an increase in 10 Hz activity at each electrode where an excessive high β activity had been identified. At post-treatment, 98% and 32% of the participants in the NF and control condition reported reductions in headache frequency, respectively. Specifically, in the NF group, 54% experienced a complete cessation of migraine headaches, 39% experienced a reduction in migraine headaches greater than 50, and 4% experienced a reduction of <50%. In the control group, none of the participants experienced a complete cessation of migraine headaches, 8% experienced a reduction in migraine headaches greater than 50, and 20% experienced a reduction of less than 50%.

The oldest study included in this review (Mathew et al., 1987) assessed the efficacy of NF as a treatment for eight individuals with tension-type headache compared to a waitlist control group (n = 4). The NF participants received 20 30-min sessions of a protocol aiming to increase α assessed from one or more (unreported) electrode sites. The treatment group reported a significant increase in the amount of time spent with a preponderance of α activity, but not in its overall amplitude. The NF group also reported statistically significant reductions in pain intensity and anxiety from pre- to post-treatment. The waitlist control group, on the other hand, did not evidence any significant changes in brain activity, pain intensity or anxiety from pre- to post-assessment.

Caro and colleagues conducted an uncontrolled study assessing the use of NF to reduce attention difficulties and somatic symptoms in patients with fibromyalgia (Caro and Winter, 2011). Fifteen patients were treated with NF and compared with a historical control group comprised of 63 individuals receiving standard medical care. The NF group received 58 sessions on average (ranging from 40 to 98) aiming to increase SMR oscillation power, while inhibiting both θ and high β oscillations at the same time. The training electrode was placed over the center of the scalp (Cz in the international 10–20 system). The NF group reported significant mean reductions in global pain and fatigue severity (39 and 40%, respectively). The 63 control participants did not report any significant improvements in either outcome variable.

Another study reported on changes after a single session of NF in 18 individuals with CRPS-I participating in a 20-day multidisciplinary treatment program (Jensen et al., 2007). The treatment protocol used varied over the course of each 30-min session, and was tailored to each patient, depending on their reports of pain reduction (or not) as the session progressed. For example, if training at a specific site to increase the power of a specific bandwidth was associated with improvements, that training continued. Training usually began by reinforcing SMR activity at sites over temporal areas (T3 and T4 in the international 10–20 system) to “stabilize” brain activity. If the patient reported no improvement with this protocol, different electrode sites or training frequencies were used until (and if) the patient reported improvements. Participants reported an average pre- to post-session reduction of 2.3 points in pain intensity (on a 0–10 Numerical Rating Scale) of their primary pain. Half of the participants reported a pain intensity reduction that was clinically meaningful, that is, a reduction of 30% or more from pre- to post-session (Rowbotham, 2001).

A pilot study (Hasan et al., 2015) aimed to investigate the potential mechanisms underlying NF efficacy to treat central neuropathic pain in seven patients with chronic paraplegia. Four patients received 40 sessions, one received 20 and two received only three sessions. The first 10 min of the NF treatment aimed to increase α at occipital regions (Oz in the international 10-20 system) with a goal of increasing general relaxation. The remainder of the NF training session had a goal of pain reduction. In this second component of each training session, each patient received a combination of one of four different protocols (all in a 30- to 35-min period), depending on their response to each. Protocol A reinforced SMR and suppressed θ and high β assessed from the central area of the scalp (Cz in the international 10–20 system). Protocol B reinforced α and suppressed θ and high β from an electrode placed over the right parietal area (P4 in the international 10–20 system). Protocol C reinforced α and suppressed θ and high β from an electrode placed over the left central area (C3 in the international 10–20 system). Protocol D reinforced α and suppressed θ and high β at from an electrode placed over the right central area (C4 in the international 10–20 system). It is important to note that the α range targeted in this study was slightly higher than usual, that is, 9–12 Hz instead of the general 8–12 Hz, as lower α frequencies have been found to be associated with central neuropathic pain (Boord et al., 2008). Also, each participant received two “placebo” sessions at some point between sessions 10 and 20 (the specific sessions that were “placebo” sessions differed for each participant), with the goal of testing for placebo responses. One placebo protocol “fed back” pre-recorded data from a different NF session, and the other provided feedback aiming to increase α at the occipital area (Oz in the 10–20 system). Both placebo protocols were hypothesized to not have any impact on pain. Resting state EEG in both open eyes and closed eyes conditions and sLORETA imaging (a newer and more accurate LORETA) was recorded before and after treatment. In addition, the researchers assessed and recorded EEG activity before and during NF training. All participants received a different number of sessions of each protocol, and the sequence of protocols used also differed for each patient and changed depending on their initial response. The five patients that received at least 20 sessions reported statistically significant pre- to post-treatment reductions in pain intensity; four (80%) reported pain reductions that were clinically meaningful (>30%). The patients that achieved clinically meaningful reductions in pain intensity were the ones that successfully increased α power and, to some degree, decreased high β power. At one-month follow-up assessment the participants who reported reductions in pain still reported lower pain intensity, relative to baseline, although they also reported an increase in pain intensity of one to two points (on a 0–10 scale), relative to baseline. Additionally, regarding pre- to post-session effects, protocols C and D were associated with the greatest reductions in pain intensity, although three patients had strong muscle spasms with protocol C. Protocol B yielded a moderate reduction in pain intensity whereas protocol A did not decrease pain intensity for any of the patients. Also, in the two sessions used to test for placebo effects, participants successfully increased α power at the central occipital area (Oz in the international 10–20 system), but this had no impact in pain intensity. The largest long-term changes were in the high β band of the insular cortex, the cingulate cortex and the dorsolateral prefrontal cortex, assessed via sLORETA.

Another study conducted by the same research team tested the use of self-administered NF to treat central neuropathic pain in 15 patients with chronic SCI (Vučković et al., 2019). Participants were offered up to four training sessions at the hospital before they had to self-administer the treatment at home. They were instructed to use NF on demand but at least once a week for two months, and to record pain intensity before and after each session. The NF session protocol consisted in reinforcing α power and suppressing θ and high β power as measured at a central site (specifically between C2 and C4 in the international 10–20 system). As in the previous study conducted by the same research team, the α range targeted was slightly higher than usual (i.e., 9–12 Hz). Each session lasted 30 to 35 min. In total, participants received or self-administered an average of 14 sessions, ranging from 3 to 48 sessions. Statistically significant pre- to post-session improvements in average pain intensity were found in 12 of the 15 participants, with eight participants achieving clinically meaningful reductions in each session on average. With respect to brain activity changes, each NF session was preceded by 2-min baseline EEG recording in the eyes-opened condition. Of the 15 participants, nine significantly increased α power with treatment, whereas seven and six participants significantly decreased θ and high β power, respectively. These changes were partially associated with pain improvements. Specifically, eight of the 12 participants that achieved pain improvements successfully increased α during NF. Three of the remaining four participants who achieved pain improvements with NF but did not increase α, did achieve a significant decrease in θ, high β or both.

Another study tested the efficacy of three different NF protocols in 10 individuals with SCI and chronic pain (Jensen et al., 2013a). Each individual received 4 sessions of each of the following protocols in random order. Protocol A reinforced α and suppressed β activity measured from electrodes at the temporal sites frequently used in NF treatment for pain management (i.e., T3 and T4 in the international 10–20 system). Protocol B reinforced SMR activity and suppressed β and θ power assessed from electrodes at central sites (C3 and C4 in the international 10–20 system). Protocol C reinforced SMR activity and suppressed β and θ power at parietal sites (P3 and P4 in the international 10–20 system). There were similar pre- to post-session reductions in pain intensity for all three protocols. However, statistically significant pre- to post-treatment (i.e., after the 12 sessions) reductions were not found in average pain intensity. In addition, there were not statistically significant pre- to post-treatment improvements in fatigue, sleep quality and pain interference. The investigators also assessed and reported resting EEG in eyes closed condition at pretreatment, post-treatment and 3-month follow-up. In line with the protocols, there were both an increase of α power and a decrease in θ power from pre- to post-treatment. These changes in α and θ power were not sustained and were no longer different from baseline levels at the 3-month follow-up. β power did not change significantly over time, despite the fact that all three protocols aimed to decrease it.

Another study (Jensen et al., 2013b) assessed the effects of a single 20-min session of four different interventions [NF, hypnosis, concentration-meditation and transcranial Direct Current Stimulation (tDCS)] on pain intensity in thirty patients with SCI and chronic pain, compared to a tDCS sham procedure. Each intervention session took place in a different day. The NF session protocol consisted in reinforcing α and suppressing high β power measured at right and left temporal sites (T3 and T4 in the international 10–20 system). In addition, resting state EEG was recorded for 10 min in eyes closed before and after each of the five procedures. Neither pain intensity nor EEG activity in any of the five bandwidths (i.e., δ, θ, α, β, and γ) changed significantly after a single session of NF. Also, the associations between changes in EEG power at the different bandwidths and changes in pain intensity were not significant.

Jacobs and Jensen (Jacobs and Jensen, 2015) published a case series reporting the use of NF as a treatment for four individuals with a variety of chronic pain problems. The first patient was a 19-year-old girl with abdominal pain. She received 41 NF sessions. The second patient was a 56-year-old woman with migraine headaches who received 32 sessions. The third patient was a 14-year-old young man with chronic testicular pain who received 22 NF sessions, and the fourth patient was a 47-year-old man with severe gastrointestinal pain who received 26 sessions of NF treatment. The treatment protocols were tailored for each patient based on standard practice recommendations for addressing the presenting problems of the patients. Given the common practice of rewarding increases in α and low β power for chronic pain management, all the patients received training that involved these components for at least some of the sessions. Specifically, at some point, they all received a protocol that involved rewarding increases in α and low β power and decreases in θ and high β power. A number of electrode positions were used as training sites, with the goal of identifying the sites and protocols that would be most effective for each patient. All four patients achieved clinically meaningful reductions in pain intensity or pain frequency at some point during treatment, although one of the patients reported that his pain intensity returned to baseline levels by the end of the treatment.

Two pilot studies were conducted to explore the possibility that NF might be used for enhancing the effect of hypnosis for chronic pain management in individuals with multiple sclerosis. In the first of these (Jensen et al., 2016), participants were randomly allocated to receive five sessions of self-hypnosis (one face-to-face session and four prerecorded sessions), preceded by either four 30-min sessions of NF (n = 10) or four 20-min sessions of relaxation training, which served as a control group (n = 9). After each session, all the individuals received one self-hypnosis session. The NF protocol aimed to increase θ power by reinforcing slow wave power (5–9 and 8–11 Hz) at frontal sites (FP1 and F3 in the international 10–20 system), based on evidence suggesting that higher levels of θ power are associated with greater response to hypnosis (Jensen et al., 2015). These investigators had a concern that an excess of θ power might result in negative effects, given the association between θ activity and having a diagnosis of attention deficit disorder (Arns et al., 2013). To address this possibility, after each hypnosis session, the participants received 10 additional minutes of a NF protocol aiming to reverse any enhanced θ with a protocol reinforcing low β while inhibiting γ, high β, and θ at a central site (Cz in the international 10–20 system). The participants who received the hypnosis treatment preceded by either the NF or relaxation treatment reported statistically significant reductions in average pain intensity, pain interference and fatigue severity. In the group receiving NF treatment, participants reported larger decreases in average pain intensity from pre- to post-treatment and from pretreatment to 1-month follow up, compared to the participants receiving the relaxation treatment. No differences between the NF and relaxation groups were found regarding improvements in pain interference or fatigue severity.

In the second study (Jensen et al., 2018), individuals with multiple sclerosis and either chronic pain, chronic fatigue or both pain and fatigue, were randomly allocated to receive five sessions of self-hypnosis (one face-to-face session and four prerecorded sessions), preceded by either six 30-min sessions of NF (n = 12), six 30-min sessions of mindfulness meditation (MM; n = 10) or no intervention (n = 10). After this, all participants received one face-to-face hypnosis session, and then four prerecorded hypnosis sessions (recorded by the same clinicians who provided the single face-to-face hypnosis session), targeting pain reduction, fatigue reduction, or both, depending on the presenting problem(s) of the participants. The NF group received in addition four sessions of NF immediately before the recorded hypnosis treatment sessions, and the MM group received an additional four sessions of MM immediately before the recorded hypnosis treatment sessions. Therefore, the NF and MM groups received 11 sessions in total (six NF or MM sessions alone, one face-to-face hypnosis session, and then four “combined” NF with hypnosis or MM with hypnosis sessions), and the control group received five sessions in total (the single face-to-face hypnosis session and four pre-recorded hypnosis sessions. The NF protocol reinforced an increase in θ power at the frontal midline region of the scalp (AFz in the international 10–20 system). Participants in all three conditions reported statistically significant reductions in pain intensity from pretreatment to 1-month follow-up, which were the highest for the NF group. Both the NF and MM groups reported similar significant pain intensity reductions with six sessions of each treatment alone. At 1-month follow-up, the NF group had maintained the gains made during treatment, whereas the pain intensity ratings in the MM group returned to baseline levels. Fatigue severity ratings improved similarly for the three groups, with a small decrease from baseline to before the hypnotic treatment and an additional decrease after the hypnotic treatment. Nevertheless, fatigue severity increased slightly from post-treatment to follow-up. With respect to the secondary outcomes (sleep disturbance, pain interference and depression), only the NF group reported significant improvements from pretreatment to 1-month follow-up. EEG data were recorded for both the NF and MM groups at baseline, after the first six sessions (pre-hypnosis) and at the last NF or MM session (post-treatment). Although there were some differences in the mean amplitudes of the five EEG bandwidths from baseline to pre-hypnosis or from pre-hypnosis to post-treatment, there was no significant time effect for neither the NF nor the MM groups.




Surface Z-Score NF and LORETA Z-Score NF

Prinsloo and colleagues conducted an exploratory study to assess the use of LORETA Z-score NF (i.e., with a goal toward normalizing brain activity) to treat pain in patients with head and neck cancer undergoing radiation therapy (Prinsloo et al., 2019). In this study, pain intensity and resting eyes-open EEG activity was measured at three time points: baseline (i.e., before starting radiation therapy), after starting radiation therapy and when and if patients reported a pain intensity score of 4 or higher, and after the NF treatment. Pain intensity was also assessed and reported before and after NF sessions 1 and 3. Fourteen patients received one to six 20-min sessions of LORETA Z-score NF targeting a normalization of the activity in the Brodmann's areas number three, four, five, 13, 24, 32, and 33, in real time. As reported by the investigators, 14 patients received one or more sessions, 12 received at least three sessions and five received six NF sessions. Significant pre- to post-session reductions in pain intensity was reported by 93% of the participants at either session one (n=9), with an average mean reduction of 2.1 points (SD = 1.54; on a 0–10 NRS scale) or session three (n = 8), with an average reduction of 1.13 points (SD = 0.35; it was not clear based on the data presented by the investigators how many of these participants reported significant pain reductions in both sessions). With respect to brain activity changes, there was a change toward normality in the current source density of all targeted brain areas but one (i.e., Brodmann's area 32). Interestingly, regression analysis found that changes in the current source density in Brodmann's area 24 accounted for ~92% of pain variance, and current source density in Brodmann's area 33 accounted for the rest. Specifically, lower levels of current source density in Brodmann's area 24 and higher levels of current source density in Brodmann's area 33 were significant predictors of pain intensity.

Another case series (Koberda et al., 2013) reported the use of both 19-channel Surface Z-score and 19-channel LORETA Z-score NF to decrease pain in four patients with different pain problems. The first patient had neuropathic pain and received 65 sessions. At the initial assessment, his qEEG showed an excess of β activity at temporal locations whereas LORETA imaging showed an excess in θ and β activity at the left insular cortex. The second patient had chronic pain associated with depression and received 25 sessions. Her initial qEEG showed an excess of δ and β power in frontal and central areas, and the LORETA imaging showed “dysregulation” in the anterior cingulate cortex. The third patient had both postherpetic neuropathy and sensory motor polyneuropathy, and received 45 sessions. His qEEG showed an excess of δ power in frontal areas, and the LORETA imaging showed “dysregulation” in the left insular cortex. The fourth and final patient had trigeminal neuralgia and received 10 sessions of NF. Her qEEG showed an excess of δ and θ power in fronto-temporal areas and an excess of β in frontal areas, whereas the LORETA imaging showed “dysregulation” in the left insular cortex. The investigators did not specify the number of sessions that each patient received of each treatment approach (i.e., surface Z-score or LORETA Z-score NF). Compared with the pre-treatment pain levels, all the patients reported substantial reductions in pain intensity, ranging from 50% reduction to complete remission. With respect to brain activity changes, and whether assessed with qEEG or LORETA, all patients evidenced changes in the direction of more normal brain activity patterns over the course of treatment.



ERP-Based NF

Two studies used ERP-based NF to modulate pain: one was a clinical study whereas the other was an experimental study with laboratory induced pain.



Clinical Pain Study

The first study (Siniatchkin et al., 2000) was a controlled trial that examined the efficacy of Slow Cortical Potentials NF in a small sample (n = 10) of children with migraine without aura. Participants in this study were compared with two control groups: a wait-list control group of children with migraines (n = 10) and a control group of healthy children who also received the NF treatment (n = 10). This latter control group was used to compare the ability to self-regulate slow cortical potentials in children with migraine compared to healthy children. The NF protocol was conducted with brain activity measures from the central region of the scalp (Cz in the international 10–20 system) and consisted in two different tasks that were trained during the same session: each task was to either increase or decrease the amplitude of the SCPs. Additionally, EEG was recorded at frontal and central sites (Fz and Cz in the international 10–20 system). Children in the treatment group and in the healthy control group were able to control the amplitude of their SCPs after the 10 sessions. However, the group of children with migraine was only able to decrease cortical negativity (i.e., decrease the amplitude of their SCPs). After 10 sessions, the treatment group showed significant reductions in the number of days with migraine per month; effects that were not found in the wait-list control group. There was no association between the extent of decrease in the amplitude of the SCPs with NF and the reduction in the number of days with migraine.



Laboratory Induced Pain Study

The second study aimed to test whether it was possible to modify pain intensity via increasing the ability to alter the N150-P260 complex evoked by aversive stimulation (Miltner et al., 1988). In this study, 10 otherwise healthy male individuals underwent a single 120-min experimental session. First, the individual's pain threshold and the amount of noxious stimulation required for the participant to experience a pain intensity at 20% above his or her pain threshold were measured. Then, the baseline ERPs and subjective pain intensity in response to the simulation with an intensity of 20% above the threshold were measured. The last part of the session was devoted to the NF training in the form of two different tasks when presented with the same noxious stimulation used at baseline (i.e., 20% above threshold): one in which the subjects were reinforced for increasing the size of the N150-P260 complex and one in which they were reinforced for decreasing the size of this complex. Both tasks were randomly presented during the session. EEG was recorded at central areas of the scalp (i.e., Cz according the international 10–20 system), where the NF intervention was conducted. With respect to brain activity, the subjects were able to learn to alter the size of the N150-P260 complex consistent with the training. Also, pain intensity reports were different in the up-training and down-training conditions; when presented with identical noxious stimuli, those in the up-training condition reported slightly higher pain intensity reports than those in the down-training condition. Despite the differences in pain intensity reports between both conditions, however, the decrease after the whole session in pain intensity ratings was not statistically significant.




Evidence Regarding the Effects of fMRI-Based NF

To date, five studies have evaluated the efficacy of rt-fMRI NF to modulate pain: two were clinical studies whereas the other three were experimental studies with laboratory induced pain.


Clinical Pain Studies

DeCharms and colleagues tested whether it was possible for individuals to learn to control brain activation in the rostral anterior cingulate cortex (rACC) in a single session of rt-fMRI NF (DeCharms et al., 2005). This study used seven groups. Of these, two were experimental groups that received the rt-fMRI NF and five were control groups. The first experimental group, which was comprised of eight healthy individuals, was compared to four healthy control groups (three of them had eight individuals and one had four individuals) that underwent similar procedures but without valid feedback from rACC (i.e., training using sham rt-fMRI data belonging to another subject recorded session, or training using rt-fMRI data from a brain area other than the rACC). These four control groups were used to determine if the effects of the rt-fMRI NF were due to the ability to modulate the activation in the rACC rather than due to non-specific (i.e., placebo) effects. The second experimental group, which was comprised of eight patients with chronic pain, was compared to a control group of four patients with chronic pain that were trained with autonomic biofeedback. The rt-fMRI NF protocol consisted of training runs (i.e., a specific training period within a training session) in which participants were asked to both increase and decrease BOLD activity in the region of interest within the rACC, hypothesized to be an important area underlying the experience of pain. Each training run lasted 13 min and was comprised by five 60-second increase cycles and five 60-s decrease cycles. A thermal noxious stimulus was presented for 30 s to the healthy participants only in each cycle. All the healthy subjects went through a localizer scan, three training runs and a posttest scan, whereas, patients with chronic pain also had the localizer and posttest scan but could choose the number of training runs they were willing to do. Thus, four patients had three training runs, two patients had two training runs and two patients had one training run. After each training run, all study participants were asked to report pain intensity.

The experimental healthy group learned to modulate the BOLD activity in the rACC, whereas the control groups did not. The experimental healthy group learned to both increase and decrease BOLD activity in the rACC, affecting pain perception differently. That is, noxious stimuli presented when subjects were trying to increase BOLD activity in the rACC were rated as significantly more painful than when subjects were trying to do the opposite; that is, to decrease BOLD activity in the rACC activation. The control over pain intensity achieved by the healthy experimental group (who trained with valid feedback from rACC) was significantly larger than for any of the four healthy control groups (who underwent similar training but without valid feedback from rACC). With respect to the experimental group of patients with chronic pain, they reported a 44% pre- to post-session decrease in pain intensity. There was a strong association between the level of control over the BOLD activity in the rACC achieved by the patients with chronic pain after rt-fMRI NF and the change in pain ratings (r = 0.9, p < 0.01). Also, the pain intensity reductions in this group were three times greater than those reported by participants who received the autonomic biofeedback intervention.

A more recent study evaluated the effects of a single session of rt-fMRI NF to teach voluntary control over activation in the rACC (Guan et al., 2015). The participants in this study had postherpetic neuralgia, and were randomly allocated to either an experimental group, which received real information from the rACC, or to a control group, which received sham information from a different brain region (i.e., the posterior cingulate cortex). In this experiment, both the experimental (n = 8) and the control (n = 6) groups were reinforced at different times for increasing and decreasing activation in the respective regions of interest. The experimental group was able to both up- and down-regulate BOLD activity in the rACC significantly better than the control group, suggesting that rACC activity may be more amendable to control than activity in the posterior cingulate cortex. Moreover, the experimental group achieved significantly greater changes in pain intensity compared to the control group. In the up-regulation condition, pain intensity ratings increased 1.8 and 0.1 (on a 0–10 scale) for the experimental and control groups, respectively. In the down-regulation condition, pain intensity ratings decreased 1.5 for the experimental group and 0.5 in the control group. However, the associations between changes in BOLD activity and changes in pain intensity for either the up- and down-regulation conditions were not statistically significant.



Laboratory Induced Pain Studies

Emmert et al. (2014) assessed the use of a single session of rt-fMRI NF in healthy individuals targeting two different regions hypothesized to be associated with the processing of pain information: the ACC and the left anterior insular cortex (lAIC). Both groups were first asked to participate in a localizer task with noxious heat stimulation to establish the specific pain-sensitive target region in the AIC or ACC for each participant. Next the NF training was conducted, during which participants received feedback to decrease the BOLD activity during pain stimulation in the brain area identified during the localizer task for that participant. Over half of the participants in each group were able to successfully decrease BOLD activity in either the ACC or lAIC. Both the lAIC (n = 14) and ACC (n = 14) groups significantly reduced pain ratings in the feedback task compared to the localizer task. Moreover, there was no significant difference in the reduction of pain intensity between the lAIC and the ACC groups, nor there was a significant difference in pain ratings between those who successfully decreased BOLD activity and those who did not.

The final two studies were conducted by a single research team and used similar procedures. Both studies included 10 healthy individuals. The investigators conducted an anatomical scan, a baseline run, and 24 training runs over four consecutive days. Each of the training runs was comprised of six regulation phases (where the individuals received electrical noxious stimulation along with rt-fMRI NF training) and six non-regulation phases (where participants engaged in mental arithmetic tasks).

The first study (Rance et al., 2014a) aimed to evaluate the effect of separately increasing and decreasing the BOLD activity in the rACC and left posterior insula (pInsL) on pain intensity. The study had four conditions: increase BOLD activity in rACC, decrease BOLD activity in rACC, increase BOLD activity in pInsL and decrease BOLD activity in pInsL. Three of the conditions (all except the condition that aimed to increase activity in the rACC) resulted in brain activity changes in the intended directions. However, none of the four conditions resulted in significant changes in pain intensity ratings.

In the second study, the investigators (Rance et al., 2014b) aimed to assess the effect of disrupting a part of the pain processing network by training participants to increase the difference in activation levels between two brain regions: the rACC and pInsL. Participants received rt-fMRI NF training with the goal to achieve two states: one where the activation of the rACC was higher than the activation of the pInsL, and a second state where the activation of the pInsL was higher than the activation of the rACC. Although the participants were successful in achieving the training goals, pain intensity ratings did not change significantly from the first to the last training trial.




Risk of Bias

The details of the quality ratings according to the Quality Assessment Tool for Quantitative Studies are presented in Table 5. It is noteworthy that none of the studies received a “strong” rating for the components of selection bias and confounders. All but two of the studies were rated as either “strong” or “moderate” in study design. Most (k = 17, 71%) of the studies were rated as weak in the blinding component, and just one study (4%) was double-blinded (i.e., it received a “strong” rating for the blinding component). Seventeen studies (71%) used reliable and valid measures to assess outcomes and 14 studies (58%) were rated as “strong” with respect to withdrawals and drop-outs.


Table 5. Quality ratings for the included studies.
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DISCUSSION

In this review we summarized the available evidence regarding the efficacy of NF as a treatment for pain and its effects on pain-related brain activity. To our knowledge, this is the first review to systematically summarize the use and effects of NF as an intervention for any type of pain and pain-related outcomes.


NF Protocols Studied

The first aim of this review was to describe the different types of NF and NF protocols that have been used in pain research and how NF has been used for pain management. Most of the 24 studies that were included and reviewed were EEG-based and focused mostly on adults with migraines or headache and other chronic pain conditions, such as fibromyalgia or cancer-related pain. Of the five types of NF that we identified and described, brain oscillation power-based NF was evaluated the most often.

Within each type of NF studied, the specific protocols used varied from study to study. Although some NF protocols shared some features, no two studies used the exact same protocol. To the extent that several high-quality clinical trials are needed to draw conclusions regarding the efficacy of a clinical intervention, the lack of consistency in the NF protocols studied means that the field has not advanced enough to be able to draw strong conclusions regarding the efficacy of specific NF protocols for pain management.



Efficacy of NF

The second aim of the study was to summarize the evidence regarding NF and different NF protocols for modulating pain and improving pain-related outcomes. As a whole, and given the generally positive results in the studies reviewed, the findings indicate that NF procedures have the potential for reducing pain and improving other outcomes in individuals with chronic pain. Most of the studies reviewed found significant pre- to post-treatment improvements in pain intensity and/or pain frequency, with some of these improvements being maintained at follow-up (when follow-up was evaluated). Also, most of these studies found significant improvements in other pain-related variables such as fatigue, sleep problems/sleep quality, anxiety, depression, and pain-related interference. NF was also found to enhance the effects of hypnosis for chronic pain management and to reduce the perception of experimentally induced pain in healthy individuals.

However, and as alluded to previously, the high level of protocol heterogeneity and the heterogeneity in the characteristics of the samples studied do not allow us to draw conclusions regarding the efficacy of NF types and specific NF protocols. That said, there were some patterns in the study findings that could be used for hypothesis generation for future research. For example, the brain oscillation power-based NF protocols often included some combination of protocols that increased α and SMR power, and decreased β and θ power. Another commonly used protocol was to tailor NF treatment to each individual participant based on their baseline qEEG assessment, with a goal of bringing their qEEG in line with normative values. Most of these studies found positive results for the NF interventions evaluated. These preliminary findings raise the possibility that the beneficial effects of NF may be due to (1) NF's effects on the power of one or more specific bandwidths or (2) NF's ability to normalize bandwidth power across the spectrum. The need for more research in this area is discussed in more detail in the next section.



The Mechanisms That Underlie NF Treatment

As mentioned previously, in the context of pain treatment, NF aims to change brain activity that is thought to underlie or influence the experience of pain (Ibric and Dragomirescu, 2009). The third aim of the current review was to determine the level of evidence regarding the effect of NF training on targeted brain activity, and the associations of these with improvements in pain outcomes. Unfortunately, almost a third of the studies included in the review did not assess changes in brain activity. Moreover, those studies that did include some measure of brain activity studied different domains of brain activity. For example, some studies evaluated whether there were any brain activity changes during a training session or training sessions, whereas others evaluated pre- to post-treatment changes in resting state activity.

An important question that remains unanswered is how exactly NF works to reduce pain intensity. Although a given NF protocol usually seeks to alter brain activity in a specific way, as noted previously, researchers do not always include a manipulation check to determine if (and how much) brain activity changed as intended. Moreover, when such checks are performed, the findings indicate that even if the treatment protocol was effective for reducing pain, it was not always effective for changing brain activity as originally intended (Rogala et al., 2016; Omejc et al., 2018). In fact, in many studies the changes in pain intensity or frequency occurred irrespective of whether the targeted brain activity modulation occurred (Siniatchkin et al., 2000; Jensen et al., 2013b; Emmert et al., 2014; Rance et al., 2014b; Guan et al., 2015). It remains possible that much, if not all, of the beneficial effects of many NF protocols are due to their non-specific effects (e.g., effects on patient outcome expectancies, or effects on mechanisms that may be shared across different NF protocols, such as perceived self-efficacy), as argued by Thibault and colleagues (Thibault et al., 2017).

Mechanism research is needed to address the specificity of NF treatment. For example, participants in a clinical trial could be randomly assigned to one of three conditions: (1) a condition targeting an increase in a specific bandwidth power; (2) a condition that seeks to normalize power across all bandwidths, based on the results of a pre-treatment qEEG assessment; or (3) a control condition (e.g., sham EEG or a protocol that seeks to decrease α power). qEEG could be assessed before and after treatment sessions, during one or more of the treatment sessions and before and after treatment. A finding that participants in one or the other of the experimental conditions report larger improvements in pain than participants in the control condition could be used as evidence for the potential specificity of NF's effects. Even more importantly, additional evidence for treatment specificity could come from mediation analyses to determine the extent to which pre- to post-treatment changes in the power of one or more bandwidths or the ability of an individual to alter bandwidth power during a treatment session mediates the beneficial effects of the experimental conditions relative to the control condition. One example of such a mediation analyses performed in the context of an exploratory study was recently published by Prinsloo and colleagues (Prinsloo et al., 2019). They found that changes in the current source density in two of the targeted Brodmann's areas (the ventral and the dorsal parts of the ACC) completely mediated the reduction in pain intensity achieved with LORETA Z-score NF in patients with cancer undergoing radiation therapy (Prinsloo et al., 2019). This finding provides preliminary support for the specific effects of the NF protocol examined, and points to the activity in the ACC as a potential mechanism for NF interventions that should be examined in future NF studies.



Study Quality

The fourth and final aim of this review was to assess the quality of the studies included. The results of the quality analysis were mixed. On one hand, all but two of the studies were rated as either “strong” or “moderate” with respect to study design. It is important to note that “strong” study quality is a rating assigned to RCTs or controlled clinical trials, whereas the “moderate” study quality is a rating assigned to studies with a pre-post design, with either just one cohort or with a control group, or case-control studies. It is also important to note that only three studies included in the review were RCTs. Also, more than half of the studies used reliable and valid measures to assess outcomes and were rated as “strong” with respect to withdrawals and drop-outs. On the other hand, most of the studies reviewed had relatively small sample sizes and were pilot studies.

In order to maximize the quality of future clinical trials in this area, so that future systematic reviews could draw more definitive conclusions regarding the efficacy of NF for pain management, researchers should ponder several important study quality considerations. First, future studies would benefit from more robust experimental designs and a more homogeneous and clearer reporting of the protocols and outcomes of the study. In order to achieve this, consensus recommendations on the reporting and experimental design of clinical and cognitive-behavioral neurofeedback studies was recently published (Ros et al., 2020). These recommendations could serve as a framework for the design, conduct, and reporting NF studies.

Second, it is necessary for future studies to estimate sample sizes a priori, ensuring they are adequate for the planned statistical analyses. To be on the safe side, given that pilot studies often over-estimate effect sizes, researchers should seriously consider exceeding the estimated sample size. This would also help to ensure that the samples are large enough to allow for drop-outs or potential missing data.

Third, less than a third of the studies included in this review conducted follow-up assessments. This issue does not allow us to determine if the gains in the studies that did find a reduction in pain intensity or pain frequency at posttreatment were maintained for any period of time after treatment. For NF to be recommended, future studies should consistently report NF effects after treatment and in successive follow-ups.

Fourth, with rare exceptions, most of the studies included in this review used adult samples. As chronic pain is also highly prevalent in children and adolescents (Huguet and Miró, 2008), it would be essential to include these segments of the population in future studies in order to ascertain NF's efficacy in youths.

Fifth, most of the studies did not report several confounding factors, such as medication intake and duration of the problem. Thus, we were not able to take into account the moderating effect of these factors in the effects of NF on pain.

Finally, detailed information about the studies was often lacking. For example, the interventions were often not described in enough detail to allow for replicability. Moreover, detail was sometimes lacking in the description of the outcomes (e.g., reporting decrease or increase percentages only, rather than specific baseline and post-treatment numbers in addition to percentages). In addition to the fact that some studies did not report brain activity information, those which did reported a large variety of variables; it appears that there are no standards yet for reporting basic brain activity information. All of these limitations prevented us from encapsulating and drawing firm conclusions on the efficacy of NF to modulate pain.



Future Studies

In order to improve on the quality and utility of clinical trials, future studies should seek to identify the protocols that work best for each pain condition, the number of sessions needed to see improvements, the brain mechanisms involved, and how long the improvements are maintained after treatment (Van Boxtel and Gruzelier, 2014), both in youths and adults. However, it is possible that determining fixed protocols for each condition might not be the best path, and instead, tailored protocols for each individual might be better to improve the efficacy of NF studies (Rogala et al., 2016). Also, and in light of some researchers questioning the benefits of NF over and above placebo (Thibault et al., 2017), future studies should consider including a placebo condition. In our review, only three studies controlled for possible placebo effects; for example, by targeting a brain region or a frequency band assumed to be unrelated to pain processing.



Limitations

There are a number of limitations to this review that should be acknowledged. Because we sought to summarize the evidence of NF used to modulate any type of pain, inclusion criteria were broad. As a result, the included studies were highly heterogeneous, so that we were not able to conduct a meta-analysis. Another limitation is that our data search was limited to studies published in either English or Spanish. It is possible that we overlooked some additional relevant contributions to the field published in journals written in additional languages.



Summary and Conclusions

This review provides positive preliminary evidence of NF as a potential treatment for chronic pain. However, higher quality studies using similar procedures and outcome measures are still needed to: (1) determine the extent to which promising preliminary studies replicate in order to determine if NF is effective, (2) elucidate the mechanisms of NF treatments on pain, and (3) determine the best NF approach(es) for individuals with chronic pain.
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Entraining alpha activity with rhythmic visual, auditory, and electrical stimulation can reduce experimentally induced pain. However, evidence for alpha entrainment and pain reduction in patients with chronic pain is limited. This feasibility study investigated whether visual alpha stimulation can increase alpha power in patients with chronic musculoskeletal pain and, secondarily, if chronic pain was reduced following stimulation. In a within-subject design, 20 patients underwent 4-min periods of stimulation at 10 Hz (alpha), 7 Hz (high-theta, control), and 1 Hz (control) in a pseudo-randomized order. Patients underwent stimulation both sitting and standing and verbally rated their pain before and after each stimulation block on a 0–10 numerical rating scale. Global alpha power was significantly higher during 10 Hz compared to 1 Hz stimulation when patients were standing (t = −6.08, p < 0.001). On a more regional level, a significant increase of alpha power was found for 10 Hz stimulation in the right-middle and left-posterior region when patients were sitting. With respect to our secondary aim, no significant reduction of pain intensity and unpleasantness was found. However, only the alpha stimulation resulted in a minimal clinically important difference in at least 50% of participants for pain intensity (50%) and unpleasantness ratings (65%) in the sitting condition. This study provides initial evidence for the potential of visual stimulation as a means to enhance alpha activity in patients with chronic musculoskeletal pain. The brief period of stimulation was insufficient to reduce chronic pain significantly. This study is the first to provide evidence that a brief period of visual stimulation at alpha frequency can significantly increase alpha power in patients with chronic musculoskeletal pain. A further larger study is warranted to investigate optimal dose and individual stimulation parameters to achieve pain relief in these patients.

Keywords: alpha activity, chronic pain, electroencephalography, entrainment, visual stimulation


INTRODUCTION

Chronic pain is a prevalent and debilitating condition that has a wide-reaching impact on physical and mental well-being (Breivik et al., 2006; Van Hecke et al., 2013). Opioids and other medications are commonly prescribed to treat chronic pain (Turk et al., 2011). However, most medications have considerable side-effects and evidence for their long-term effectiveness is limited (Turk, 2002; Chou et al., 2015). In Europe, 40% of people with chronic pain report that their pain was inadequately managed (Breivik et al., 2006). Therefore, the development of alternative therapies to relieve pain is warranted.

Chronic musculoskeletal pain, regardless of the specific diagnostic classification, is influenced by multifactorial mechanisms including central sensitization, and is associated with changes in brain structure and function (Kulkarni et al., 2007; Gwilym et al., 2010; Baliki et al., 2014; Brown et al., 2014). These observations justify greater focus on the development of brain-based treatments that have generalizable efficacy across musculoskeletal conditions. A promising target for such treatments comes from evidence that chronic pain is associated with changes in oscillatory neural activity in the brain. Most commonly, an increase of theta power and beta power has been found (Sarnthein et al., 2006; Lim et al., 2016; Ploner et al., 2017), as well as a slowing of the peak alpha frequency that was found in patients with neurogenic pain, abdominal pain, and fibromyalgia (Sarnthein et al., 2006; Boord et al., 2008; De Vries et al., 2013; Lim et al., 2016). Thus, the brain’s response to pain provides a promising target for the development of novel pain therapies (Jensen et al., 2008).

A brain signal of particular interest as a therapeutic target is alpha activity, oscillatory neural activity in the frequency range of 8–12 Hz. Alpha activity gates the processing of incoming sensory information via a mechanism of functional inhibition (Jensen and Mazaheri, 2010). Incoming information is gated via the inhibition of brain regions processing irrelevant information (high alpha power), which routes the processing of information to task-relevant regions (low alpha power). This mechanism has been linked to top-down control and attention (Foxe and Snyder, 2011; Klimesch, 2012) and is also involved in pain processing. Alpha activity is decreased during experimental pain stimulation and has been found to encode subjective pain experience (Shao et al., 2012; Michail et al., 2016). Somatosensory alpha activity during pain (Hauck et al., 2015) and the anticipation of pain (May et al., 2012) is modulated by attention, and frontal alpha activity is increased following a placebo-induced expectation of pain relief (Huneke et al., 2013). Importantly, pre-stimulus somatosensory alpha power is inversely related to perceived pain: higher alpha power is associated with lower pain intensity and vice versa, both for experimental pain (Babiloni et al., 2006; Tu et al., 2016) and chronic pain (Camfferman et al., 2017; Ahn et al., 2019). Thus, neurotherapies that increase alpha power may have potential in reducing chronic pain.

Alpha activity can be enhanced through the application of rhythmic stimulation, including visual, auditory, and electrical stimulation (Thut et al., 2011). When presented with an external stimulation at a certain frequency, oscillatory neural activity at this same frequency synchronizes in phase with the external stimulation, a phenomenon often referred to as entrainment. This ultimately leads to an increase of power at the stimulation frequency at the population level (de Graaf et al., 2013; Helfrich et al., 2014; Spaak et al., 2014; Vossen et al., 2015).

Alpha entrainment has been successfully implemented to reduce experimentally induced pain using rhythmic visual (Ecsy et al., 2018), auditory (Ecsy et al., 2017), and transcranial alternating current stimulation (tACS) (Arendsen et al., 2018). However, to date, only one study successfully induced an increase in somatosensory alpha power that was correlated with a reduction in pain intensity in patients with chronic low-back pain (CLBP), using tACS at alpha frequency over somatosensory regions (Ahn et al., 2019). More work is required to understand the efficacy of alpha entrainment and the relationship between entrainment and analgesia across different clinical pain populations and using different stimulation modalities.

In particular, there is a lack of evidence that visual stimulation can entrain alpha activity in patients with varying diagnoses of chronic musculoskeletal pain. The effectiveness of external stimulation to entrain neural oscillations can be influenced by background activity in the brain (Feurra et al., 2013; Ruhnau et al., 2016; Gulbinaite et al., 2017) and an impairment of entrainment has been shown in patients with Parkinson’s disease (Te Woerd et al., 2017) and schizophrenia (Lakatos et al., 2013). Cerebral neuroplasticity in chronic pain may change the intrinsic or natural frequencies of affected areas of the brain, meaning that the gain (increased/decreased response) to external stimulation at a specific frequency might be changed, possibly to the extent of making entrainment to a specific frequency impossible. Therefore, evidence of alpha entrainment in chronic pain is critical in order to identify a treatment mechanism, should any analgesic effects follow from treatment, and is essential to justify the general application of alpha entrainment as a treatment.

This feasibility study primarily investigated whether visual alpha stimulation increased global alpha power in patients with chronic musculoskeletal pain. A secondary aim was to explore whether a brief period of alpha stimulation was also associated with reduced clinical pain. We used a within-subject design to compare alpha stimulation (10 Hz) to 1 Hz control stimulation. Furthermore, we also compared 7 Hz stimulation (high theta) to 1 Hz stimulation. An important confounding factor to take into account in the use of visual stimulation to entrain alpha activity is that synchronization of alpha oscillations can also be induced indirectly via the engagement of attentional mechanisms by the visual stimulus (Thut et al., 2011; Klimesch, 2012; Brüers and Vanrullen, 2018). Whereas 7 Hz visual stimulation could lead to indirect synchronization of alpha activity via attentional engagement similar to 10 Hz stimulation, it should not lead to direct alpha entrainment. Thus, the 7 Hz stimulation was included to address the confounding factor of attentional mechanisms related to the rhythmic visual stimulation. A correlation between alpha power and chronic pain intensity has been shown for frontal and somatosensory regions specifically (Tu et al., 2016; Ahn et al., 2019), suggesting that any reduction of chronic pain by alpha entrainment might be related to an increase of frontal and somatosensory alpha activity in particular. Therefore, this study also explored more regional changes in alpha power. Finally, this study also included a manipulation of the level of discomfort the patients experienced during stimulation, as previous studies have shown that background alpha activity (endogenous alpha) has an influence on alpha entrainment. Patients underwent stimulation both in a more uncomfortable condition (standing) and a resting condition (sitting). These different levels of discomfort might affect endogenous alpha activity, because chronic pain levels are negatively correlated with alpha power. In line with the finding that entraining alpha activity with tACS at alpha frequency is effective during a state of low endogenous alpha (eyes open), but to a lesser extent when endogenous alpha is high (eyes closed) (Neuling et al., 2013; Ruhnau et al., 2016), we might expect that visual alpha entrainment is more effective during the condition of stronger discomfort (lower endogenous alpha). However, it should be noted that another study found, in contrast, that higher levels of resting-state alpha power before stimulation were associated with more effective entrainment of alpha oscillations (Mathewson et al., 2012).



MATERIALS AND METHODS


Participants

Twenty-two participants were recruited from local pain and musculoskeletal clinics (Salford Royal NHS Trust and North West CATS NHS) and support groups and from the University of Manchester. All participants gave written informed consent to take part in the study and received a reimbursement for their time and travel expenses. The study was approved by the North West-Liverpool East Research Ethics Committee (NHS Health Research Authority; reference number 17/NW/0255).

The inclusion criterion was a diagnosis of chronic musculoskeletal pain, i.e., presence of pain for at least 3 months. To promote generalizability of the findings, we did not focus on any particular diagnostic subgroup. Using opportunity sampling, the study resulted in the recruitment of 14 patients with fibromyalgia; 2 patients with osteoarthritis; 1 patient with fibromyalgia and osteoarthritis; 2 patients with low back pain; 1 patient with stenosis of the lower back; and 2 patients with widespread chronic pain (no specific diagnosis). All participants took part in a telephone interview to complete a screening questionnaire prior to participation to ensure they (1) were aged 18 or older; (2) did not have any difficulty understanding verbal or written English; (3) were not involved in any clinical trials at the time of testing; and (4) were not hospitalized/scheduled to be hospitalized during their participation in the study. To ensure that it was safe to undergo rhythmic visual stimulation, participants were excluded if they (1) were diagnosed with epilepsy or had ever had a convulsion or seizure; (2) had any first-degree relative with epilepsy; or (3) had ever experienced discomfort when exposed to flashing lights.

The datasets of two participants were removed from the final analysis as they were not able to complete the entire study due to high levels of pain and discomfort. These two participants both had a diagnosis of fibromyalgia. This resulted in a total of 20 participants who were included in the statistical analysis (mean age ± SD = 43.45 ± 16.82 years; 13 females) (Table 1). The employment status of these 20 participants was as follows: 6 were employed full-time; 6 were employed part-time; 4 were unemployed; 3 were retired; and 1 was a student. The annual income bracket for the participants was 6, £0–14.999; 10, £15.000–29.999; 1, £30.000–44.999; and 2, ≥60.000 (data missing for 1 participant).


TABLE 1. Demographic details for the 20 participants included in the statistical analysis of the study.
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Visual Stimulation

All participants underwent visual stimulation at 10 Hz to entrain alpha activity and at the two control frequencies of 1 and 7 Hz. The visual stimulation was administered using goggles with eight LEDs, four around each eye (bespoke equipment—made by Medical Physics, Salford Royal NHS Foundation Trust; Figure 1). Rhythmic flashes were generated using bespoke software run in Matlab 2017a (The Mathworks, Inc., Natick, MA, United States; Matlab). Participants were asked to close their eyes during the stimulation, and brightness was adjusted for each individual participant to ensure that stimulation was administered at a comfortable brightness. After participants closed their eyes, they were presented with a 30-s 1-Hz stimulation sample to identify the brightness at which they could clearly perceive the visual stimulation without experiencing any discomfort.


[image: image]

FIGURE 1. Goggles used for the visual stimulation at the three different stimulation frequencies (bespoke equipment—Medical Physics, Salford Royal NHS Foundation Trust). Eight LEDs were used in total, four around each eye. The goggles were kept in place with an elasticated headband.


The three different stimulation frequencies were delivered in separate blocks (Figure 2). During each block a 1-min baseline period was followed by 4 min of rhythmic visual stimulation, while EEG was recorded. During the 1-min baseline, non-rhythmic visual stimulation was applied with a jittered interstimulus interval (ISI) between flashes. During this non-rhythmic stimulation period the signal phase would change by 180 degrees frequently, in a semi-random manner, so as not to cause any long-term entrainment effects. These phase changes would occur either every 1.6 s (50% of the time), every 1.15 s (25% of the time) or every 1.9 s (25% of the time). These non-rhythmic baseline periods before each stimulation period were later used for the EEG analysis to provide a standardized baseline for each stimulation condition. It was decided to include the non-rhythmic visual stimulation during the baseline period to ensure that the baseline and entrainment period were kept as similar as possible, e.g., with respect to luminance, with the only difference being that the stimulation during the baseline period was not rhythmic and would therefore not induce any direct alpha entrainment.


[image: image]

FIGURE 2. Overview of study procedure. During a single study visit each participant completed three stimulation blocks that each contained stimulation at one particular frequency (1, 7, or 10 Hz), with stimulation both in a sitting and standing position. For each stimulation block half of the participants always started with stimulation while sitting, the other half while standing. Each participant was randomly allocated to one of six possible stimulation frequency orders: 1, 7, 10 Hz; 1, 10, 7 Hz; 7, 1, 10 Hz; 7, 10, 1 Hz; 10, 1, 7 Hz; or 10, 7, 1 Hz. There was a break of at least 10 min between each stimulation block with a specific stimulation frequency to minimize any potential carryover effects. Thus, each participant received equal numbers of stimulation blocks at the different frequencies but randomized to a different order of stimulation blocks.




Pain Assessment

To quantify chronic pain experience, participants were asked to verbally rate their pain intensity and pain unpleasantness using two 11-point numerical rating scales (NRS) ranging from 0 to 10 (0 = not at all intense/unpleasant, 10 = extremely intense/unpleasant).

To assess the effect of visual alpha stimulation on chronic pain, changes in chronic pain intensity and unpleasantness ratings were assessed in two settings associated with different levels of discomfort: (1) when participants were seated in a comfortable chair (sitting position); and (2) when participants were standing while holding the back of the chair for support (standing position). Participants were asked to rate their subjective level of discomfort as a result of the position they were in at the start and end of each stimulation block on an NRS ranging from 0 to 10 (0 = not at all uncomfortable, 10 = extremely uncomfortable). On average (mean ± SD) patients rated their discomfort at the start of each stimulation block as 3.94 ± 2.14 when sitting and as 4.78 ± 2.07 when standing. At the end of each stimulation block average discomfort was 3.80 ± 2.34 when patients were sitting and 5.53 ± 2.30 when standing. Stimulation was applied both in a setting of higher and lower discomfort to assess whether the level of ongoing discomfort might influence the effect of the visual stimulation.

Pain ratings were collected before and directly after each visual stimulation block, each block including a 1-min baseline and a 4-min entrainment period (at 1, 7, and 10 Hz), both in the sitting and standing condition (Figure 2).



Questionnaires

Chronic pain and the outcome of chronic pain treatment are influenced by personality factors and pain-related cognition and beliefs (Keefe et al., 1989; Crombez et al., 1999; Granot and Ferber, 2005). Therefore, a series of questionnaires were included in this study to assess if the questionnaire variables were related to the effect of the visual alpha stimulation. This could potentially inform the design of a future, larger trial, e.g., whether to balance participants for these variables between treatment and control arms.

Participants were asked to complete a set of four questionnaires once, during the breaks between stimulation blocks: the Hospital Anxiety and Depression Scale (HADS) (Zigmond and Snaith, 1983); the Pain Self-Efficacy Questionnaire (PSEQ) (Nicholas, 1989); the Brief Pain Inventory (BPI) (Cleeland and Ryan, 1994); and the Multidimensional Health Locus of Control scale (MHLC) (Wallston et al., 1978).

Both anxiety and depression have been found to frequently co-occur with chronic pain conditions (Mcwilliams et al., 2003). Moreover, a positive association between pain experience and depression and anxiety has been found, both in an experimental pain setting (Walsh, 1998; Tang and Gibson, 2005) and a clinical pain setting (Geisser et al., 2000; Granot and Ferber, 2005). To assess anxiety and depression in the present study we used the HADS. The HADS is a valid self-assessment scale originally developed as a tool to reliably detect states of anxiety and depression in patients attending a general medical clinic (Zigmond and Snaith, 1983; Herrmann, 1997). The HADS comprises seven items to assess anxiety and seven items to assess depression. Participants are asked to tick the box that most closely represents how they were feeling in the past week on a 4-point scale ranging from 0 to 3. For example, “I feel tense or ‘wound up”’: (0) not at all; (1) occasionally; (2) a lot of the time; or (3) most of the time.

The BPI, PSEQ, and MHLC were used to gain further insight into the pain experience of the participants and their pain-related beliefs and cognitions.

The BPI is a tool to assess both pain intensity (sensory dimension) and pain interference (reactive dimension) in patients with chronic pain. The BPI was originally developed to assess cancer-related pain (Cleeland and Ryan, 1994) but is also a widely used and valid measure for patients with non-malignant chronic pain (Tan et al., 2004). Participants are asked to rate their worst and least pain intensity over the last 24 h, their average pain intensity, and their current pain intensity on a scale of 0 to 10 (sensory dimension). Participants are also asked to rate the degree to which pain interferes with seven domains of functioning on a scale of 0 to 10, for instance walking ability and relationships with other people (reactive dimension).

The PSEQ is a questionnaire designed to assess self-efficacy beliefs in people experiencing chronic pain (Nicholas, 1989), by assessing the confidence participants have in their ability to perform certain tasks and activities despite their pain. The PSEQ contains 10 items describing different settings/activities, such as “I can do most of the household chores (e.g., tidying-up, washing dishes, etc.), despite the pain” and “I can live a normal lifestyle, despite the pain.” Participants are asked to rate how confident they are that they can do these things at present despite the pain on a scale from 0 to 6, with 0 = not at all confident and 6 = completely confident.

The MHLC was developed to assess three dimensions of internal health locus of control, powerful others’ locus of control, and chance health of control (Wallston et al., 1978). The MHLC contains 18 items with a belief statement about the participant’s health, for example, “Whatever goes wrong with my pain condition is my own fault,” and “Other people play a big role in whether my pain condition improves, stays the same, or gets worse.” Participants are asked to rate to what extent they agree with each item on a scale of 1 to 6 (1 = strongly disagree and 6 = strongly agree).



EEG Acquisition

An EEG was recorded during all visual stimulation blocks using 64 Ag/AgCl electrodes attached to a cap according to the extended standard 10–20 system, using the BrainCap MR, BrainAmp DC/MR amplifiers, and the EEG data recording software BrainVision Recorder (Brain Products GmbH, Germany). The FCz electrode was used as a reference electrode and AFz as the ground electrode. EEG was recorded with a sampling rate of 500 Hz and band-pass filter settings of DC-100 Hz.



Procedure

All participants attended the lab for a single study visit during which they underwent visual stimulation at all 3 frequencies (1, 7, and 10 Hz), once while sitting down and once while standing up. This resulted in a total of 6 stimulation conditions: 3 visual stimulation frequencies (1, 7, 10 Hz) × 2 positions (sitting and standing). For each condition, a 1-min baseline period was followed by a 4-min stimulation period (Figure 2).

After obtaining written informed consent, completing the EEG setup, and identifying the individual stimulation brightness, each participant was pseudo-randomly allocated to 1 of the 6 possible stimulation frequency orders. All participants completed 3 stimulation blocks, with each block containing 1 specific stimulation frequency. Participants experienced each stimulation frequency both sitting and standing. Half of the participants completed each stimulation block in the sitting position first, and the other half started with the standing position first. Pain intensity and unpleasantness were assessed before and after each stimulation condition, i.e., directly before and after the stimulation in the sitting position and also directly before and after the stimulation in the standing position. After each stimulation block participants had a break of at least 10 min before carrying on with the next block, to limit potential carryover effects of the previous block of stimulation. Although both the experimenter and the participants were blinded to the order of visual stimulation frequencies, due to the nature of the stimulation (visual) the frequency of stimulation for each block became apparent as soon as the stimulation was started. However, importantly, participants were not provided with any clues as to which was the expected therapeutic condition.



EEG Analysis

The EEG recordings were imported into Matlab (The Mathworks, Inc., Natick, MA, United States; Matlab version R2017a). A number of pre-processing and artifact removal steps were carried out on the continuous EEG data using the EEGLAB toolbox (Delorme and Makeig, 2004) in the following order: (1) interpolation of any bad channels (spherical interpolation); (2) re-referencing to the common average; (3) and high-pass (0.05 Hz) and low-pass filtering (30 Hz). A median of 0.5 channels were interpolated with a range from 0 to 5. Next, the continuous data were segmented into 2-s consecutive epochs to accommodate later visual inspection of the data post-independent component analysis (ICA). Finally, as an EEG for each of the different stimulation conditions was recorded and saved in separate files, the data from the different stimulation conditions were combined into one single data file per participant. These data were decomposed into independent signals using ICA in order to remove components reflecting artifactual sources, with components from frontal sources reflecting eyeblinks and eye movements selected for removal. The number of ICs to be calculated was adjusted for the number of interpolated channels (N channels – N interpolated channels). The median number of components removed was 2.5 with a range of 1 to 6. The reconstructed EEG data were then visually inspected to remove any remaining muscle artifacts and any other remaining large artifacts, i.e., large spikes and jumps present in the EEG data (on average 4.79% of trials were removed per participant).

Frequency analysis was performed using the Fieldtrip Toolbox (Oostenveld et al., 2011). Average alpha power (8–12 Hz) was calculated for each visual stimulation condition (1, 7, and 10 Hz) using FFT with a single Hanning taper and non-overlapping windows. All individual alpha power outcomes were log-transformed.

Global alpha power was calculated by averaging the log-transformed alpha power from 8–12 Hz across all 2-s epochs per condition across all electrodes, resulting in a single average alpha power outcome per visual stimulation condition. The same was applied to the baseline periods preceding each stimulation condition. Next, the average log-transformed alpha power during each stimulation condition was standardized against its respective baseline period (subtraction method: log alpha power entrainment – log alpha power baseline). To assess changes in alpha activity on a more regional level, alpha power was also calculated for nine regions of interest (ROIs) by averaging over the electrodes in each region only (Figure 3).
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FIGURE 3. To investigate changes in alpha power (8–12 Hz) for the visual alpha stimulation regionally, further analysis was carried out based on nine ROIs. We included three anterior ROIs: left anterior (LA), including electrodes AF7, F7, F5, and F3; central anterior (CA), including electrodes FP1, FPz, FP2, AF3, AF4, F1, Fz, and F2; and right anterior (RA): including electrodes AF8, F4, F6, and F8. Three middle ROIs: left middle (LM), including electrodes FT9, FT7, FC5, FC3, T7, C5, C3, TP9, TP7, CP5, and CP3; central middle (CM), including electrodes FC1, FC2, C1, Cz, C2, CP1, CPz, and CP2; and right middle (RM): including electrodes FC4, FC6, FT8, FT10, C4, C6, T8, CP4, CP6, TP8, and TP10. Finally, three posterior ROIs: left posterior (LP), including electrodes P7, P5, P3, and PO7; central posterior (CP), including electrodes P1, Pz, P2, PO3, POz, PO4, O1, Oz, and O2; and right posterior (RP): including electrodes P4, P6, P8, and PO8.




Statistical Analysis

Statistical analysis was performed using SPSS version 22 (IBM Corp, Armonk, NY, United States). To assess the effect of the visual stimulation on global alpha power, i.e., alpha power averaged across all electrodes, a repeated-measures ANOVA with the factors stimulation (1, 7, and 10 Hz) and position (sitting and standing) was applied.

Next, to further explore the effect of alpha stimulation on a more regional level, changes in alpha power were also compared for the nine ROIs (Figure 3) using a repeated-measures ANOVA with the factors stimulation (1, 7, and 10 Hz), position (sitting and standing), the left-to-right (L-R) ROI factor (left, central, and right), and the anterior-to-posterior (A-P) ROI (anterior, middle, and posterior).

Finally, two repeated-measures ANOVAs with the factors stimulation (1, 7, and 10 Hz), position (sitting and standing), and time (pre- and post-stimulation) were applied to assess a change in pain intensity and unpleasantness ratings respectively.

For all ANOVAs, in the case of a violation of sphericity, Greenhouse–Geisser corrected outcomes were used. To correct for multiple comparisons, the Bonferroni correction was applied.



Minimal Clinically Important Difference in Pain Ratings

In line with the recommendations of the Initiative on Methods, Measurement, and Pain Assessment in Clinical Trials (IMMPACT) consensus statement (Dworkin et al., 2005), we also assessed what percentage of participants showed a minimally important clinical difference (MCID) in pain intensity and unpleasantness. A MCID is considered the smallest difference in pain rating that patients perceive as important and is reflected by a 15% reduction in pain intensity/unpleasantness rating compared to baseline [(pain rating post-stimulation − pain rating pre-stimulation)/pain rating pre-stimulation] (Dworkin et al., 2008).



Correlations

To assess the potential relationship between alpha activity and changes in pain due to the alpha stimulation, correlations between standardized global alpha power and the change in pain intensity/unpleasantness rating were calculated. In detail, the average log-transformed alpha power during 10 Hz stimulation standardized against its baseline period was used (subtraction method: alpha power entrainment – alpha power baseline). To calculate the change in the pain intensity/unpleasantness ratings we used the formula ratings post-stimulation – ratings pre-stimulation. Thus, a negative correlation would reflect that higher alpha power during stimulation (compared to baseline) was associated with lower pain ratings post-stimulation and vice versa.

To assess the relationship between changes in pain following alpha stimulation and personality factors and pain-related cognitions and beliefs, correlations between the different questionnaire scores and the change in pain intensity and unpleasantness rating were calculated. The following questionnaire outcomes were used: the sum score for the depression subscale and anxiety subscale separately (HADS); the individual rating for average, worst, and least pain intensity over the last 24 h and a sum score for the seven pain interference items (BPI); a single sum score for all PSEQ items; and a separate sum score for each of the three subscales of the MHLC.



RESULTS


Global Alpha Power

The repeated-measures ANOVA with the factors Stimulation (1, 7, and 10 Hz) and Position (sitting and standing) showed a significant main effect of Stimulation (F2,38 = 34.88; p < 0.001; partial η2 = 0.65) on global alpha power and a significant interaction between Stimulation and Position (F2,38 = 13.48; p < 0.001; partial η2 = 0.42; Figure 4). Post hoc repeated-measures t-tests showed that alpha power was significantly higher during 10 Hz stimulation compared to the 1 Hz control stimulation during the standing condition (t = −6.08, p < 0.001). There was no significant increase of global alpha power during the sitting condition (t = −1.30, p = 0.21). No increase of alpha power was found for the 7 Hz condition compared to 1 Hz condition, only a significant decrease of global alpha power for 7 Hz compared to 1 Hz stimulation in the sitting condition (t = 2.51, p = 0.021). However, this effect did not survive correction of multiple comparisons (corrected significance level of 0.0125). Finally, alpha power was also significantly higher during 10 Hz stimulation compared to 7 Hz stimulation, both for the sitting condition (t = −3.69, p = 0.002) and the standing condition (t = −6.03, p < 0.001).
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FIGURE 4. Boxplots of global alpha power (8–12 Hz) during 1 Hz, 7 Hz, and 10 Hz visual stimulation standardized against their respective baseline period, i.e., the change in global alpha power during stimulation compared to baseline. Significant effects after correction for multiple comparisons are marked with *. Effects that did not survive corrections for multiple comparisons but had a p < 0.05 are marked with +.


As a significant increase of alpha power for 10 Hz compared to 1 Hz stimulation was only found for the standing condition, a further post hoc repeated-measures t-test was calculated to assess whether there was a significant difference in global alpha power comparing sitting and standing for the 10 Hz stimulation. This t-test showed that global alpha power was significantly higher during the 10 Hz stimulation in the standing condition (t = −6.40, p < 0.001).



ROI Alpha Power

A repeated-measures ANOVA was calculated to assess more regional changes in alpha power with the factors Stimulation (1, 7, and 10 Hz), Position (sitting and standing), L-R ROI (left, central, and right) and A-P ROI (anterior, middle, and posterior). A significant main effect was found for the A-P ROI factor (F1.34,25.49 = 11.43; p = 0.001; partial η2 = 0.38; Greenhouse–Geisser corrected). Moreover, a significant interaction between Stimulation, Position, and A-P ROI was found (F2.48,47.07 = 6.65; p < 0.002; partial η2 = 0.26; Greenhouse–Geisser corrected). Similarly, a significant main effect was found for the L-R ROI factor (F1.25,23.76 = 4.50; p = 0.037; partial η2 = 0.19; Greenhouse–Geisser corrected), accompanied by a significant interaction between Stimulation and L-R ROI (F1.25,23.68 = 11.87; p = 0.001; partial η2 = 0.39; Greenhouse–Geisser corrected) and a significant interaction between Stimulation, Position, and the L-R ROI (F1.91,36.20 = 12.24; p < 0.001; partial η2 = 0.39; Greenhouse–Geisser corrected). Thus, the effect of visual stimulation on alpha power was different depending on position and on scalp region.

Post hoc repeated-measures t-tests showed that alpha power was significantly higher during 10 Hz stimulation compared to 1 Hz stimulation in the right-middle region (RM) and the left-posterior region (LP) in particular when participants were sitting (Tables 2, 4 and Figure 5). In the standing condition, alpha power was higher during 10 Hz compared to 1 Hz stimulation across a wider range of mostly middle-anterior regions; however, these effects did not survive correction for multiple comparisons (corrected significance level of 0.0056).


TABLE 2. Outcomes of the post hoc repeated measures t-tests comparing 1 and 10 Hz stimulation for the nine ROIs separately.
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FIGURE 5. Topographies of standardized alpha power (8–12 Hz), i.e., the change in alpha power during each entrainment condition compared to their respective baseline period.


Post hoc t-tests comparing 7 and 1 Hz visual stimulation showed that alpha power was significantly lower during 7 Hz stimulation compared to 1 Hz stimulation, in particular in the central-middle region (CM) and the central-posterior region (CP; Tables 3, 4 and Figure 5), when participants were sitting. A similar pattern was present when participants were standing; however, this did not survive correction for multiple comparisons for the central-middle region.


TABLE 3. Outcomes of the post hoc repeated measures t-tests comparing 1 and 7 Hz stimulation for the nine ROIs.
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TABLE 4. Standardized alpha power (dB) per stimulation condition (1, 7, and 10 Hz) for each ROI and for sitting (top) and standing (bottom) separately.
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Intensity Ratings

The repeated-measures ANOVA demonstrated a significant main effect of Position (sitting and standing) on intensity ratings (F1,19 = 12.32; p = 0.002; partial η2 = 0.39), but no significant main effect of Stimulation (F2,38 = 1.80; p = 0.18; partial η2 = 0.087). There was a significant interaction between Stimulation and Time (pre- and post-stimulation) (F1.46,27.80 = 0.065; p = 0.89; partial η2 = 0.003; Greenhouse–Geisser corrected), nor a significant interaction between Stimulation, Position, and Time (F2,38 = 0.59; p = 0.56; partial η2 = 0.030) (Table 5 and Figure 6). Moreover, the repeated-measures t-tests further assessing an effect on pain intensity for the alpha stimulation (10 Hz), specifically, did not find a significant change in pain intensity ratings comparing pre- and post-alpha stimulation (sitting: t = 1.54, p = 0.14; and standing: t = −1.11, p = 0.28).


TABLE 5. Pain intensity ratings (Mean ± SD) pre- and post-stimulation, for the 1, 7, and 10 Hz stimulation condition and for the sitting and standing positions.
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FIGURE 6. Change in pain intensity ratings comparing pre- and post-stimulation for 1, 7, and 10 Hz stimulation, both in the sitting and standing condition. A negative score reflects a reduction in pain and a positive score reflects an increase of pain following the stimulation.




Unpleasantness Ratings

The repeated measures ANOVA demonstrated a significant main effect of Position (sitting and standing) on unpleasantness ratings (F1,19 = 12.61; p = 0.002; partial η2 = 0.40), but no significant main effect of Stimulation (F2,38 = 1.78; p = 0.18; partial η2 = 0.085). There was also not a significant interaction between Stimulation and Time (F2,38 = 0.73; p = 0.49; partial η2 = 0.037), nor a significant interaction between Stimulation, Position, and Time (F2,38 = 2.63; p = 0.085; partial η2 = 0.12) (Table 6 and Figure 7). Moreover, the repeated-measures t-tests assessing an effect on pain unpleasantness for the alpha stimulation (10 Hz) specifically did not find a significant change of pain unpleasantness ratings comparing pre- and post-alpha stimulation (sitting: t = 1.77, p = 0.093; and standing: t = −1.32, p = 0.20).


TABLE 6. Pain unpleasantness ratings (Mean ± SD) pre- and post-stimulation, for the 1, 7, and 10 Hz stimulation condition and for the sitting and standing positions.
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FIGURE 7. Change in pain unpleasantness ratings comparing pre- and post-stimulation for 1, 7, and 10 Hz stimulation, in both the sitting and standing conditions. A negative score reflects a reduction in pain and a positive score reflects an increase of pain following the stimulation.




Minimal Clinically Important Difference in Pain Ratings


Sitting Condition

We assessed the number of participants that showed a MCID (percentage change >15%) in pain ratings, for the three different stimulation conditions separately. For the intensity ratings, 50% of participants demonstrated a MCID for the 10 Hz stimulation. A similar value was found for the 1 Hz condition (45%). For the 7 Hz condition an MCID was found for 35%. For the unpleasantness ratings, 65% of participants demonstrated an MCID for the 10 Hz stimulation. This percentage was lower for the 1 Hz condition (40%) and the 7 Hz condition (30%). Only the alpha stimulation led to an MCID in pain intensity and unpleasantness for ≥50% of participants.



Standing Condition

Next, we assessed the number of participants who showed an MCID (percentage change >15%) in pain ratings, for the three different stimulation conditions separately when the participants were standing. For the intensity ratings, 25% of participants demonstrated an MCID (percentage change >15%) for the 10 Hz stimulation. A similar value was found for the 1 Hz condition (20%) and the 7 Hz condition (30%). For the unpleasantness ratings, 30% of participants demonstrated an MCID for the 10 Hz stimulation. This percentage was also found for the 1 Hz condition (30%) and the 7 Hz condition (30%). None of the stimulation conditions led to an MCID in pain intensity or unpleasantness for ≥50% of participants in the standing condition.



Correlations

The correlations between standardized global alpha power during 10 Hz stimulation (log alpha power during 10 Hz stimulation – baseline log alpha power) and the difference in intensity/unpleasantness ratings comparing pre- and post-stimulation were calculated (ratings post-stimulation – ratings pre-stimulation) (Table 7). No significant correlation was found for the intensity ratings (sitting: r = 0.34; p = 0.14; N = 20; standing: r = 0.16; p = 0.51; N = 20). For the unpleasantness ratings no significant correlation with global alpha power was found either for the standing condition (r = 0.11; p = 0.65; N = 20). A correlation was found for the sitting condition (r = 0.46; p = 0.04; N = 20); however, this did not survive correction for multiple comparisons (corrected significance level = 0.0125).


TABLE 7. Overview of the results of the correlation analysis.

[image: Table 7]Post hoc it was decided also to explore the correlations between the change in pain intensity/unpleasantness ratings and standardized alpha power for the two ROIs that showed a significant increase of alpha power during 10 Hz stimulation compared to 1 Hz stimulation in the sitting condition, the right-middle (RM) and left-posterior (LP) ROI (Table 7). For the RM ROI, there was no significant correlation between change in pain ratings (ratings post-stimulation – ratings pre-stimulation) and alpha power (intensity ratings: r = −0.40; p = 0.082; N = 20; unpleasantness ratings: r = −0.41; p = 0.073; N = 20). For the LP ROI, no significant correlation was found either for the intensity ratings (r = 0.43; p = 0.060; N = 20). A correlation was identified for the unpleasantness ratings (r = 0.54; p = 0.015; N = 20), but this did not survive correction for multiple comparisons (corrected significance level = 0.0125).

Finally, correlations were assessed between the change in intensity/unpleasantness ratings and the questionnaire outcomes (Table 7). No significant correlation between ratings and any of the questionnaire outcomes was found. A correlation between pain unpleasantness ratings and the HADS Depression subscale was identified in the standing condition (r = 0.50; p = 0.026; N = 20). However, this did not survive correction for multiple comparisons.



DISCUSSION

Emerging evidence shows an inverse relationship between alpha power and chronic pain (Camfferman et al., 2017; Ahn et al., 2019). Therefore, alpha activity has been proposed as a key target for novel neuromodulatory therapies to manage chronic pain (Jensen et al., 2008). This feasibility study primarily aimed to assess the efficacy of visual alpha stimulation to enhance alpha activity in patients with chronic musculoskeletal pain. Secondarily, it was evaluated whether a brief period of alpha stimulation was also sufficient to reduce chronic pain. The main finding of this study was that visual alpha stimulation can effectively enhance alpha activity in patients with chronic musculoskeletal pain. Global alpha power was significantly higher during alpha stimulation compared to the 1 Hz control stimulation when patients were experiencing stronger discomfort (standing condition). On a more regional level, a significant increase of alpha activity was also found in the right-middle and left-posterior region when patients were sitting. With respect to our secondary aim, 4 min of alpha stimulation was not sufficient to significantly reduce chronic pain. However, only the alpha stimulation resulted in an MCID in at least 50% of participants for the pain intensity (50%) and unpleasantness ratings (65%). This study is the first to demonstrate the efficacy of rhythmic visual stimulation to modulate alpha activity in patients with chronic pain. However, further study is warranted to investigate the optimal dose and individual stimulation parameters (Krause and Cohen Kadosh, 2014), such as duration and frequency of entrainment to achieve significant pain relief.

Whereas both 7 and 10 Hz stimulation can result in an indirect entrainment of alpha activity via attentional mechanisms (Thut et al., 2011), only the 10 Hz stimulation should lead to a direct entrainment of alpha. No evidence for entrainment of alpha activity during 7 Hz stimulation was found, i.e., global alpha power was not significantly higher during 7 Hz stimulation compared to 1 Hz stimulation. Only a significant decrease of alpha power was found for 7 Hz stimulation compared to 1 Hz stimulation in central-middle and central-posterior regions. In addition, global alpha power was significantly higher during 10 Hz stimulation compared to 7 Hz stimulation, both for the sitting condition and the standing condition. Together, this suggests that the effect of alpha (10 Hz) stimulation on alpha power found in this study is likely the result of direct entrainment, and does not only reflect a non-specific effect of attention being directed away from the pain by visual stimulation.

The present study’s findings build on the findings by Ecsy et al. (2018), who previously demonstrated that visual alpha stimulation can increase alpha power and reduce pain in an experimental pain setting, albeit in healthy individuals experiencing acute laser pain rather than in patients with chronic pain. Qualitatively, when we compare the analyses of regional changes, the scalp regions showing increases in alpha activity are similar between the two studies, with a posterior dominance in both cases and weaker (in the current study, statistically non-significant) evidence for additional fronto-central increases. In the absence of a more robust quantitative comparison between patients and healthy controls (which would require a further controlled study), we cannot conclude that alpha entrainment differs in patients with chronic musculoskeletal pain, but we cannot rule out this possibility either.

Ahn et al. (2019) provided the first evidence that alpha stimulation can be used successfully in a clinical pain setting. They demonstrated that alpha tACS applied over somatosensory regions enhances somatosensory alpha power in patients with CLBP. Here we demonstrate that rhythmic visual stimulation can also modulate alpha activity in patients. Moreover, as this study included patients with various chronic musculoskeletal pain conditions, it also offers a first indication that the modulation of alpha activity with alpha stimulation can be generalized across different chronic pain populations.

The effect of visual alpha stimulation may be influenced by the level of discomfort experienced by the patients. Only when a patient was standing—a setting of stronger discomfort possibly related to lower endogenous alpha—did stimulation result in a global entrainment of alpha activity. In addition, global alpha power was significantly higher during standing compared to sitting during the 10 Hz stimulation. This would be in line with previous studies showing that alpha entrainment with tACS at alpha frequency is most effective when endogenous alpha is low (Neuling et al., 2013; Ruhnau et al., 2016). When the patient was sitting (lower discomfort), the stimulation did not result in a significant increase of global alpha power. However, a significant increase was found for two regions of interest, suggesting a more regional entrainment of alpha activity. Previously, a negative correlation has been found between somatosensory alpha power and perceived pain intensity for experimentally induced pain (Babiloni et al., 2006; Tu et al., 2016) and between frontal and somatosensory alpha power and chronic pain intensity (Camfferman et al., 2017). Ahn et al. (2019) also found that the increase of frontal and somatosensory alpha power by alpha tACS was associated with pain relief. In the present study, increasing global alpha power with visual stimulation did not result in a significant reduction of pain intensity and unpleasantness. Moreover, the present study found only a non-significant negative correlation between standardized somatosensory alpha power (right-middle ROI) and the change in pain intensity (r = −0.40; p = 0.082) and unpleasantness (r = −0.41; p = 0.073) following alpha stimulation (sitting condition). As these correlations were only marginally significant and based on a relatively small sample (N = 20), no confident conclusions can be drawn from these findings. However, where this study only included brief periods of stimulation, Ahn et al. (2019) applied alpha tACS for 40 min. In an experimental pain setting with pain-free volunteers, Ecsy et al. (2017, 2018) achieved a significant reduction in pain ratings using 10 min of auditory and visual stimulation and Arendsen et al. (2018) applied alpha tACS for 15–20 min. This feasibility study focused primarily on the entrainment of alpha activity, where it has been shown that even very short periods of stimulation can entrain alpha oscillations (Herrmann, 2001; Mathewson et al., 2012; Notbohm and Herrmann, 2016). However, to also reduce chronic pain, longer stimulation periods might be required. Moreover, this feasibility study included a small and heterogenous group of patients with chronic musculoskeletal pain, which introduces the possibility that the study is simply underpowered to find an effect of the stimulation on chronic pain. Further investigation with a larger sample size is needed to confirm whether a longer period of visual alpha stimulation leads to a significant reduction of chronic pain.

Further inspection of the individual changes in pain intensity and unpleasantness in response to the alpha stimulation showed that a wide variability in pain response was present (Figure 7 and Tables 5, 6). Whereas some patients showed a reduction of several points on the 11-point NRS, others did not improve at all or even showed an increase of pain. Large variability in response is a problem for neurostimulation techniques in general. To improve the efficacy of neurostimulation interventions to manage chronic pain, it is important to take into account inter- and intra-individual factors such as cognitive, psychological, and neurophysiological state, and methodological factors that might contribute to this variability (Li et al., 2015; Fertonani and Miniussi, 2017). In this study we did not identify a relationship between patient characteristics (as assessed with the questionnaires) and the pain response. However, larger sample sizes (e.g., 80–100) are likely needed for such analyses to be adequately powered for medium effect sizes. Another important source of variability in the effects of neurostimulation is brain-state dependency, i.e., the effect of neurostimulation depends on the timing of stimulation with respect to the underlying brain state. A number of studies have shown that applying neurostimulation in a brain-state dependent manner can enhance the modulation of corticospinal excitability (Saito et al., 2013; Kaneko et al., 2014; Kraus et al., 2016). Ultimately, taking into account these factors in the application of neurostimulation should lead to a more personalized and adaptive neuromodulatory therapy to reduce chronic pain.

Evidence shows that the efficacy of alpha entrainment depends on the distance between the stimulation frequency and the individual alpha peak frequency (IAF) (Herrmann et al., 2016; Notbohm et al., 2016; Gulbinaite et al., 2017). Thus, tailoring the frequency of the visual alpha stimulation to each individual could improve the effect of alpha stimulation in patients with chronic pain. Moreover, recent studies have also explored the potential of combined stimulation. Anodal tDCS over the primary motor cortex (M1) combined with peripheral electrical stimulation led to an enhanced, long-lasting, and clinically important reduction in chronic pain (Boggio et al., 2009; Schabrun et al., 2014; Hazime et al., 2017). Together, these recent developments in the application of neurostimulation offer promising future directions for application of alpha stimulation to reduce chronic pain.

To successfully implement visual alpha stimulation to reduce chronic pain, it is also important to better understand the relationship between alpha activity and chronic pain. So far, most studies have focused on the role of alpha activity in the perception of experimentally induced pain in pain-free individuals. Although there are some initial findings showing a negative correlation between frontal and somatosensory alpha power and chronic pain (Camfferman et al., 2017; Ahn et al., 2019), the functional role of alpha activity in the perception of chronic pain remains unclear. Experimental pain studies have demonstrated that the relationship between alpha activity and pain is influenced by attention (May et al., 2012; Hauck et al., 2015) and expectations about pain (Huneke et al., 2013; Arendsen et al., 2018), and that pain expectations can influence the effect of neuro-stimulation on pain perception (Arendsen et al., 2018). However, the relationship between attention, expectation, and alpha activity in a setting of chronic pain is little understood. It is important to better understand how these factors influence the relationship between alpha activity and chronic pain and the effectiveness of alpha stimulation to reduce chronic pain.

The present study showed that visual alpha stimulation offers a means to modulate alpha activity in patients with chronic pain in a lab-based environment. Whereas this is an important first step, further development is required to transform this lab-based application into a therapeutic technique that patients can use in their own home with therapeutic benefit. In a parallel study (Locke et al., 2020), a first qualitative assessment of a smartphone-based alpha entrainment technology was carried out. Individuals with chronic pain were asked about their experience with using the technology at home, using a virtual-reality headset for rhythmic visual stimulation and headphones for rhythmic auditory stimulation (binaural beats). The study provided initial support for the acceptability and usability of this smartphone-based technology as an affordable and accessible alternative to manage chronic pain. An important next step is to investigate the effectiveness of longer periods and multiple sessions of alpha stimulation to reduce chronic pain in the lab and at home, to translate these initial findings into a technology that can effectively reduce pain in a home-based setting.



CONCLUSION

To conclude, this study provides first evidence that visual stimulation at alpha frequency can be used to increase alpha power in patients with musculoskeletal pain. However, a brief 4-min period of stimulation was not sufficient to reduce chronic pain. This study is a first step in the development of a novel neurostimulation approach to reducing chronic pain. Further study is warranted to investigate individual stimulation and optimal dose parameters (Krause and Cohen Kadosh, 2014) to achieve significant pain relief in a larger group of patients. Together with the further development of a home-based neurostimulation platform, this could ultimately lead to the implementation of alpha stimulation as an affordable and accessible neurotherapy to manage chronic pain.
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Background: Neuropathic and nociceptive pain frequently affect patients with multiple sclerosis (MS), with a prevalence close to 90% and significant impact on general health and quality of life. Pharmacological strategies are widely used to treat pain in MS, but their effectiveness and side-effects are controversial. Among non-pharmacological treatments for pain, non-invasive brain and spinal stimulation (NIBSS) has shown promising preliminary results in MS.

Objective: Systematic review to investigate the effect of NIBSS for the management of pain in MS.

Methods: A literature search using Pubmed, Science Direct and Web of Science was conducted from databases inception to February 21, 2020 for studies assessing the analgesic effect of NIBSS on pain in MS.

Results: A total of 279 records were title- and abstract-screened, nine were assessed for full text and included. The NIBSS techniques explored were transcranial direct current stimulation (N = 5), transcranial magnetic stimulation (N = 2), transcranial random noise stimulation (N =1), transcutaneous spinal direct current stimulation (N = 1). The targets were the primary motor cortex (M1; N = 4), the left dorsolateral pre-frontal cortex (DLPFC; N = 3), the spinal cord (N = 1), unspecified brain target (N = 1). The study designs were randomized (N = 7), open label (N = 1), single case report (N = 1). Despite the differences in study design, target and NIBSS technique that impeded a meta-analysis, all the studies converge in showing a significant improvement of pain after active NIBSS with less consistent effects on other symptoms of the pain-related cluster (depression, fatigue, cognition) and quality of life.

Conclusions: Excitatory NIBSS over M1, left DLPFC and spinal cord appear to be the most effective protocols for pain in MS. Open questions include the use of neurophysiological or neuroimaging surrogate outcome measures, the stratification of patients according to the clinical profiles and underlying pathogenetic mechanisms and the combination of NIBSS to pharmacological treatment, neurorehabilitation, or psychotherapy to improve the clinical effect. The duration of the effect to NIBSS and the feasibility and efficacy of telemedicine NIBSS protocols are other open key questions.

Keywords: depression, fatigue, multiple sclerosis, non-invasive brain stimulation (NIBS), non-invasive spinal stimulation, pain, systematic review


INTRODUCTION

Pain is common in patients with multiple sclerosis (MS; O'Connor et al., 2008) and has a significant burden on general and psychological health, quality of life (QoL), work and social role (Kalia and O'Connor, 2005; Foley et al., 2013). Pain was reported in 29–86% of MS patients, such a wide range being due to different diagnostic criteria and assessment methods, heterogeneity of the samples, and different disease stages span when pain was assessed (Nurmikko et al., 2010; Thompson et al., 2010; Foley et al., 2013; Solaro et al., 2013).

MS-related pain may present with high variability in terms of clinical presentation, severity, onset (Feinstein et al., 2015) and may be reported at any stage of the disease including the early ones (Solaro et al., 2004), but its prevalence increases over time because of the disease process itself, MS-related complications and aging (Khan et al., 2013).

The most common types of pain in MS are classified as nociceptive or neuropathic pain (Magrinelli et al., 2013). Nociceptive pain is a physiological response secondary to the activation of nociceptors aimed to warn the brain of real or potential tissue damage. In contrast, neuropathic pain is due to a lesion or disease of the peripheral or central parts of the somatosensory system (Finnerup et al., 2016). Pain associated with MS stands amongst the most common causes of chronic neuropathic pain (Scholz et al., 2019).

Nociceptive pain in MS patients includes (a) musculoskeletal system, which is often related to abnormal or forced posture, (b) headache, which may predate or be unrelated to MS, (c) post-traumatic pain, and (d) pain secondary to treatment, e.g., painful pathological fractures secondary to long-term steroid use and immobilization causing osteoporosis (Solaro et al., 2018). MS patients may experience both pain and spasticity, and pain secondary to spasticity or painful tonic spasms is a subtype of nociceptive pain frequently reported in MS (Solaro et al., 2018). Among primary headaches, migraine was reported to be three times more frequent in MS patients than in the general population, to carry a considerable disability, and to be associated with a more symptomatic course and an increased contrast enhancing lesion activity compared to MS patients without headache (Kister et al., 2010; Graziano et al., 2015).

Central neuropathic pain in MS includes (a) ongoing neuropathic pain of limbs, (b) Lhermitte's phenomenon, (c) trigeminal neuralgia, and (d) pain associated with optic neuritis, all of which are associated with inflammation and secondary degeneration of central nervous system sensory pathways (Truini et al., 2013; Solaro et al., 2018).

MS patients may also report, to a variable extent, psychogenic, idiopathic or mixed pain (Truini et al., 2013). Psychogenic pain is defined as somatoform pain associated with psychiatric conditions (i.e., depression, or anxiety), or as pain behaviors associated with chronic refractory pain; idiopathic pain includes poorly understood and to some extent controversial chronic pain conditions, such as fibromyalgia, or persistent idiopathic facial pain, while mixed pain includes different pain types, often difficult to separate and quantify, caused by the same disease through different pathophysiological mechanisms (Truini et al., 2013).

According to the neuropathic pain definition and grading system (Finnerup et al., 2016), neuropathic pain can be separated from nociceptive and other types of pain based on the clinical or instrumental demonstration of a lesion or disease involving the somatosensory system (La Cesa et al., 2015; Porro et al., 2016), but this task may be difficult in MS patients, because of the frequent clinical or subclinical involvement of posterior columns of the spinal cord and/or brain somatosensory pathways.

Pain can interfere with daily functioning by reducing mobility, working activities, and engagement in recreational activities, and may cause a consistent impairment of participation in home, social, and other activities (Ehde et al., 2003; Svendsen et al., 2003, 2005; Kalia and O'Connor, 2005; Grasso et al., 2008; Gromisch et al., 2019). MS is one of the most common causes of neurological disability in young adults, and MS-related pain may impact this population of working-age patients and represent an independent risk factor for social disadvantage (Shahrbanian et al., 2013).

Pain is frequently associated to fatigue, depression and cognitive complaints in MS patients (Penner et al., 2007; Trojan et al., 2007), and these three symptoms may influence each other (Harrison et al., 2015; Marck et al., 2017), being considered a symptom cluster with some shared pathogenetic mechanisms and that should be targeted together to improve patients' QoL (Shahrbanian et al., 2015).

Despite its high prevalence and severe burden, MS-related pain is still an ongoing and challenging issue with no established treatment. Pharmacological treatment of pain in MS patients is based on guidelines derived from other clinical conditions (Finnerup et al., 2015) and includes (a) non-steroidal anti-inflammatory drugs for nociceptive pain, (b) anticonvulsant, (c) antidepressants, and (d) botulinum toxin for neuropathic pain, (e) cannabinoids, (f) muscle relaxants and (g) intrathecally administered baclofen for pain secondary to spasticity or to painful tonic spasms, (h) opioid analgesics for mixed pain (Solaro et al., 2013). However, results of pharmacological approaches, even with complex therapeutic schemes, are often poor and disturbing side effects, such in the case of opioids, frequently cause the patients to drop-out (Urits et al., 2019).

The need of more effective treatments with safer profiles and fewer adverse effects has paved the way to non-pharmacological interventions for pain in MS (Amatya et al., 2018; Aboud and Schuster, 2019). In this field, evidence on neuromodulation through non-invasive brain and spinal stimulation (NIBSS) has been published in recent years, and preliminary results appear to be promising (Abboud et al., 2017; Iodice et al., 2017). NIBBS techniques can be grouped into two categories, namely electrical and magnetic stimulation, according to the differential way of inducing their neurobiological effects. Electrical stimulation is the application of current/voltage to two or more surface electrodes, whereas magnetic stimulation results from a current passing through a coil positioned on the head to generate a magnetic field, inducing in turn an electrical field and a current density field in the brain (Peterchev et al., 2012). Electrical stimulation techniques include, but are not limited to, transcranial direct current stimulation (tDCS), transcranial alternating current stimulation, transcranial random noise stimulation (tRNS), and transcutaneous spinal direct current stimulation (tsDCS).

tDCS and repetitive transcranial magnetic stimulation (rTMS) are the most widely used types of non-invasive neuromodulation techniques.

tDCS is based on a battery-powered device connected to two electrodes that deliver low-amplitude direct currents that induce neuronal membrane depolarization or hyperpolarization leading to changes in the excitability of specific brain areas being stimulated (Nitsche and Paulus, 2000). In healthy subjects, anodal tDCS delivered to the motor cortex causes neurons depolarization and increased cortical excitability, while cathodal tDCS hyperpolarizes neurons, thus reducing cortical excitability (Nitsche and Paulus, 2000). However, the effect of tDCS polarity on motor cortex excitability might not be generalized to other cortices, and several factors (e.g., stimulation duration, current intensity, tDCS setup) may affect the direction of the induced effects (Lefaucheur et al., 2017).

tDCS induces sustained changes in cortical excitability if applied for a sufficient period of time, (Nitsche and Paulus, 2001). tDCS is safe and has been reported to cause only mild side effects, e.g., skin irritation or burning sensation, especially when used daily and/or with higher current intensity (Antal et al., 2017). This side effect could be minimized when using saline-soaked electrodes (Antal et al., 2017).

rTMS is delivered to the brain by a phasic electrical current that circulates through an insulated wire coil placed over the skull and generates a transient high-intensity magnetic field, which propagates in space and induces a secondary current that depolarizes neurons in targeted brain regions, finally leading to neuroplastic changes (Paulus et al., 2013). High- and low-frequency rTMS have short-lasting excitatory and inhibitory effects on the motor cortex, respectively (Paulus et al., 2013), but the effect of rTMS frequency cannot be generalized to all cortical sites (Lefaucheur et al., 2020). Theta-burst stimulation (TBS) is a novel modified rTMS technique that causes consistent, long-lasting facilitatory and inhibitory effects on synaptic transmission according to the TBS protocol used (Huang et al., 2005). Intermittent TBS (iTBS) causes prevalent facilitation, while continuous TBS leads to prevalent inhibition (Huang et al., 2005). rTMS side effects are transient and include headache, scalp discomfort and hearing disorders, more commonly after high-frequency treatments, while epileptic seizures very seldom occur if appropriate guidelines are applied and patients are accurately selected (Rossi et al., 2009; Lefaucheur et al., 2020).

New NIBSS protocol have been recently introduced in the clinical setting, including tRNS (Terney et al., 2008) and tsDCS (Berra et al., 2019).

tRNS is a non-invasive transcranial electrical stimulation technique that produces a random electrical oscillation spectrum within defined thresholds, following the Gaussian curve around an offset midpoint (Terney et al., 2008). tRNS was reported to induce consistent excitability increases lasting 60 min after stimulation when applied to the primary motor cortex (M1), with higher frequencies (100–640 Hz) being responsible for generating this hyperexcitability probably through repeated opening of sodium channels. tRNS was found to have similar effects than tDCS without the constraint of current flow direction sensitivity characteristic of the latter (Terney et al., 2008; Palm et al., 2016).

Anodal tsDCS may represent a potentially self-administered NIBSS technique in those clinical conditions that are characterized by changes in spinal cord interneurons, and was found to inhibit nociceptive specific responses, such as the nociceptive withdrawal reflex (NWR; Cogiamanian et al., 2011) and the NWR temporal summation threshold (TST; Perrotta et al., 2016), which may contribute to the pathogenesis of pain in MS (Berra et al., 2019).

Very recent evidence-based guidelines indicated level A evidence (definite efficacy) for high-frequency rTMS of M1 contralateral to the painful side for neuropathic pain and level B evidence (probable efficacy) for high-frequency rTMS of the left M1 or DLPFC for improving quality of life or pain, respectively, in fibromyalgia (Lefaucheur et al., 2020). Despite the evidence of the efficacy of high frequency rTMS for the treatment of some types of pain, NIBSS is not routinely used in patients with MS and pain. The aim of this systematic review is to collect and report data on the role of NIBSS for the management of MS-related pain.



METHODS

This systematic review was conducted according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) recommendations (Liberati et al., 2009; Moher et al., 2015).


Eligibility Criteria

Studies assessing the effect of NIBSS on MS-related neuropathic and/or nociceptive pain as primary or secondary outcome were considered eligible for this systematic review. Both controlled and exploratory studies were eligible and included and no restrictions were placed on the publication date of the studies.

We excluded reviews, commentaries, abstracts, conference papers, and studies on animal models or healthy subjects. Studies exploring NIBSS without therapeutic goals, e.g., aiming to assess neurophysiological measures to explore MS-related pathophysiology were also excluded. We also excluded studies that explored the effect of NIBSS on other MS outcomes (e.g., fatigue, motor function, spasticity, sensory function, bladder function, cognition) but did not include pain.

Outcomes of interest were pain measured with clinically validated tools (e.g., Visual Analog Scale, Numerical Rating Scale, Short Form McGill Pain Questionnaire; Brief Pain Inventory) and other MS symptoms related or secondary to pain (e.g., fatigue, spasticity, psychosocial outcomes, QoL).

According to the PICOS model, the Participants were MS patients, the Intervention was NIBSS, the Comparison was sham NIBSS, other pain treatment or no treatment, the Outcome was pain either neuropathic or nociceptive, the Study design was controlled and exploratory studies.



Search Strategy

The Pubmed, Science Direct and Web of Science databases were searched for peer-reviewed papers exploring the therapeutic role of NIBSS for MS-related pain, published from database inception until February 21, 2020. Only studies written in English were considered. Different search strings were used according to the maximum number of Boolean operators that are allowed in each of the selected databases.

The search string for Pubmed and Web of Science was: (pain OR chronic pain OR pain management OR pain intractable OR pain measurement OR pain threshold OR nociceptors OR neuropathic pain OR neuralgia) AND (multiple sclerosis OR demyelinating disease) AND (transcranial magnetic stimulation OR TMS OR r-TMS OR theta burst stimulation OR theta burst OR TBS OR c-TBS OR i-TBS OR NIBS OR non-invasive brain stimulation OR brain stimulation OR transcranial direct current stimulation OR tDCS OR tES OR transcranial electrical stimulation OR tCS OR transcranial current stimulation).

The search strategy for Science Direct database included: (pain OR nociceptors OR neuralgia) AND (multiple sclerosis OR demyelinating disease) AND (transcranial magnetic stimulation OR TMS OR r-TMS OR theta burst stimulation), then (pain OR nociceptors OR neuralgia) AND (multiple sclerosis OR demyelinating disease) AND (theta burst OR TBS OR c-TBS OR i-TBS), (pain OR nociceptors OR neuralgia) AND (multiple sclerosis OR demyelinating disease) AND (NIBS OR non-invasive brain stimulation OR brain stimulation OR transcranial direct current stimulation), and (pain OR nociceptors OR neuralgia) AND (multiple sclerosis OR demyelinating disease) AND (tDCS OR tES OR transcranial electrical stimulation OR transcranial current stimulation).



Study Selection

Search results were uploaded to Rayyan software, a web-based app to facilitate collaborations among reviewers during the study selection phase (Ouzzani et al., 2016). Two authors (CZ, EM) independently screened titles and abstracts. The reference lists of relevant papers were manually checked to identify additional significant studies potentially missed in the databases search. Any disagreement was planned to be solved by consensus or consulting a third reviewer (ST).



Data Collection Procedure

Two authors (CZ, EM) independently extracted the following data from the included papers: study design (i.e., randomized, cross-over, parallel, open label, single arm trials), type of MS, sample size, gender and age of included patients, type of pain targeted by the NIBSS intervention, type of NIBSS applied, targeted central nervous system area, NIBSS protocol features, primary and secondary outcome measures, follow-up duration, side effects, and results.



Risk of Bias Assessment

Risk of bias was assessed independently by two authors (CZ and EM) using the revised tool for Risk of Bias in randomized trials (RoB 2.0), which consists of five domains and an overall judgement (Sterne et al., 2019). The five domains are: (1) bias arising from the randomization process; (2) bias due to deviations from the intended interventions; (3) bias due to missing outcome data; (4) bias in measurement of the outcome; (5) bias in selection of the reported result (Sterne et al., 2019).

Any disagreement was planned to be solved via consensus or by consulting a third author (ST). Risk of bias was classified as “low,” “some concerns” “high.”



Data Analysis

A systematic and descriptive analysis of the results was provided with information presented in the text and Tables 1–3 to summarize and explain the characteristics and findings of the included studies. A meta-analysis was not feasible due to the small number of studies and subjects, as well as to the methodological, clinical and statistical heterogeneity of the included studies.


Table 1. Overview of the tDCS studies included in the review.
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Table 2. Overview of the rTMS studies included in the review.
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Table 3. Overview of the other NIBSS studies included in the review.
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RESULTS


Identification and Selection of the Studies

A total of 279 records were identified. After removal of duplicates, 186 papers were screened through title and abstract and 9 papers were obtained for full-text screening. The reference lists of relevant papers were inspected for additional studies potentially missed in the databases search, but no significant papers were further added. Two authors (CZ, EM) independently evaluated the 9 papers selected for the full-text examination. Disagreement was solved by consensus between the two reviewers, therefore the advice of a third reviewer (ST) was not required.

Nine studies fulfilled the criteria and were included in the systematic review (Figure 1).


[image: Figure 1]
FIGURE 1. PRISMA diagram of the study (www.prisma-statement.org).




Description of the Included Studies

The included papers evaluated the efficacy of NIBSS on neuropathic or nociceptive pain in MS patients. Studies were grouped according to the NIBSS technique (i.e., tDCS, rTMS, tRNS, tsDCS).



tDCS Studies

We found five studies that explored tDCS for the treatment of pain in MS (Mori et al., 2010; Ayache et al., 2016; Kasschau et al., 2016; Rudroff et al., 2019; Workman et al., 2020).

Mori et al. (2010) investigated whether anodal tDCS may be effective in reducing central drug-resistant chronic neuropathic pain in MS with a randomized, parallel, double blind, sham-controlled study. Nineteen patients with relapsing-remitting MS received a 5 day treatment with sham or real tDCS over M1 contralateral to the painful body region. Real tDCS resulted in significant reduction of pain and improvement of QoL in comparison to sham tDCS and the effects lasted up to 3 weeks after the stimulation period. The Authors hypothesized that pain reduction was the result of functional plastic changes in brain structures involved in the pathogenesis of chronic neuropathic pain (Mori et al., 2010).

Ayache et al. (2016) reported a prospective, randomized, cross-over, sham-controlled study to evaluate the effect of tDCS over the DLPFC in sixteen MS patients with a history of neuropathic pain since >3 months. The primary outcome was pain intensity, and secondary outcomes included mood, attention and fatigue. Patients received real or sham anodal tDCS blocks in a random order, each consisting of tDCS sessions in 3 consecutive days, separated by a 3 week washout period. Real tDCS yielded significant analgesic effects compared to sham, but no effects on mood, attention, or fatigue. The Authors suggested that analgesia might have occurred through specific modulation of the emotional pain network by tDCS over the left DLPFC (Ayache et al., 2016).

Since repeated tDCS sessions are needed to obtain a therapeutic effect, but for many MS patients visiting the clinic daily for the treatment is not feasible, Kasschau et al. (2016) performed a pilot study to test the feasibility and safety of a remotely supervised tDCS protocol for home delivery using a specially designed equipment and a telemedicine platform. Twenty MS (any subtype) patients with an extended range of disability (Expanded Disability Status Scale = 1–8) underwent 10 tDCS sessions over the left DLPFC, each lasting 20 min, across 2 weeks. Nineteen of them (95%) completed at least eight sessions, meeting the compliance criteria, while 17 (85%) completed the full 10 study sessions. Improvement of all secondary clinical outcomes (cognitive measures, pain, fatigue, mood) was reported. Despite the limitations of the study, i.e., lack of a control group, and patient economic compensation that might have increased the attendance, this telemedicine tDCS protocol suggests that access to tDCS can be expanded in MS patients (Kasschau et al., 2016).

Rudroff et al. (2019) reported a 52 year old man with a 13 year history of relapsing-remitting MS, moderate disability and central neuropathic pain, treated with anodal tDCS (20 min, 5 consecutive days) over the left M1. Pain scores improved and metabolism, assessed with [18F] fluorodeoxyglucose positron emission tomography, increased in both thalami, suggesting at a very preliminary stage that tDCS may induce functional changes in brain structures critical in the pathogenesis of neuropathic pain (Rudroff et al., 2019).

Workman et al. (2020) reported the results of a double blind, sham-controlled, randomized cross-over pilot study to investigate whether tDCS may improve the MS symptom cluster of pain, fatigue and depression. Six moderately disabled MS patients underwent two randomly ordered blocks of stimulation (real or sham tDCS), each block composed of five daily 20 min sessions, with the anode placed over the M1 representation of the more-affected leg and the cathode over the contralateral supraorbit. Real tDCS improved performance fatigability, perceived fatigue and pain but not depression in comparison to sham (Workman et al., 2020).



rTMS Studies

We found two studies that explored rTMS in MS with pain as primary (Seada et al., 2013) or secondary outcome (Korzhova et al., 2019).

Seada et al. (2013) reported a randomized, parallel study that compared rTMS and low-level laser therapy for trigeminal neuralgia in thirty MS patients. Patients were randomly divided into rTMS group (age 46.6 ± 9.6) who received rTMS (10 Hz, 50 mA, 20 min) with the coil placed tangentially over the head of the patient contralateral to trigeminal pain and the laser group (age 48.8 ± 6.3) who received low-level laser therapy (15 mW helium-neon laser, 830 A wave length, 150–170 mw/cm2 laser beam density, 10 min). Both groups reported improvements, but no statistical comparison between the two groups was performed (Seada et al., 2013). Indeed, some methodological issues should be noted, such as poor description of rTMS targeting, absence of a sham group, unclear significance of outcome measures and some poorly reported data (e.g., the overall mean age was 56.4 ± 6.6 that is in contrast with the age of the two groups, see above).

Korzhova et al. (2019) performed a parallel, randomized controlled trial to compare the effects of two rTMS protocols, i.e., high frequency (20 Hz) and iTBS in comparison to a sham group on the level of spasticity (primary outcome) and associated symptoms, including pain that was a secondary outcome, in thirty-four secondary progressive MS patients. All patients underwent real (high frequency rTMS: twelve patients, iTBS: twelve patients) or sham rTMS (ten patients) once a day for 5 consecutive days for 2 weeks. Concurrently with rTMS, all patients received a course of 10 physical therapy sessions. Both high frequency rTMS and iTBS significantly reduced spasticity with some evidence favoring a longer-lasting effect of iTBS and a reduction of pain and fatigue to high frequency rTMS (Korzhova et al., 2019).



Other NIBSS Studies

We found two studies (Table 3), one dealing with tRNS (Palm et al., 2016) and one with tsDCS (Berra et al., 2019).

Palm et al. (2016) explored the effect of tRNS over the left DLPFC on affective symptoms, attention, fatigue, and pain by exploring pain perception and attentional resources in a prospective randomized, cross-over, sham-controlled study of sixteen MS patients with neuropathic pain. Each patient randomly received two tRNS blocks (i.e., real, sham), each consisting of three consecutive 20 min daily sessions, separated by a 3 week washout interval. All patients were evaluated for pain, attention and mood and underwent a neurophysiological evaluation using pain related evoked potentials. Compared to sham, real tRNS showed a trend toward decreased N2-P2 amplitude of pain related evoked potentials and improvement of pain ratings, while attention performance and mood scales did not change (Palm et al., 2016).

Berra et al. (2019) explored whether anodal tsDCS could represent an effective, safe and well-tolerated treatment for neuropathic pain in MS in a double-blind sham-controlled, parallel design study involving thirty-three patients. Real tsDCS resulted in a significant improvement in neuropathic pain scores at the end of treatment that persisted 1 month later, but no changes in spasticity and fatigue. In a subgroup of patients, who underwent NWR and NWR TST, a non-significant trend toward an inhibition of NWR responses to real tsDCS was found, suggesting the effect of tsDCS was related to modulation of spinal nociception (Berra et al., 2019).



Risk of Bias Assessment

Only controlled studies with samples of at least ten patients (Mori et al., 2010; Seada et al., 2013; Ayache et al., 2016; Palm et al., 2016; Berra et al., 2019; Korzhova et al., 2019) were assessed for the risk of bias according to the RoB 2.0 tool, which yielded an overall high risk for all of them (Figure 2).
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FIGURE 2. Assessment of the risk of bias for controlled studies included in the systematic review according to the RoB 2.0 tool.





DISCUSSION

The present systematic review, which was aimed to collect and report evidence on the role of NIBSS for the management of MS-related pain, yielded nine studies, of whom five on tDCS (Mori et al., 2010; Ayache et al., 2016; Kasschau et al., 2016; Rudroff et al., 2019; Workman et al., 2020), two on rTMS (Seada et al., 2013; Korzhova et al., 2019), one on tRNS (Palm et al., 2016), and one on tsDCS (Berra et al., 2019).

Four studies targeted M1, all of them using excitatory protocols, i.e., anodal tDCS in three of them (Mori et al., 2010; Rudroff et al., 2019; Workman et al., 2020), and high-frequency rTMS in another one (Korzhova et al., 2019), with the targeted side being the one contralateral to the most affected limbs in three of them (Mori et al., 2010; Korzhova et al., 2019; Workman et al., 2020), and the left side in another one (Rudroff et al., 2019). Three studies targeted the left DLPFC with excitatory protocols, i.e., anodal tDCS in two of them (Ayache et al., 2016; Kasschau et al., 2016) and tRNS in another one (Palm et al., 2016). One study targeted the spinal cord with anodal tsDCS (Berra et al., 2019) and the brain target was not specified in one study (Seada et al., 2013).

Seven studies had a randomized design, either double-blind (Mori et al., 2010; Ayache et al., 2016; Palm et al., 2016; Berra et al., 2019; Workman et al., 2020), single-blind (Korzhova et al., 2019), or with blinding not specified (Seada et al., 2013), one had an open design (Kasschau et al., 2016), and another one was a single case report (Rudroff et al., 2019). Sham NIBSS was the control group in six of the seven randomized studies (Mori et al., 2010; Ayache et al., 2016; Palm et al., 2016; Berra et al., 2019; Korzhova et al., 2019; Workman et al., 2020), while low-level laser therapy was used as control condition in one study (Seada et al., 2013).

Only three studies reported a follow-up that ranged from 4 to 12 weeks (Mori et al., 2010; Berra et al., 2019; Korzhova et al., 2019).

Apart from the single case report, the sample size ranged from 6 to 34 with a total of 175 patients (women: 92, men: 53; gender not specified: 30) included in the nine studies we found; among them there were 58 relapsing-remitting patients, 78 secondary progressive patients, 9 primary progressive patients, while MS type was not specified in 30 patients.

Pain was the primary outcome in seven of the included studies (Mori et al., 2010; Seada et al., 2013; Ayache et al., 2016; Palm et al., 2016; Berra et al., 2019; Rudroff et al., 2019; Workman et al., 2020) and secondary outcome in the other two studies, one being on feasibility of a telemedicine tDCS protocol (Kasschau et al., 2016), and the other one having spasticity as the primary outcome (Korzhova et al., 2019). The type of MS-related pain addressed in the study, either as primary or secondary outcome measures was neuropathic pain in seven studies (Mori et al., 2010; Seada et al., 2013; Ayache et al., 2016; Palm et al., 2016; Berra et al., 2019; Rudroff et al., 2019; Workman et al., 2020), more specifically central neuropathic pain in one of them (Mori et al., 2010) and trigeminal neuralgia in another one (Seada et al., 2013), while pain type was not specified in one study (Kasschau et al., 2016), and another study was focused on spasticity-related pain (Korzhova et al., 2019).

One or more of the other symptoms belonging to the symptoms cluster associated with pain in MS, i.e., fatigue, depression and cognitive complaints (Penner et al., 2007; Trojan et al., 2007; Harrison et al., 2015; Marck et al., 2017), and QoL were assessed as primary or secondary outcomes in six studies (Mori et al., 2010; Ayache et al., 2016; Kasschau et al., 2016; Palm et al., 2016; Berra et al., 2019; Korzhova et al., 2019).

The variability of NIBSS techniques, central nervous system targets, study designs including sham control and blinding, patient populations, outcomes, and the presence of follow-up data in a minority of the studies included did not allow a meta-analysis of the findings. However, the results of all the included studies converge in showing a significant improvement in pain after active NIBSS with less consistent effects on the other symptoms of the pain-related cluster and QoL (Mori et al., 2010; Seada et al., 2013; Ayache et al., 2016; Kasschau et al., 2016; Palm et al., 2016; Berra et al., 2019; Korzhova et al., 2019; Rudroff et al., 2019; Workman et al., 2020).

Most studies used validated scales to measure pain, such as the Visual Analog Scale, the Numerical Rating Scale, the Short Form McGill Pain Questionnaire, the Brief Pain Inventory or similar outcomes (Jensen and Karoly, 2001). However, despite most of the reports addressed neuropathic pain, only one study (Berra et al., 2019) used an outcome measure that was specific for this type of pain, i.e., the Neuropathic Pain Symptom Inventory (Bouhassira et al., 2004), which can be used to characterize subgroups of neuropathic pain patients and verify whether they respond differentially to a therapeutic intervention (Magrinelli et al., 2013). Moreover, because of the complexity of pain experience, and the coexistence of psychiatric and cognitive symptoms (Chiaravalloti and De Luca, 2008), MS patients may have difficulty in reporting their experience through a single intensity scale (Amatya et al., 2018), but only one study used a multidimensional pain scale, i.e., the Brief Pain Inventory (Ayache et al., 2016).

Some studies explored the MS symptom cluster related to pain. Depression, anxiety, mood, and affect were explored in five studies (Mori et al., 2010; Ayache et al., 2016; Kasschau et al., 2016; Palm et al., 2016; Workman et al., 2020), but found to improve to NIBSS only in one of them whose design was unblinded and open (Kasschau et al., 2016) and thus prone to placebo effect. The absence of changes in mood outcomes in the studies targeting the DLPFC (Ayache et al., 2016; Palm et al., 2016), might be due to the short stimulation period, since the effect on mood to DLPFC non-invasive stimulation is known to be dose-dependent (Palm et al., 2016).

Fatigue was an outcome measure in six studies (Ayache et al., 2016; Kasschau et al., 2016; Palm et al., 2016; Berra et al., 2019; Korzhova et al., 2019; Workman et al., 2020), with one of them performing a fatigability test with isokinetic leg strength in addition to subjective measures (Workman et al., 2020). Apart from the open feasibility study that found an unspecific improvement of all outcomes (Kasschau et al., 2016), the other studies converge in showing improvement of fatigue and fatigability to M1 excitatory NIBSS (Korzhova et al., 2019; Workman et al., 2020), but no effect to either targeting DLPFC (Ayache et al., 2016; Palm et al., 2016), or the spinal cord (Berra et al., 2019), thus suggesting that M1 may represent an interesting target for this MS symptom, which is very bothersome, may heavily impact on QoL and functioning, and has no established treatment (Miller and Soundy, 2017). However, it is worth noting that M1 reports applied 5 (Workman et al., 2020) and 10 sessions (Korzhova et al., 2019), respectively, whereas DLPFC studies (Ayache et al., 2016; Palm et al., 2016) applied only 3 sessions. Studies that targeted primary fatigue in MS documented significant effects by stimulating the DLPFC for ≥5 sessions and suggest that targeting the MS fatigue loop with 5 or more NIBSS sessions could improve the symptom (Ayache and Chalah, 2018). In MS patients with pain, fatigue is probably secondary to pain rather than representing primary fatigue, and future studies should better explore this topic.

Two studies explored the effect of NIBSS on spasticity (Berra et al., 2019; Korzhova et al., 2019) and showed improvement of this outcome to high-frequency rTMS over M1 (Korzhova et al., 2019), but not to anodal tsDCS (Berra et al., 2019), offering some ground to future studies aimed to explore excitatory NIBBS over M1 as a therapeutic strategy in MS-related spasticity.

Three studies explored attentional changes to left DLPFC anodal tDCS (Ayache et al., 2016; Kasschau et al., 2016) and tRNS (Palm et al., 2016). Only one of them (Kasschau et al., 2016) reported improvement of attentional outcomes, but the open design of the study, absence of blinding, and coexisting treatment with web-based cognitive rehabilitation might have represented potential bias factors. The left DLPFC might not represent the best target for this cognitive domain, which is frequently impaired in MS (Chiaravalloti and De Luca, 2008), as anodal tDCS over the right posterior parietal cortex was reported to be more effective on attentional measures than the left DLPFC (Roy et al., 2015).

QoL was explored in one study only, with no evidence of efficacy of NIBSS (Mori et al., 2010), probably because this outcome is likely to improve in response to change of a symptom cluster instead of a single symptom (Ehde et al., 2003; Svendsen et al., 2003, 2005; Kalia and O'Connor, 2005).

Three studies presented follow-up data and were consistent in showing that NIBSS effects outlasted the period of stimulation; in particular, pain reduction lasted up to 1 month after the end of NIBSS treatment (Mori et al., 2010; Berra et al., 2019; Korzhova et al., 2019).

Some interesting pieces of information can be derived from the instrumental outcomes reported in some of the studies we collected. Rudroff et al. (2019) documented increased [18F] fluorodeoxyglucose positron emission tomography uptake in the thalamus after anodal tDCS and suggested that NIBSS may modulate sensory discriminative and affective-motivational pain pathways. However, this finding was derived from a single case report and should be replicated in larger patient populations. Moreover, validated and clinically reliable neuroimaging markers of MS-related pain are still lacking (Seixas et al., 2014). Palm et al. (2016) reported reduced amplitude of the N2-P2 component of pain related evoked potentials. This finding might be related to a change in cortical processing of pain, but should be taken with care, because of the uncertainties on the fibers stimulated by the electrode they used (Perchet et al., 2012) and the presence of saliency and habituation effects that may represent bias factors for the interpretation of the significance of the cortical components to pain stimuli (Iannetti et al., 2008). Berra et al. (2019) reported a trend for a change in NWR in parallel to neuropathic pain improvement to tsDCS. NWR is a reliable neurophysiological tool for the assessment of the spinal and supraspinal mechanisms of pain processing but is sensitive to physiological changes and to some drugs (Sandrini et al., 2005) and not widely used in the clinical setting.

M1 and the DLPFC were the two most common NIBSS sites for the treatment of MS-related pain in the studies we reviewed. M1 stimulation is supposed to induce analgesic effects trough an antidromic top-down modulation of thalamo-cortical pathways (Nguyen et al., 2011). The DLPFC plays a pivotal role in pain processing, as well as cognitive and emotional pain-related behaviors, and its stimulation may act through a descending modulation of opioidergic pathways and in the affective and attentional aspects of pain (Seminowicz and Moayedi, 2017). However, the underlying brain networks that mediate pain relief to these brain targets are only partially understood, and they may be partially disrupted in patients with MS.

In conclusion, the results of the studies included in this systematic review indicate overall a positive effect of various NIBSS techniques on pain and some related symptoms in patients with MS. These results are promising but far from being conclusive, because of the small sample size in the included studies, the variability in NIBSS technique, targeted area, patient population, outcomes, the absence of follow-up for many of the studies, and the overall high risk of bias. It is worth noting that the assessment of the risk of bias in our study differs from that in a recent Cochrane review focused on the management of chronic pain in MS patients (Amatya et al., 2018), because of the different risk of bias tools used in the two studies. Excitatory NIBSS over M1, the left DLPFC and the spinal cord appear to be the most promising protocols to be used in future larger therapeutic studies for MS-related pain.

Open questions include the use of neurophysiological or neuroimaging surrogate outcome measures and the stratification of patients according to the clinical profiles and underlying pathogenetic mechanisms (Magrinelli et al., 2013). Future studies should explore whether NIBSS protocols associated to pharmacological treatment, neurorehabilitation, or psychotherapy (Arewasikporn et al., 2018) may be more effective than NIBSS alone on pain, related symptoms and/or QoL.

The duration of the effect to NIBSS is another key question. Unlike other clinical conditions such as depression, there is still no consensus regarding the treatment of MS related pain with maintenance sessions of NIBBS beyond the normal treatment duration. Studies on other neuropathic pain conditions suggest that the analgesic effect to rTMS of M1 is favored by longer session duration and serial treatment, i.e., greater number of sessions (Lefaucheur et al., 2020). Additional studies are thus needed to address this important question.

Regarding the last point, the use of telemedicine NIBSS techniques may be promising (Kasschau et al., 2016), but results are still contradictory, in that a randomized controlled pilot study documented that patient-delivered tDCS was not effective on mixed types of neuropathic pain in prior responders to rTMS (O'Neill et al., 2018). Telemedicine could also lead to advantages for designing future NIBBS clinical trials to test more appropriate stimulation parameters, treatment duration and follow-ups. The remote provision of NIBSS (e.g., tDCS), safely administered at home may be an interesting option to provide accessible maintenance protocol treatments, to explore the effects of NIBSS in an ecological context, and to overcome the limitations of not-portable NIBBS devices. The use of telemedicine could also be helpful for research purposes, allowing for a better control of experimental variables and thus increasing the reproducibility of studies' findings.
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Pain and depression are leading causes of disability and of profound social and economic burden. Their impact is aggravated by their chronicity and comorbidity and the insufficient efficacy of current treatments. Morphological and functional metabolism studies link chronic pain and depressive disorders to dysfunctional neuroplastic changes in fronto-limbic brain regions that control emotional responses to painful injuries and stressful events. Glutamate modulators are emerging new therapies targeting dysfunctional brain areas implicated in the generation and maintenance of chronic pain and depression. Here, we report the effects of two clinically approved glutamate modulators: acetyl-L-carnitine (ALCAR) and S, R(±)ketamine (KET). ALCAR is a natural neurotrophic compound currently marketed for the treatment of neuropathies. KET is the prototypical non-competitive antagonist at N-methyl-D-aspartate glutamate receptors and a clinically approved anesthetic. Although they differ in pharmacological profiles, ALCAR and KET both modulate aminergic and glutamatergic neurotransmissions and pain and mood. We assessed in rats the effects of ALCAR and KET on cerebral metabolic rates for glucose (rCMRglc) and assessed clinically the effects of ALCAR in chronic pain and of KET in post-operative pain. ALCAR and KET increased rCMRglc at similar degrees in prefrontal, somatosensory, and cingulate cortices, and KET increased rCMRglc at a different, much larger, degree in limbic and dopaminergic areas. While rCMRglc increases in prefrontal cortical areas have been associated with analgesic and antidepressant effects of ALCAR and KET, the marked metabolic increases KET induces in limbic and dopaminergic areas have been related to its psychotomimetic and abuse properties. In patients with chronic neuropathic pain, ALCAR (1,000 mg/day) yielded to a fast (2 weeks) improvement of mood and then of pain and quality of life. In day-surgery patients, KET improved dischargeability and satisfaction. In obese patients undergoing bariatric surgery, a single, low dose of KET (0.5 mg/kg) at induction of anesthesia determined a very fast (hours) amelioration of post-operative depression and pain and an opioid-sparing effect. These findings indicate that ALCAR and KET, two non-selective glutamate modulators, still offer viable therapeutic options in comorbid pain and depression.

Keywords: acetyl-L-carnitine, ketamine, regional cerebral metabolic rates for glucose, pain, depression


INTRODUCTION

Chronic pain and depression are leading causes of disability that are frequently encountered comorbidly in a variety of clinical conditions, sharing genetic and psychological risk factors, a relapsing-chronic course, and neurobiological features (Bair et al., 2003; Meyer et al., 2007; Kroenke et al., 2011; Global Burden of Disease Study 2013 Collaborators, 2015; D’Amato et al., 2016; Freo et al., 2019a,b). In the chronic pain patient, the presence of a major depression is associated with reduced function, poorer outcome, and expanded health-care costs; in the depressed patient, pain is a frequent presenting symptom and a predictor of treatment response (Bair et al., 2003; Meyer et al., 2007; Kroenke et al., 2011; D’Amato et al., 2016).

Because of global aging, the prevalence of pain, depression, and comorbid pain and depression is expected to increase (Molton and Terrill, 2014; Chui et al., 2015). As currently available therapies do not work for many patients, new pharmacological approaches are deemed essential. Glutamate drugs are emerging treatments for pain and depression (Henter et al., 2017; Pereira and Goudet, 2019). Newly developed, receptor-selective glutamate compounds are often hampered by the uncertain toxicity and the tolerability profile; older, non-selective agents are available for different routes of administration [i.e., oral (PO), intramuscular (IM), and intravenous (IV)] and continue to be investigated actively (Henter et al., 2017; Pereira and Goudet, 2019).

We assessed the effects of two clinical glutamate modulators, acetyl-L-carnitine (ALCAR) and ketamine (KET), on regional glucose cerebral metabolism and on patients with comorbid pain and depression. This review summarizes our pre-clinical and clinical research on ALCAR and KET.



PAIN AND DEPRESSION

According to the International Association for the Study of Pain, pain can be roughly classified on the basis of mechanism as nociceptive, neuropathic, or nociplastic pain. Nociceptive pain reflects the normal functioning of the somatosensory systems responding in a stimulus-dependent manner to an actual or potential damage of non-neuronal tissue and is treated with conventional non-steroidal anti-inflammatory and/or opioid analgesics (Freynhagen et al., 2019). In contrast to nociceptive pain, neuropathic pain is induced by a lesion or disease of the somatosensory nervous system that generates and maintains spontaneous pain and positive and negative sensory disturbances, independently from stimuli (Freynhagen et al., 2019; Scholz et al., 2019). Neuropathic pain worsens cognitive and mood functions and quality of life and is treated with antiepileptic and/or antidepressant drugs targeting the abnormal somatosensory nervous systems (Nicholson and Verma, 2004; Fornasari, 2017). Recently, the International Association for the Study of Pain defined nociplastic pain as pain occurring from an altered nociception in spite of no evidence of any tissue damage (Freynhagen et al., 2019). Multiple pain mechanisms may be active at the same time in the single patient, making diagnosis and treatment more difficult (Freynhagen et al., 2019). Finally, pain is considered chronic if it lasts longer than the 3 months’ healing time.

Neuropathic pain is often chronic, and neuropathic symptoms (i.e., “component”) are frequently reported and aggravate painful, non-primary neurological conditions in spite of no demonstrable neuronal injury (Freo et al., 2019b, 2020; Freynhagen et al., 2019; Scholz et al., 2019). Because of the loss of protective features and the damage they cause, chronic and neuropathic pain are viewed as “disease states” (Costigan et al., 2009).

Although they often coexist and complicate each other’s outcome, the exact relation between chronic pain and depression has yet to be elucidated (Bair et al., 2003; Sheng et al., 2017). Most studies report an increased sensitivity to experimental pain and, therefore, a decreased pain threshold in depressed compared to non-depressed subjects especially when emotional aspects of experimental pain are taken into account (Ushinsky et al., 2013); probably because of an altered sensation, unexplained pain is common in depression and is often the presenting and prevailing symptom (Bair et al., 2003). Stressful events may facilitate chronification of both pain and of negative/depressed mood; personal experiences such emotional strain, childhood traumatic experiences and post-traumatic stress disorder, and negative social and work experiences are associated with a higher risk of developing depression and/or chronic pain; personal attitudes such as catastrophizing and low self-efficacy are also risk factors of developing either or both states (O’Sullivan, 2004; Edwards et al., 2016). In a large genetic study, different pain phenotypes presented robust and positive genetic correlations with each other as well as with depression, suggesting common underlying genetic factors between pain and depression (Meng et al., 2020). Because it has a much higher incidence, approximately tenfold, than other mental disorders, evolutionary and pain psychologists have attempted to explain pain and depression in terms of behavioral adaptiveness. In this contest, Baliki and Apkarian (2015) support that nociception is essential to protect individuals from injury not only by inducing conscious pain and active avoidance behaviors but also by modulating automatic motor behaviors continuously and in the absence of overt pain. Similarly, a negative mood may be reconceptualized as a psychic pain that may be protective against environmental dangers in complex and hierarchical societies and promote healing; even persistent pain after an injury may have an adaptational value in that it favors survival after injuries that impair motor functions and increase vulnerability (Gałecki and Talarowska, 2017). In contrast, within the evolutionary framework, chronic pain beyond normal healing and chronic or relapsing depression are viewed as maladaptive processes which are maintained by neuropathological abnormalities.



GLUTAMATE DRUGS


Neuroplasticity

Neuroplasticity indicates the brain’s ability to change over time and, more specifically, the ability of strengthening or weakening the synaptic signals between neurons in response to a variety of physiological stimuli such as behavioral, cognitive, and motor activities, as well as after pathological events such as painful or stressful conditions and neurological diseases (Lucassen et al., 2014; Pelletier et al., 2015). In chronic pain and depression, morphological and functional neuroplastic changes were found most pronounced in fronto-limbic regions (Mutso et al., 2012; Khan et al., 2014; Ezzati et al., 2019). The human prefrontal cortex is phylogenetically a recent brain area that matures late during development and is pivotal in the acquisition of motivational properties of different types of rewarding and aversive stimuli which include self-reference, self-appraisal, and emotion and mood control (Teffer and Semendeferi, 2012).

In chronic pain and depression, chronic exposure to stress is a common factor that may produce long-lasting changes (i.e., maladaptive neuroplasticity) in highly sensitive brain areas such as the prefrontal cortex and the hippocampus and in their functional connections, which may underlie the cognitive and behavioral impairments accompanying these conditions (Teffer and Semendeferi, 2012; Lucassen et al., 2014). For example, in comparison to healthy controls, a group of patients with chronic low back pain performing a simple visual attention task presented a reduced deactivation in regions of the default mode network; similarly, patients with a major depressive or a bipolar disorder while performing a n-back working memory task failed to deactivate the medial prefrontal cortex (Baliki et al., 2008; Rodríguez-Cano et al., 2017). The default mode, attention, and salience networks are all disrupted in pain and depression (Shao et al., 2018; van Ettinger-Veenstra et al., 2019). Conversely, the deep brain stimulation of the cingulate cortex relieved patients suffering from an intense neuropathic pain as well as patients with a severe treatment-resistant depression (Boccard et al., 2016; Zhang et al., 2018).

Treating pain improves depressive symptoms and vice versa (Skolasky et al., 2012; Rahman et al., 2020). Because the incidence of depressive and pain symptoms is increasing in parallel with the aging of the world population, it is particularly important to develop strategies that target both disorders to minimize polypharmacy and optimize therapeutic outcomes (Solhaug et al., 2012; Molton and Terrill, 2014). Although therapeutic options are available for chronic pain and depression, less than 50% of all patients treated for chronic pain report a clinically meaningful (i.e., ≥50%) pain relief with current analgesic treatments, and only about 50–60% of patients with major depressive disorders achieved remission after an adequate course with conventional antidepressants. The efficacy of treatments of comorbid pain and depression has been less studied, but it is well known that these two conditions worsen each other’s severity and therapeutic response.

Glutamate is the most abundant excitatory neurotransmitter in the central nervous system of adult mammals and has a major role in neuroplasticity (Henter et al., 2017; Pereira and Goudet, 2019). Glutamate acts through eight ionotropic and metabotropic receptor subtypes (mGluR1–mGluR8) that have been classified into three groups: Group I receptors (mGluR1 and mGluR5) are coupled to Gαq proteins and phospholipase C and are involved in central sensitization and pain chronification; Group II receptors (mGluR2/mGluR3) and Group III receptors (mGluR4 and mGluR6–mGluR8) are coupled to Gαq proteins and inhibit adenylate cyclase; their activation is effective against nociceptive and neuropathic pain (Zammataro et al., 2011; Henter et al., 2017; Pereira and Goudet, 2019).

Glutamate competitive and non-competitive ligands, binding to the same or to a different receptor site of the endogenous ligand, have been on development for at least three decades. Trials on stroke and traumatic brain injuries with competitive glutamate or glycine antagonists (i.e., selfotel, aptiganel, eliprodil, licostinel, and gavestinel) have failed (Ikonomidou and Turski, 2002). Recent trials with glutamate agents to treat pain and depression yielded promising but sometimes inconsistent results; non-selective glutamate modulators such as ALCAR and KET can still be of interest to glutamate research (Gould et al., 2019; Pereira and Goudet, 2019).



ALCAR

Acetyl-L-carnitine (γ-trimethyl-β-acetylbutyrrobetaine) is an acetyl ester of carnitine, an endogenous molecule with pleiotropic biological and pharmacological activities on central and peripheral nervous systems (Chiechio et al., 2017). ALCAR has a key role in neuronal metabolism (i.e., β-oxidation, glycogen production, glucose utilization, and ammonia cycle), growth, plasticity, and regeneration; ALCAR is actively taken up by the brain and modulates the release of aminergic neurotransmitters and the biosynthesis and release of glutamate (Kuratsune et al., 2002; Tolu et al., 2002; Tanaka et al., 2003; Freo et al., 2009; Smeland et al., 2012; Chiechio et al., 2017; Wang et al., 2014; Burks et al., 2019). Exogenous ALCAR may increase neurogenesis in prefrontal–limbic areas via a selective upregulation of mGluR2 receptors, by acting as histone acetylator on transcription factors of the nuclear factor (NF)-kappa B family (Chiechio et al., 2006; Nasca et al., 2013).

In experiment animals, ALCAR is neuroprotective against hypoxia, nerve and spinal cord injury, and neurotoxins such as amphetamines and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (Chiechio et al., 2017; Burks et al., 2019). In humans, low plasma levels of ALCAR have been associated with an increased vulnerability to chronic pain and depression. Specifically, circulating ALCAR was found to be reduced in patients with severe osteoarthritis pain that did not improve after a total joint replacement (Costello et al., 2020). ALCAR was found to be reduced also in the plasma and the brain of patients with chronic fatigue or major depressive disorder and, more markedly, when depression was severe, treatment resistant or associated with history of childhood trauma or neglect (Kuratsune et al., 2002; Nasca et al., 2018; Post, 2018; Pu et al., 2020).

Given its excellent, long-term safety profile, ALCAR has been studied in several neurological and psychiatric conditions, confirming a strong antineuropathic activity in toxic and traumatic painful neuropathies (Onofrj et al., 2013; Chiechio et al., 2017). Specifically, ALCAR improved the function of peripheral nerves by reducing sensory neuronal loss and by enhancing nerve regeneration and conduction velocity (Onofrj et al., 2013; Cruccu et al., 2017). Administration of ALCAR has consistently shown good tolerability and efficacy in dysthymic disorder and on depressive symptoms associated with fibromyalgia or minimal hepatic encephalopathy (Wang et al., 2014).



Ketamine

Ketamine is an arylcycloalkylamine structurally analogue to phencyclidine (PCP, angel dust), an approved anesthetic and the prototypical, non-competitive N-methyl-D-aspartate receptor-glutamate (NMDA) antagonist.

In addition to NMDA antagonism, however, KET has a myriad of effects on neurotransmitters which include the following: increase of synaptic concentrations of acetylcholine in the spinal cortex, hippocampus, and neocortices; increase of glutamate, serotonin, and noradrenaline in the prefrontal cortex; increase of dopamine in the basal ganglia and neocortices; activation of synaptogenic α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors; and activation of synaptogenic intracellular signaling, including mammalian target of rapamycin complex (TORC1) (Freo and Ori, 2002b, 2003; Cohen et al., 2018). Behaviorally, KET has almost unique, dose-dependent effects on the central nervous system. Different from most general anesthetics, at high, anesthetic doses, KET and few other congeners produce a “dissociative anesthesia” during which patients may appear awake and maintain spontaneous eye movements and respiratory drive although they are relatively insensitive to sensory stimulation (Cohen et al., 2018). At lower subanesthetic doses, KET promotes arousal from anesthesia and has strong antidepressant and analgesic activities (Hambrecht-Wiedbusch et al., 2017; Cohen et al., 2018). After a low intravenous dose of KET (0.5 mg/kg), most patients with a major depressive disorder reported a very fast, within hours, improvement of depressive symptoms that lasted for 7–10 days (Cohen et al., 2018). The antidepressant effects of KET were replicated in patients with treatment-resistant or bipolar depression, suggesting that KET may be effective on a wider range of depressed patients (Romeo et al., 2015).

In addition, low-dose KET has been beneficial on large numbers of patients suffering from oncological and non-oncological pain (Cohen et al., 2018; Orhurhu et al., 2019). The consensus guidelines recently elaborated by the American Society of Regional Anesthesia and Pain Medicine, the American Academy of Pain Medicine, and the American Society of Anesthesiologists support the use of KET for chronic pain, but with different degrees of evidence for different conditions and dose ranges (Cohen et al., 2018). Adverse events of KET were similar to those of placebo, with higher dosages and more frequent infusions being associated with greater risks (Cohen et al., 2018). However, not all authors agree and dismiss KET adverse events as anecdotal. In clinical practice, using KET for chronic pain or depression is still limited by intravenous administration and its potential neurotoxic and toxic effects (Jevtovic-Todorovic et al., 2001; Liao et al., 2010; Orhurhu et al., 2020). However, intranasal and oral administration as well as the discovery of antidepressant activity and lower psychotomimetic effect of isomers and metabolites of KET may foster a wider and longer-term clinical use of KET in the future (Zanos et al., 2016). Because S(+)KET has higher affinity for NMDA receptors than R(−)KET, S(+)KET has been developed and later approved by the Food and Drug Administration as a clinical antidepressant (Hashimoto, 2019). However, in animal models of depression, R(−)KET has shown longer-lasting antidepressant effects and lesser adverse effects than S(+)KET and is currently being investigated as a promising antidepressant (Hashimoto, 2019).



CEREBRAL METABOLISM STUDIES

The regional cerebral metabolic rates for glucose (rCMRglc) were measured using the quantitative autoradiographic [14C]2-deoxy-D-glucose technique in groups of five to seven male, Fischer-344, conscious rats at 30 min after IV administration of saline or ALCAR 250–750 mg/kg and at 20 min after IV saline or KET 20 mg/kg (Ori et al., 2002; Freo and Ori, 2004). The [14C]2-deoxy-D-glucose procedure has been detailed previously (Freo and Ori, 2002a, 2004, 2009).

Acetyl-L-carnitine dose-dependently increased rCMRglc in the prefrontal, cingulate, and somatosensory cortices, in the cortical amygdala and in the accumbens, diagonal band, dorsal raphe, and locus coeruleus nuclei (ANOVA and unpaired t-test, P < 0.05) (Figure 1; Ori et al., 2002). Acetate and carnitine alone had no effect on cerebral metabolism, indicating that rCMRglc increases by ALCAR are independent from its effects on mitochondrial metabolism (Ori et al., 2002). KET [S,R(±)-ketamine] increased rCMRglc similarly to ALCAR in cortical areas, to a lesser extent in serotoninergic raphe nuclei and to a much greater extent in hippocampal regions and dopaminergic nuclei (average percentage increase 32.2 ± 11.4 vs. 20.0 ± 23.0; P < 0.01) (Freo and Ori, 2004). Using functional magnetic resonance imaging in paralyzed, mechanically ventilated rats, Masaki and coworkers reported that S,R(±)KET 10 mg/kg and S(+)KET 10 mg/kg increased the regional cerebral blood flow signal in the basal ganglia and cortical regions in a similar fashion to that in MK801 (Masaki et al., 2019); in contrast, the same dose of R(−)KET produced no noticeable behavioral change and a widespread decrease of regional cerebral blood flow (Freo and Ori, 2004; Masaki et al., 2019). In GluN2D-knockout mice, KET failed to increase the [14C]-2-deoxy-D-glucose uptake as well as the cortical gamma-band power, suggesting that prefrontal cortical activations are mediated by mGluR2 receptors (Sapkota et al., 2016). Furthermore, in humans, KET increased the [18F]-fluorodeoxy-D-glucose uptake in the prefrontal cortex in a correlative fashion to post-treatment antidepressant effects (Li et al., 2016). Finally, the antidepressant effects of KET continuing beyond its pharmacokinetic half-life was associated with persistent activation of the frontal supplementary motor and cingulate cortices (Chen et al., 2018).
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FIGURE 1. Effect of ALCAR and KET on rCMRglc. Bars are mean rCMRglc differences (percent) from saline controls in groups of 5–7 Fischer-344, male rats at 30 min after IV administration of ALCAR 500 mg (hatched) and 20 min after IV KET 20 mg (solid). ALCAR difference from saline control: ∗P < 0.05; ALCAR difference from KET: #P < 0.05.


While the rCMRglc effects of KET were similar to those of other non-competitive NMDA antagonists, they differ markedly from the small rCMRglc changes induced by competitive NMDA receptor antagonists (i.e., AP7, CGP39551, CPP, and CGS19755), which have demonstrated relatively modest antidepressant effects and to actually counteract KET-induced dopamine activations (French, 1992; Sharkey et al., 1996; Iadarola et al., 2015). Pre-clinical and (Freo and Ori, 2002a,b) human studies have reported abnormalities of glutamatergic systems in depression (Jiménez-Sánchez et al., 2016); conversely, enhancement of glutamate neurotransmission in the prefrontal cortex is considered necessary and sufficient for the antidepressant properties of glutamate drugs (Fukumoto et al., 2016; Highland et al., 2019). However, ALCAR and KET differ in their mechanisms of action and can lead to prefrontal activation in two different manners: ALCAR may do so directly via upregulation of mGluR2 receptors, KET may act indirectly via an NMDA antagonism on GABA inhibitory neurons, and the subsequent disinhibition of pyramidal cortical neurons (Moghaddam et al., 1997). Enhanced AMPA/glutamate transmission by KET stimulates, in turn, release of adrenaline and serotonin, which may contribute to KET antidepressant effects (Fukumoto et al., 2016; Jiménez-Sánchez et al., 2016).

Compared to ALCAR, KET determined greater rCMRglc increases in dopaminergic nuclei (i.e., accumbens and substantia nigra, pars reticulata and compacta, nuclei: 233, 138, and 346%, respectively, P < 0.01) and in hippocampal areas (i.e., dorsal CA3 and dentate gyrus: 233 and 200%, respectively, P < 0.01), which are among the largest metabolic activations ever reported (Sharkey et al., 1996). However, they are consistent with the marked increases KET elicits also on electrical activity in the ventral tegmental area, extracellular concentrations of dopamine in the nucleus accumbens and prefrontal cortex, and hyperlocomotion by the dopamine D2/3 receptor agonist quinpirole (Witkin et al., 2016). KET dopaminergic activations were prevented by dopaminergic neuroleptics and an AMPA receptor antagonist, indicating AMPA-dependent effects (Duncan et al., 2003; Witkin et al., 2016). While the role of dopaminergic and glutamatergic activations in KET antidepressant actions remains questionable, the large rCMRglc increase KET induces in mesolimbic areas likely reflects dopamine “surges” that mediate natural and drug rewards and, possibly, the abuse liability of KET (Kokkinou et al., 2018; Volkow et al., 2019). In contrast, ALCAR increases much less dopamine release and rCMRglc; although it is faster than conventional selective serotonin and/or norepinephrine reuptake inhibitor and tricyclic antidepressants, ALCAR is a less potent and slower antidepressant than KET and is devoid of abuse risk (Tolu et al., 2002; Romeo et al., 2015; Chiechio et al., 2017).

In experiment animals, KET has potential neuroprotective properties in stroke, neurotrauma, subarachnoid hemorrhage, and status epilepticus; however, KET has been reported to cause also some worrisome neurotoxic damage, which, interestingly, can be counteracted by ALCAR (Jevtovic-Todorovic et al., 2001; Liao et al., 2010; Robinson et al., 2016; Bell, 2017; Orhurhu et al., 2020).

Acetyl-L-carnitine increased rCMRglc to a similar extent in most brain areas in young and aged rats and to a larger extent in the limbic regions of aged rats (Freo et al., 2009). Following its chronic administration, ALCAR determined larger rCMRglc increases in hippocampal areas, which are crucial to attention and memory functions (Freo et al., 2009). Because ALCAR is endowed with cholinomimetic properties, its positive effects on attention and memory were ascribed to ALCAR cholinergic agonism (Battistin et al., 1989; Jeong et al., 2017). However, as the limbic regions are electrically and metabolically hyporesponsive to acute cholinergic muscarinic stimulation and to chronic cholinergic treatment, a non-cholinergic mechanism for memory-enhancing effects of ALCAR is likely (Freo et al., 2009). During aging, the glutamate neurotransmission undergoes complex changes within the hippocampus, which include increases of glutamate-induced phosphoinositol hydrolysis, of densities of glutamate receptors (i.e., mGluR2, mGluR3, and mGluR5) and of their mRNAs, all of which have been interpreted as compensatory for age-related alteration of glutamate neurotransmission (Griego and Galván, 2020). The aging cognitive decline has been associated with weakened synaptic strength in prefrontal and hippocampal regions. Interestingly, riluzole, a glutamate release inhibitor and glutamate antagonist, was shown to increase glutamatergic activity in the hippocampus, preventing thus cognitive decline during aging (Pereira et al., 2014). Hence, ALCAR may also have a positive effect on cognitive functions by activating the hippocampal glutamatergic mechanisms.



CLINICAL STUDIES


Effects of ALCAR on Chronic Pain

Chronic pain and depression often coexist, requiring frequent or continuous treatments (Freo et al., 2019a). Multi-pathologies and multi-therapies make it challenging especially in the elderly and frail population. In comorbid chronic pain and depression, ALCAR may be useful because of its analgesic and antidepressant properties and high long-term tolerability (Chiechio et al., 2017).

We investigated the effects of ALCAR in painful neuropathies and radiculopathies that were unresponsive or poorly responsive (i.e., ≤30% pain relief) to previous therapies in 28 patients (17 females and 11 males; age 66.4 ± 10.1 years; pain duration 16 ± 21 months) (Freo et al., 2019a). The primary outcome was pain intensity after a 4-month treatment with ALCAR 500 mg BID that was given initially IM for an average of 57 ± 9 days and then PO. Patients were assessed for the 24-h average pain with a 0–10 numerical rating scale (NRS) (pain rating, 0 = no pain, 1–3 = mild, 4–6 = moderate, and 7–10 = severe pain), for neuropathic pain symptoms with the painDETECT questionnaire [<12 = negative (nociceptive pain), 13–18 = uncertain (mixed pain), ≥19 = positive (neuropathic pain)], for depressive symptoms with the Hospital Anxiety and Depression Scale (HADS) (<7 = no depression, 8–10 = mild, 11–15 = moderate, and 16–21 = severe depression), and for quality of life with the 12-item Short Form Health Survey (SF-12), physical and mental components (Freo et al., 2019a,b).

At baseline, all patients reported a moderate-to-severe, 24-h average pain (NRS ≥ 4/10), 60% of patients reported symptoms of a mild-to-moderate depression (HADS ≥ 8), and 57% had a positive painDETECT score (≥12) for neuropathic pain (Freo et al., 2019a). The 4-month treatment with ALCAR was associated with a reduction of pain and depression (Figure 2). Pain intensity significantly improved from baseline to month 1 of treatment (pain NRS from 7.4 ± 1.5 to 5.6 ± 1.7; means ± standard deviation, Kruskal–Wallis and Wilcoxon’s test, P < 0.01) and depressive symptoms improved already at week 2 of treatment (HADS scores from 8.8 ± 4.4 to 6.1 ± 3.4, P < 0.01) (Figure 2; Freo et al., 2019a). Compared to baseline, at month 4 outcome, a moderate (30–49%) pain improvement was observed in 11 patients and a substantial (≥50%) improvement in 8 patients. The painDETECT score for neuropathic pain decreased from baseline to month 4 outcome from 12.6 ± 6.0 to 5.0 ± 0.9 (P < 0.01); the SF-12 mental component increased from 44.1 ± 4.5 to 53.5 ± 5.1 (P < 0.01) and the SF-12 physical component from 35.3 ± 3.5 to 39.4 ± 5.2 (not significant). Five patients discontinued treatment because of lack of efficacy or unwillingness to continue treatment; no adverse effect was recorded (Freo et al., 2019a).
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FIGURE 2. Effects of ALCAR on chronic pain and depression. Points are means ± standard deviation of 24-h average pain NRS scores (above) and depression HADS scores (below) from pre-treatment baseline to month 4 treatment in 28 patients receiving ALCAR 500 mg BID IM/PO for chronic neuropathy or radiculopathy pain. Significantly different from baseline: *P < 0.05; **P < 0.01.


Reportedly, ALCAR improved pain and nerve function in experimental and clinical neuropathies of different etiologies with therapeutic effects being ascribed mainly to ALCAR neuroprotective and neuroregenerative properties (Li et al., 2015). However, although in peripheral neuropathies, depression is common and noradrenaline–serotonin reuptake inhibitor and tricyclic antidepressants are first-line treatments, depressive symptoms are not always measured. Pain and depression have a biunivocal relation with worsening or improvement in one variable predicting subsequent changes in severity of the other (Kroenke et al., 2011; D’Amato et al., 2016). As such, rapid-acting antidepressant and analgesic drugs have been a major breakthrough (Chiechio et al., 2017). In our patients, ALCAR improved depressive symptoms earlier than pain symptoms, suggesting that the antidepressant activity of ALCAR may anticipate and contribute to its analgesic properties.

Chronic neuropathic pain and depression are age-dependent, highly comorbid disorders that complicate courses and outcomes (Dworkin et al., 2003; Brouwer et al., 2015; Hanewinckel et al., 2016; Freo et al., 2019b). Therapeutic responses are often poor and limited by concurrent therapies. The elderly population is at increased risk for adverse events from antidepressants and anticonvulsants that may worsen stability, balance, and cognition (Dworkin et al., 2003; Brouwer et al., 2015; Hanewinckel et al., 2016). Because of its high tolerability and the positive effect it has on pain, depression, and cognition, ALCAR should be in the therapeutic armamentarium for treating comorbid pain and depression, especially in the elderly population.



Effects of KET on Post-operative Pain

Almost unique among general anesthetics, the NMDA antagonist KET has anesthetic properties with low cardiovascular and respiratory depression (Cohen et al., 2018). KET is also clinically attractive because it has strong analgesic and antidepressant activities and may prevent central sensitization and hyperalgesia (Freo and Ori, 2003; Ori et al., 2003; García-Henares et al., 2018). Hence, KET is of interest for patients prone to anesthesia-induced respiratory impairment or suffering from chronic pain and/or depression or, more, for patients presenting with all these clinical features such as the morbidly obese (Freo and Ori, 2003; Ori et al., 2003; Carron et al., 2012; García-Henares et al., 2018).

In fact, overweight and obesity are frequently associated with an obstructive apnea syndrome and/or to a depressive disorder that places patients at risk, respectively, of post-operative critical events and of post-operative complications and prolonged stay (Luppino et al., 2010; Ghoneim and O’Hara, 2016; Subramani et al., 2017; Nijland et al., 2020). Obesity is associated with higher rates of chronic pain and higher scores of post-operative pain, which are both challenging to treat in this patient population (Belcaid and Eipe, 2019; Mills et al., 2019). As opioids may induce ventilatory impairment, multimodal opioid- and muscle relaxant-sparing techniques are being investigated to improve the safety of analgesia in obese patients; in this regard, KET may present specific advantages (Ori et al., 2003; Dalsasso et al., 2005; Freo et al., 2011; Carron et al., 2012; García-Henares et al., 2018; Aronsohn et al., 2019).

The effects of KET as the main anesthetic agent were determined in 500 patients (172 males and 328 females, ASA I–II, age 53.9 ± 12.2 years, weight 76.1 ± 22.5 kg) undergoing an opioid-free anesthesia for day surgery including breast surgery, laparoscopy, superficial excision of minor lesions, thoracoscopy, appendectomy, and proctology (Dalsasso et al., 2005). At induction, patients received IV midazolam 0.03–0.05 mg/kg, clonidine 150 μg, and KET 0.4 mg/kg; the latter was repeated as needed during surgery (mean total dose 0.6 ± 0.2 mg/kg). Anesthesia was maintained with nitrous oxide and sevoflurane. Seventy-four percent of patients were eligible to discharge from the operating theater by 30 min, and all patients were dischargeable by 1 h. Patients did not complain of hallucinations, while presenting a high rate of satisfaction at the Iowa Satisfaction with Anesthesia Scale (Dalsasso et al., 2005).

The post-operative effects of KET were assessed in 41 obese patients (26 females and 15 males; age 42.7 ± 10.7 years; body mass index 44.5 ± 7.2) undergoing laparoscopic gastric banding or sleeve gastrectomy with the primary outcomes being post-operative pain and depression (Freo, 2020). All patients were pre-medicated with midazolam and induced with IV propofol 1.5 mg/kg and fentanyl 1–2 μg/kg and maintained with sevoflurane 1–2%; patients were randomized to receive at induction either saline or KET [S, R(±)ketamine 0.5 mg/kg by ideal body weight]. Baseline demographic features (i.e., age, education, body mass index, comorbidities, and medical therapies), times of anesthesia and surgery, and average propofol dosages were similar between groups; average fentanyl dosage was higher in the saline control than in the KET group (i.e., 341 ± 109 and 192 ± 67 mg, P < 0.01) (Freo, 2020).

At pre-operative baseline, in the control and the KET groups, seven and eight patients reported moderate-to-severe pain (NRS ≥ 4/10), and 9 and 10 patients presented mild-to-moderate depressive symptoms in the Hamilton Depression Rating Scaling (HAMD), respectively (Freo, 2020). Pain scores were significantly lower at post-operative hours 6 and 12 in KET-treated patients than in controls and then subsided in both groups (Figure 3). Pain improvement was less in non-depressed than depressed patients (mean intergroup difference at post-operative day 1, −33 and −51%, P < 0.05) (Freo, 2020). HAMD scores were significantly lower in the KET-pre-treated patients at the post-operative days 1 and 3 (HAMD scores in saline and KET groups at baseline: 6.7 ± 5.7 and 7.1 ± 5.7; at post-operative day 1: 6.7 ± 5.7 and 3.4 ± 2.6; at post-operative day 3: 7.0 ± 5.6 and 3.7 ± 2.9; Friedman’s and Mann–Whitney U tests, P < 0.01) (Figure 4; Freo, 2020).
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FIGURE 3. Effects of KET on post-operative pain in obese bariatric patients. Points are means ± standard deviations of NRS scores of pain in the first 36 h after bariatric surgery in 41 obese patients who had received either saline (broken line) or KET 0.5 mg/kg (continuous line) at induction of anesthesia. Significantly different from saline controls: **P < 0.01.
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FIGURE 4. Effects of KET on depression in obese bariatric patients. Columns are means ± standard deviations of HAMD scores from baseline to post-operative day 7 in 41 bariatric patients who had received either saline (hatched columns) or KET 0.5 mg/kg (solid columns) at induction of anesthesia. Significantly different from saline controls: ∗P < 0.05; ∗∗P < 0.01.


A recent Cochrane meta-analysis review concluded that perioperative intravenous KET reduces post-operative pain and nausea and analgesic consumption (Brinck et al., 2017); however, not all studies are consistent with these findings. In a recent randomized controlled study (RCT) on 100 obese patients, of whom 22 with history of depression and 13 with history of chronic pain, undergoing laparoscopic gastric bypass or gastrectomy, post-operative infusion of KET (0.4 mg/kg, ideal body weight) was not superior to placebo on post-operative pain and mood assessed with a pain Visual Analogue Scale, the Beck Depression Inventory and the Montgomery–Asberg Depression Rating Scale; KET, however, improved the affective and the total score of the short-form McGill Pain Questionnaire starting on post-operative day 2 (Wang et al., 2019). In the PODCAST multicenter RCT on 672 older adults (i.e., >60 years) undergoing cardiac and non-cardiac surgery, pre-incisional KET (0.5 or 1 mg/kg) did not decrease post-operative pain, delirium, or depressed mood (Avidan et al., 2017).

Most negative studies focused on post-operative pain. Analgesic effects of KET are considered use dependent: the worst the pain, the more efficient KET will be as analgesic (Robu and Lavand’homme, 2019). The same may hold true for its antidepressant effect. KET has a plasma half-life of 2.3 ± 0.5 h with a duration of action of IV bolus of 5–10 min (Cohen et al., 2018). KET has a rapid and potent antidepressant effect that peaks at 24–48 h after administration and could have a larger impact on patients with mood disorders (Cohen et al., 2018). Consistently, Kudoh et al. (2002) reported that KET significantly improved mood and pain on post-operative day 1 in depressed patients undergoing orthopedic surgery. In a second double-blind RCT, KET 0.5 mg/kg IV bolus followed by a 30 min infusion of 0.25 mg/kg/h increased mood and serum brain-derived neurotrophic factor, which is a marker of major depressive disorders and treatment response (Jiang et al., 2016). It is therefore possible that the analgesic effect of KET is contributed at least in part by its antidepressant activities. In our sample, 15 patients (37%) had at least a mild-to-moderate depression, and nine patients were on chronic antidepressant therapy; large-cohort studies indicated that the prevalence of subclinical depression ranges from 1 to 17% (Heo et al., 2006), which suggests that obese patients with mood disorders may especially benefit from KET treatment.

Ketamine is endowed with a peculiar profile with multiple pharmacological activities that may result from different underlying mechanisms. Other NMDA antagonists (i.e., MK801 and memantine) do not have the same anesthetic, analgesic, and antidepressant effects of KET, leaving open the question of its mechanisms of action (Kelland et al., 1993; Gould et al., 2019; Robu and Lavand’homme, 2019). Besides the glutamate system, KET interacts with several other neurotransmitter systems (Jelen et al., 2020). For example, the administration of the insulin growth factor small-interfering RNA blocks KET antidepressant effects in the mouse learned helplessness model of depression (Grieco et al., 2016). In rodents, activation of AMPA receptors by the KET metabolite (2R,6R)-hydroxynorketamine has initially been thought essential to replicate KET antidepressant effects while administration of 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione (NBQX), an AMPA receptor antagonist, blocks KET effects (Zanos et al., 2016). However, in subsequent investigations in rodent models of depression, (2R,6R)-hydroxynorketamine did not exhibit antidepressant-like effects and increased aggressive behavior (Yang et al., 2019). The brain-derived neurotrophic factor (BDNF) and its receptor, tyrosine kinase receptor B (TrkB), are essential and common mechanisms for the antidepressant effects of both the parent molecules of ketamines [i.e., S, R(±)ketamine, S(+)ketamine, and R(−)ketamine] and their active metabolites [i.e., (2R,6R)-hydroxynorketamine and of S(+)norketamine] (Yang et al., 2019). In patients with treatment-resistant depression, naltrexone 50 mg blocked the antidepressant but not the dissociative effects of KET, suggesting that the opioid system may also be required for KET antidepressant activities (Williams et al., 2018). Other works, however, have shown that naltrexone pre-treatment did not affect the antidepressant activities of KET in depressed individuals (Marton et al., 2019; Yoon et al., 2019; Zhang and Hashimoto, 2019).



ALCAR AND KET AS GLUTAMATE DRUGS FOR PAIN AND DEPRESSION

The excitatory actions of glutamate in the central nervous system have been recognized in the early 1950s (Curtis and Watkins, 1960). Since the discovery of neurotoxic effects of massive glutamate release, glutamate antagonists have been trialed in massive neuronal damage (i.e., stroke and brain and spinal cord trauma), with disappointing results (Ikonomidou and Turski, 2002). Later, it was shown that glutamate is actually essential to physiological neuroplasticity underlying learning and memory, as well recovery from brain stroke or trauma (Ikonomidou and Turski, 2002).

The report of the fast antidepressant effects of KET, a non-selective glutamate agent, fostered interest in the role of glutamate in specific neurological functions (Henter et al., 2017; Pereira and Goudet, 2019). Reportedly, glutamate is involved in maladaptive neuroplastic processes contributing to generation and maintenance of pain and mood disorders (Riggs and Gould, 2021). Frontal areas are critical for top-down cognitive modulation of pain and pain-related emotions (Thompson and Neugebauer, 2019). A lower level of frontal activity has been linked to higher pain and low mood, and conversely, an increased frontal activity has been linked to analgesic and antidepressant effects (Thompson and Neugebauer, 2019). Furthermore, glutamate concentrations are reduced in frontal areas in experimental and clinical pain (Thompson and Neugebauer, 2019), and a frontal glutamatergic dysfunction has been implicated in depression as well (Moriguchi et al., 2019). Therefore, modulation of glutamate neurotransmission is a current research target for pain and depression (Pereira and Goudet, 2019; Riggs and Gould, 2021).

The number of glutamate-receptor-selective agents has been fast growing, but the clinical safety still remains an issue for most new agents (Henter et al., 2017; Pereira and Goudet, 2019). Also, more generally, development of non-glutamate drugs for pain and depression has been plagued by failures in advanced human trials. As a consequence, older glutamate drugs are being reassessed.

Acetyl-L-carnitine and KET are non-selective, clinical glutamate modulators which have been shown to improve pain and depressed mood in different experimental and clinical settings; they share the common properties of increasing brain glutamate concentration and neurotransmission and of activating rCMRglc in frontal areas and subcortical aminergic nuclei (Toth et al., 1993; Moghaddam et al., 1997; Fukumoto et al., 2016; Jiménez-Sánchez et al., 2016). These findings are consistent with frontal and brainstem activations occurring during opioid, placebo (Petrovic et al., 2002), and other types of analgesia and in individuals resilient to depression (Ong et al., 2019; Fischer et al., 2021). Prefrontal and frontal cortices are pivotal components of the “pain matrix” and of the fronto-limbic, frontostriatal, and default-mode networks that regulate pain perception, emotionally driven behaviors, and attention allocation (Li et al., 2018; Ong et al., 2019). A prefrontal dysfunction/hypofunction has been associated with abnormal pain processing and with loss of pleasure, motivational energy, cognitive abilities, and speed. In contrast, increased frontal activation and/or normalization of abnormal connectivity have been associated with improvement of pain and of sad mood (Li et al., 2018; Ong et al., 2019). ALCAR and KET also activated brainstem nuclei (locus coeruleus, diagonal band, and raphe nuclei) which send aminergic projections to cortical areas and spinal dorsal horns that are involved in pain and mood control (Freo et al., 2010; Khan and Stroman, 2015).

Altogether, the findings indicate that non-selective, clinical glutamate modulators such as ALCAR and KET can still provide therapeutic benefits and generate hypotheses on glutamate drug actions in neuropsychiatric conditions.
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Background: Neurofeedback (NFB) attempts to alter the brain’s electrophysiological activity and has shown potential as a pain management technique. Existing studies, however, often lack appropriate control groups or fail to assess whether electrophysiological activity has been successfully regulated. The current study is a randomized controlled trial comparing changes in brain activity and pain during NFB with those of a sham-control group.

Methods: An experimental pain paradigm in healthy participants was used to provide optimal control of pain sensation. Twenty four healthy participants were blind randomized to receive either 10 × NFB (with real EEG feedback) or 10 × sham (with false EEG feedback) sessions during noxious cold stimulation. Prior to actual NFB training, training protocols were individually determined for each participant based on a comparison of an initial 32-channel qEEG assessment administered at both baseline and during an experimental pain task. Each individual protocol was based on the electrode site and frequency band that showed the greatest change in amplitude during pain, with alpha or theta up-regulation at various electrode sites (especially Pz) the most common protocols chosen. During the NFB sessions themselves, pain was assessed at multiple times during each session on a 0–10 rating scale, and ANOVA was used to examine changes in pain ratings and EEG amplitude both across and during sessions for both NFB and sham groups.

Results: For pain, ANOVA trend analysis found a significant general linear decrease in pain across the 10 sessions (p = 0.015). However, no significant main or interaction effects of group were observed suggesting decreases in pain occurred independently of NFB. For EEG, there was a significant During Session X Group interaction (p = 0.004), which indicated that EEG amplitude at the training site was significantly closer to the target amplitude for the NFB compared to the sham group during painful stimulation, but this was only the case at the beginning of the cold task.

Conclusion: While these results must be interpreted within the context of an experimental pain model, they underline the importance of including an appropriate comparison group to avoid attributing naturally occurring changes to therapeutic effects.

Keywords: EEG-biofeedback, neurofeedback, experimental pain in humans, neuromodulation, sham-controlled design, acute pain, pain, sham-controlled


INTRODUCTION

Chronic pain is one of the leading causes of disability (Van Hecke et al., 2013) and negatively impacts wellbeing, sleep, and physical health (Hadi et al., 2019; Murray et al., 2020), as well as costing billions in health care and lost work productivity (American Geriatrics Society Panel on the Pharmacological Management of Persistent Pain in Older Persons, 2009; Langley et al., 2010; Abdulla et al., 2013; Gaskin et al., 2017; Saxen and Rosenquist, 2020). Pain can also persist well after any physical injury has healed suggesting the central nervous system may play a significant role in the experience and maintenance of pain. Although the cortical signature of pain is complex, reliable evidence suggests involvement of a neuromatrix of cortical pathways (Melzack, 1999, 2001, 2005; Fitzgerald, 2020) including the anterior cingulate, prefrontal cortex, insular cortex, and primary and secondary cortices (Casey, 1980; Brooks and Tracey, 2005). These pathways may be mediated by several physiological (Apkarian et al., 2005) and psychological components (Wall et al., 1994; Thompson et al., 2012; Herbert et al., 2014; Riva et al., 2014; Dave et al., 2015). In theory, if the activity of the brain structures involved in pain processing can be regulated, this could in turn influence our experience of pain (Ros et al., 2010, 2013). This has led to an increased interest in novel interventions for pain management, such as neurofeedback (NFB).

NFB involves the real-time feedback of a person’s cortical activity by translating an EEG signal measured at the scalp to a changing audio or visual display (e.g., moving bars) in line with changes in the EEG. The basic aim of NFB is to provide a reward [e.g., auditory (music, chime), visual (point, token)] for a change in EEG activity that it is believed to be associated with a positive emotional or behavioral change, in line with basic principles of instrumental conditioning (Schabus et al., 2017). However, a recent review by Enriquez-Geppert et al. (2013) studied the role of NFB in the improvement of executive function (EF). Executive function is an important function that mediates learning, which highlights the link between both behavioral and cognitive elements involved in NFB training, and that there may be multiple factors that drive treatment efficacy (Enriquez-Geppert et al., 2013; Ros et al., 2020). There is a debate to the extent of which NFB can alter brain activity, and the exact mechanisms to how it operates (Gruzelier, 2014a,b; Ros et al., 2020), and reinforces the importance to conduct controlled studies in order to evaluate efficacy (Thibault et al., 2017).

Several studies have generated some promising findings supporting the potential of NFB for pain management (Roy et al., 2020). Some of the earliest studies were case studies (Sime, 2004; Kayiran et al., 2007). Sime (2004) studied a single female patient suffering from trigeminal neuralgia. It was concluded that the patient had experienced a large reduction in pain to the extent she canceled her planned neurosurgery, and even reduced her use of prescribed analgesic. Kayiran et al. (2007) conducted a case study of three patients who were diagnosed with Fibromyalgia (FMS) and also found pain decreased with NFB.

Later research examined larger cohorts of patients (Jensen et al., 2008, 2013a, 2014; Stokes and Lappin, 2010) and found promising findings. Jensen et al. (2007) conducted a study with 18 patients with complex regional pain syndrome and found a statistically significant decrease in pain reported pre to post training, with over half of participants reporting a clinically meaningful decrease of >30% (Moore et al., 2013). Stokes and Lappin (2010) and Jensen et al. (2013a, 2014) found similar results, however, Jensen et al. (2013a) found their decrease in pain was not clinically meaningful. In addition to single-arm designs, some studies have included control comparison groups (Kayiran et al., 2010; Caro and Winter, 2011; Hassan et al., 2015). Kayiran et al. (2010) implemented an active control group and Caro and Winter (2011) implemented an historic control group, and both found that their NFB groups demonstrated greater success than the control group for pain reduction. Hassan et al. (2015) attempted a placebo style control group, however, they did not have a dedicated control group and instead applied a sham style procedure to the 10th and 20th session for the same participants. The challenges of a cross over control design means that the participants will have possibly already learnt NFB and it isn’t an isolated controlled condition and the training they received previously may still influence how they respond during the non-trained session. However, Hassan et al. (2015) found promising findings with decreases in pain noted for the NFB sessions, and no reported decrease in pain for the sham conditions. All studies found results that offered support for the efficacy of NFB with EEG, however, it was recommended further controlled studies were required.

Importantly, the majority of these supporting studies lack an optimal placebo control groups and only a few studies have assessed whether cortical regulation (the key putative mechanism) has actually occurred Roy et al. (2020). Rogala et al. (2016) identified little evidence for desired changes in EEG frequency power. Some studies have found pain changed regardless of whether changes in EEG activity occurred (Jensen et al., 2013b). A sham-control group is the most appropriate research design to study a NFB intervention as it provides a method of controlling for several components that are fundamentally unrelated to EEG regulation but may nevertheless affect pain or EEG (Schabus et al., 2017; Roy et al., 2020), including attention and expectancy effects (Loo and Barkley, 2005, Thompson et al., 2011). If distraction, for example, is a key putative mechanism that underlies any analgesic effects of NFB treatment, it might be possible that such effects could be more simply and easily achieved using a simple distraction task (Thompson et al., 2011).

Most studies of NFB and pain have used protocols that focus on regulation of EEG activity at a target site expected to reflect cortical activity at key areas of the “pain matrix.” Imaging studies have established that the anterior cingulate, insular, primary/secondary cortices and the thalamus are active during naturally occurring and experimentally induced pain, with additional involvement of the prefrontal cortex in chronic pain reflecting it’s greater cognitive-emotional component (Apkarian et al., 2005). The variation of areas involved in pain processing is mimicked by considerable variation in the protocols used in previous studies. These have ranged from up-regulation of SMR at C4 (Kayiran et al., 2010) and theta at AFz (Jensen et al., 2018) to down-regulation of theta at Cz (Caro and Winter, 2011) or C2-C4 (Vučković et al., 2019), with details not reported in several other studies (Roy et al., 2020). A recent systematic review published in this Frontiers Research Topic (Roy et al., 2020) provides an extensive review of these protocols and concludes that no two protocols used across the examined studies were identical.

Most commonly, studies of NFB and pain have used a single fixed protocol applied to all participants. While such a generalized approach would be expected to be most beneficial for conditions with a predictable and homogenous pattern of EEG activity, a more effective approach where heterogeneity is present may be the use of individualized protocols based on the pattern of EEG dysregulation for that individual. Such data-driven protocols are typically based on an individual initial quantitative electroencephalogram (qEEG) assessment, which is compared to EEG from a normative database to identify the electrode positions and bandwidths to be targeted with the overarching aim of “normalizing” brain activity (Roy et al., 2020). This approach has recently been successfully adopted in NFB therapy for Chronic Tinnitus (Güntensperger et al., 2019) and ADHD (Dobrakowski and Łebecka, 2020). Despite the existence of an established cortical pain matrix, variation in EEG activity at different frequency bands and scalp sites is still likely as a result of heterogenous pain aetiology and individual factors such as head shape, and a few studies have utilized individualized protocols. Jensen et al. (2007), for example, used initial SMR up-regulation at T3/T4 in individuals with Complex Regional Pain Syndrome, but then employed progressively different protocols if the patient failed to report improvement until an optimal individual protocol was found. Prinsloo et al. (2018) used patient-specific protocols and found NFB to reduce pain in cancer survivors (although the authors did not report details of the electrode sites or frequencies that were trained).

In the current study, we will examine the effect of NFB within an experimentally induced cold pain paradigm applied to healthy participants. This approach has the advantage of facilitating the identification of an individualized protocol by comparing each participant’s EEG during a pain-free state with their EEG during noxious stimulation to identify the most relevant target site and frequency band. The use of experimentally induced pain also offers a level of control that can help overcome some of the difficulties encountered in clinical settings, such as day-to-day variation in chronic pain and use of pain medications that can complicate interpretation (Staahl et al., 2009). The two primary aims of the current study are to assess the ability of NFB to: (1) modulate cortical activity during pain; and (2) produce reductions in pain that exceed those of a sham-control group.



MATERIALS AND METHODS


Participants

The sample consisted of 24 healthy volunteers with a mean age of 27.9 years (SD = 12.3, range = 18–56) with 9 males and 15 females. There was a mixture of 11 students (from the hosting University) and 13 non-student volunteers. Students were compensated with course credit for their participation, non-students were volunteers who received no payment or compensation for their time. Participants were required to confirm they did not violate any of the exclusion criteria, which were any long-term pain condition, Raynaud’s disease or any other condition that might affect the perception of or cause an adverse reaction to pain. Participants were also requested to abstain from the following prior to experimentation to prevent potential disruption of pain processing or EEG activity: analgesics (48 h); alcohol (12 h); caffeine (2 h); and nicotine (1 h). Participants were asked if they had ever taken part in a cold pain experiment or an experiment with EEG. All participants (n = 24) stated that they had not.

Participants were assigned to either the sham control group (n = 12) or the NFB group (n = 12) using block randomization to ensure equal group sizes. Participants were aware that they may be allocated to either the NFB or the placebo group but were blinded to group assignment until the end of the study. The researcher was not blinded as this was part of doctoral research and therefore it was the same researcher designing the study and implementing the research and analysis. Despite randomization of participants there was some difference between groups in the distribution of sex and age, with more females in the placebo group (n = 9) than the NFB group (n = 6), and with a lower mean age for the placebo (22 years) relative to the NFB group (31 years). As only healthy participants were used no “standard of care” equivalent was possible, however for all baselines the participants not in pain data was used as a baseline to both inform protocol selection and to set the target threshold for the NFB protocols.



Sham Control Group

The sham-control group and the NFB intervention group underwent identical procedures, including assessment of individualized training sites for their NFB training (see section “Individualized Neurofeedback Protocols”), except for the feedback provided to them during the session. Specifically, the NFB intervention group were presented with genuine real time EEG activity and the sham-control group were given false EEG feedback using pre-recorded EEG data from participants who had undergone genuine NFB training.



Pain Induction and Assessment

For pain induction, we employed the cold pressor task. A thermostatically controlled tank was used, which housed a circulating motor that ensured the water was consistently and continuously circulated around the tank to avoid localized heating of the hand. This method of pain induction is simple to administer with no long-term adverse effects (Mitchell et al., 2004). Further to this, the cold pressor test scores high in terms of validity and is widely used across several research areas to induce pain (Rebbeck et al., 2015). As shown in Figure 1, 3 × 4 min cold water pain inductions were administered within each session of NFB. Participants were told to take their hand out of the water at any point if they found the pain unbearable.


[image: image]

FIGURE 1. Procedure for the initial qEEG session to identify individual training protocols to be used in subsequent NFB sessions.


For pain assessment, a 0–10 numerical rating scale (NRS) was used to assess pain in response to cold stimulation and was administered at multiple time points during each NFB session. Specifically, participants were asked to verbally report pain ratings at 15 s (for a baseline measure) and at 2, 3, and 4 min during each of the three 4-min cold trials that took place during each session, for a total of 12 ratings per session (see Figure 2). The NRS is a well-established pain measure with a low administration time of just a few seconds, which was necessary to minimize disruption during the NFB session. For the purposes of analysis, NRS pain scores were averaged across the 3 trials that occurred with a session to produce a single pain rating at each of 15 s, 2, 3, and 4 min intervals.


[image: image]

FIGURE 2. Flow chart of the procedure for an individual session, with NFB or sham given during the 3 pain tasks provided.




Individualized Neurofeedback Protocols

To inform electrode placement for the individualized sessions, a full brain EEG was first performed during a 4-min baseline warm (37°C) followed by a 4-min noxious cold (initially 10°C) trial, with this procedure conducted three times (Figure 1). The purpose of this was to identify optimal training electrode sites which best reflect changes in EEG during pain by comparing the individual’s EEG activity (amplitude) when in pain, subject to cold thermal noxious stimulation, and when not in pain (qEEG). For EEG recording, we used a Mitsar 202-32 EEG amplifier (REF), which has 31 active channels and 1 reference channel. Electrodes were placed according to the extended 10–20 system (channels included were: FPz, FP1, FP2, F7, F3, Fz, F4, F8, FT7, FC3, FCz, FC4, FT8, T3, C3, Cz, C4, T4, TP7, CP3, CPz, CP4, TP8, T5, P3, Pz, P4, T6, O1, Oz, O2; Thompson et al., 2008) and EEG recorded at 256 Hz, with all electrode impedances maintained at < 5 kΩ throughout. A common reference of the average signal across both ears was used during EEG acquisition.

After removal of EEG artifact, peak amplitude was computed for the painful cold and the non-painful warm condition for each electrode, for each of the three 8-min trials. The electrode site and frequency band for NFB training for a participant was selected based on the placement site for each individual and frequency that appeared to demonstrate the largest amplitude difference between the painful and non-painful stimuli, whilst also demonstrating consistency across the three trials. This is a similar method implemented by Stokes and Lappin (2010) who collected data from 10 sites to determine peak amplitudes and used this information along with prior experience to determine 5 homologous protocols to target their feedback. See Table 1 for the final protocols used.


TABLE 1. Protocols identified as optimal for the intervention and the (untrained) sham control groups.

[image: Table 1]


Cold Pressor Temperature Calibration

A single fixed noxious cold temperature can produce a wide variation in subjective pain intensity (Graven-Nielsen et al., 2001) and may produce no pain in some participants and pain that cannot be tolerated for more than a short period in others, we used an individualized temperature to provide a relatively homogenous level of baseline pain across participants. Specifically, we used a stimulus intensity that was tolerable for that individual for 4 min (the duration of the pain stimulus) and that resulted in a rating of 4–6 on a 0–10 pain rating scale as this roughly approximates a moderate and clinically meaningful level of pain (Boonstra et al., 2016). For the first trial, a 10°C temperature was initially used. If a pain rating <4 was given, the procedure was repeated with a 1°C reduction in temperature (i.e., made colder), to make the task more painful, and was continued until a 4–6 pain rating was reported. If the trial was terminated before the 4 min had elapsed or pain ratings were > 6, the temperature was increased by 1°C in a subsequent trial. The final individual temperature reached was applied for that participant in all the following NFB sessions. A comparison of NFB experimental and sham control groups with independent t-tests found no group differences in either temperature [t = 0.65, p = 0.52, M (NFB) = 10.2°C, M (Sham) = 9.8°C] or baseline pain intensity [t = 0.04, p = 0.97, M (NFB) = 4.52, M (Sham) = 4.54].

The entire first session took between 90 and 120 min to complete. This included time to brief and debrief, set up the equipment, and conduct assessments and the trials. Participants were also shown their EEG and the experimenter explained the implications of artifacts and showed how they are caused and how to avoid them to help reduce avoidable artifacts (Thompson et al., 2008).



Neurofeedback

NFB was performed using a Nexus-4, which has up to 2 EEG channels recorded at a sampling rate of 256 Hz. Electrode placement was determined by an individual assessment of each participant’s EEG during pain as previously described (see section “Individualized Neurofeedback Protocols”). Biotrace software was used for the application of the NFB protocol and to build the biofeedback screen used (Figure 3 provides a screenshot). The reward protocol was to feedback a reward to the participant of 1 point for every second they were able to maintain their EEG within the targeted range.
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FIGURE 3. Screenshot of NFB screen presented during NFB/sham. EMG inhibit bar encouraged participants to keep their movement artifact low, and to prevent conditioning participants to achieve the desired outcome through movement. This second column shows an alpha uptraining example. However, alpha up, alpha down, theta up, and theta down were all protocols used in this study.


The threshold (target) for the NFB protocol was calculated by recording 4 min of eyes open activity using the feedback electrode. The participants were not subject to any pain, but their hand was immersed into warm water as done above for the first baseline to identify the NFB protocol. This was to give a target to reinforce that was related to the subject non pain state on that day and at that time. The average EEG amplitude from the 4-min was used. This was repeated at the start of every NFB session to account for variations (e.g., different times of day) and the same threshold was used for all three trials within that session. This baseline was recorded with the participant’s non-dominant hand immersed into the warm water. This identified what their normal frequency for the targeted protocol frequency was for that electrode site when not in pain and was the benchmark for which they are attempting to train their cortical activity to return to during training. In addition to the training protocol, an EMG (muscle/movement artifact) control was added to the NFB screen to encourage participants to keep their EMG artifact low. The inhibit EMG bar was displayed to the left of the NFB protocol and showed green when the participant kept this at the correct level, and red when EMG increased. To further encourage participants to keep their EMG low, participants would only achieve points/rewards for achieving their protocol when their EMG was also at the correct level. This control helped to prevent moving, EMG artifact, and participants from training themselves to move to achieve the NFB protocol.

Participants took part in 10 NFB sessions, which were conducted 3–7 times per week subject to participants’ availability, with no more than one session per day to avoid fatigue but to ensure it was regular. Each session lasted around 45–60 min, which included set up time, briefing/debriefing, baseline measurement and three cold trials (Figure 2). Each session consisted of 3 × 4 min cold pain tasks at the participant’s individualized temperature.

In the first of the ten NFB sessions, participants were given a minute to practice and understand the objective of the session. Participants were not provided with a strategy, only to be observant of when their cortical activity fed back that they had been successful and to try to replicate that. Their understanding was checked, and they were reminded about artifacts and how to avoid them. In each of the 4-min cold trials, pain ratings were recorded at 15 s, 2, 3, and 4 min or when they removed their hand. A break of up to 5 min was added in between each cold pain task in order to allow participants to recover from the numbing effects of the cold water.



EEG Data Pre-processing

The data was visually inspected and if any large EMG artifacts were found these were removed manually before running independent component analysis (ICA) to identify EOG artifact. ICA was conducted using the WinEEG software with eye blink or lateral eye movement components removed automatically (Gao et al., 2010).

In the initial assessment of data for determining protocols, WinEEG was used to conduct Fast Fourier Transform (FFT) for Delta (0–4 Hz), Theta (4–8 Hz), Alpha (8–12 Hz), and Beta (12–40 Hz), visually comparing all spectral output (with a similar approach to Stokes and Lappin, 2010), by subtracting the baseline from the painful condition. For the main analysis, amplitudes for the target frequency bands (alpha or theta) were computed using FFT from the first 30 s and the last 30 s for each of the three trials within a session. These were then averaged across the three trials, at each time point within a session, to give a single mean amplitude for the first 30 s and the last 30 s of each of the 10 sessions.



Statistical Analysis Plan


The Effect of Neurofeedback on Pain and Regulation of EEG

Mixed ANOVAs were used to examine whether changes in EEG occurred during sessions (first 30 s vs. last 30 s) and across sessions (1–10), and whether this differed by group (NFB vs. control). Given that the target EEG amplitude (established from the individual’s EEG activity during their pain-free baseline state) required up-regulation for some participants and down-regulation for others, change was coded such that a positive sign indicated a change in the desired direction (i.e., toward the target amplitude) while a negative sign indicated a change in the opposite direction. Although there are different ways in which training “success” could be potentially assessed, we computed the size of the difference between the participant’s target amplitude and the amplitude during the pain task (at the chosen training site and frequency band). Smaller differences therefore represent greater “success,” as reward protocols were designed to return amplitude to the target frequency associated with a baseline pain-free state.

To assess whether NFB resulted in lower pain than the control procedure during sessions (baseline 15 s, 2, 3, and 4 min) or across sessions (1–10), the same analysis was conducted as described above, but with pain ratings as the outcome variable. In all instances, trend analysis was also conducted to examine whether any progressive changes in EEG or pain across sessions followed a linear or quadratic trend.



RESULTS


Data Screening

EEG data were missing for 5 of the 240 (2%) sessions due to equipment failure, and these values were imputed using the mean value from non-missing participants for the equivalent trial and session number. For pain rating data, < 2% of data were missing so we imputed missing values with the participant’s trial average. No outliers were identified (z > 3.29 or < −3.29, Tabachnick and Fidell, 2013) for pain ratings. Z scores for EEG amplitudes suggested 5 outliers which were again substituted with linear interpolations of that participant’s adjacent sessions. Alpha (SD = 2.9) and theta (SD = 2.1) frequencies showed similar dispersion.



Regulation of EEG

Individual protocols for each participant in the NFB groups are shown in Table 1 (which also shows the protocols identified to be optimal for the sham-control participants although no actual NFB was performed). Training protocols for the NFB group consisted of a mixture of alpha and theta training (at different electrode sites), with six participants receiving alpha training (down-regulation = 1, up-regulation = 5) and six receiving theta regulation (down-regulation = 2, up-regulation = 4).

ANOVA revealed a significant overall deviation from target EEG during a session [F(1, 22) = 10.35, p = 0.004], with this deviation greater during the first 30 s (M = 3.01) compared to the last 30 s (M = 2.08) of the pain task. There was also a significant During-session X Group interaction [F(1, 22) = 10.31, p = 0.004], with Figure 4 suggesting EEG amplitude was closer to the target value during NFB than the control procedure during the first 30 s of the pain task, but with little difference near the end of the task. No other effects approached significance (p = 0.13–0.46), with all results shown in Table 2.
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FIGURE 4. Mean absolute deviation from baseline EEG amplitude for NFB and sham control groups during the first 30 and last 30 s of the pain tasks (error bars represent ± 1 SE).



TABLE 2. Results of the Mixed ANOVA for EEG amplitude with η2 indicating the partial-eta squared effect size.
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As different protocols were used, we conducted an exploratory investigation of whether alpha training or theta training produced a greater impact on EEG parameters by rerunning ANOVA on the NFB experimental group only (a protocol was not implemented for the sham group), but including frequency band (alpha vs. theta) as an additional variable. Results found no significant differences between alpha (M = 2.06 μV) and theta (M = 2.24 μV) frequency bands (p = 0.798) or any interactive effects (p = 0.342–0.813). We did not compare up-regulation (M = 2.35 μV) vs. down-regulation (M = 1.55 μV) with inferential statistical tests given the fact only three participants were given down-regulation training.



Pain Modulation

ANOVA revealed a significant difference in mean pain ratings during the session F(3, 66) = 7.34, p < 0.001), with Figure 5 showing a sharp rise in pain from 15 s to that at 2, 3, and 4 min period, with a quadratic trend identified [F(1, 22) = 24.31, p < 0.001]. Neither the control nor the experimental groups saw a clinically meaningful reduction in average pain ratings (>30%).
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FIGURE 5. Mean pain rating at different stages of the 4-min pain trial for NFB and sham control groups (error bars represent ± 1 SE).


With respect to changes in overall pain across sessions, significant differences across the 10 sessions were also observed [F(9, 198) = 3.09, p = 0.002], with trend analysis indicating a progressive linear decrease in pain overall across sessions [F(1, 22) = 6.91, p = 0.015]. There was no significant interaction of during session changes and group, with both NFB and controls demonstrating a similar decrease in pain ratings across sessions as shown in Figure 6. Table 3 shows the complete table of results and with no other effects significant.
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FIGURE 6. Mean pain rating across sessions for NFB and sham control groups (error bars represent ± 1 SE).



TABLE 3. Results of the Mixed ANOVA for pain ratings with η2indicating the partial-eta squared effect size.
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We also conducted an exploratory investigation of whether pain ratings were impacted by the type of frequency band trained (alpha vs. theta) as described in the previous section. Results indicated no main (p = 0.853) or interactive effect of frequency band on pain ratings (p = 0.315–0.699).



DISCUSSION

Several key results emerged from the present study. First, although we individualized neurofeedback protocols based on each participant’s EEG response to painful stimulation, a general pattern of altered EEG activity in certain regions of the scalp at specific frequency bands emerged. In particular, alterations in alpha and theta frequency bands in mostly frontal, and some central, regions were observed, suggesting these may be key target areas for NFB for pain management. This is largely consistent with cortical areas found to be active during pain in imaging studies (Apkarian et al., 2005, 2009; Fitzgerald, 2020), but also supports the complex nature of pain and the need to better understand the relationship between the brain and pain on a cortical level (EEG) to develop efficacious NFB protocols with EEG.

Second, in terms of the ability of participants to regulate EEG activity when in pain, results indicated EEG amplitude at the training site during pain was closer to the target amplitude for the NFB than the sham group in the early stages of the pain task. Importantly, however, this was only observed during the first 30 s of the training task, with no differences between NFB and sham in the latter stages of the task (final 30 s). This pattern of results does not provide a clear-cut picture of whether EEG regulation during pain is possible. One possible interpretation is that EEG can be more successfully regulated (compared to the natural EEG occurs during pain) during the early stages of pain, but that this becomes more difficult after sustained exposure to noxious stimulation. However, it seems unlikely that any substantive training effects would be present so early on in the task (30 s), and any differences at this stage of the task seem more likely to simply reflect group differences in reaction to an initial noxious stimulus. This ambiguous pattern of findings does little to resolve the question of whether EEG can be regulated during pain, but does underline the complex nature of EEG changes that occur during pain and clearly indicates that more convincing evidence is required before this claims that EEG can be regulated during pain can be made.

These findings are consistent with some previous work. Hassan et al. (2015) reported that in control sessions of NFB, changes in power spectral density (PSD) did not differ across the placebo controlled condition to before the session (pre-NFB vs. during NFB), suggesting that training did not take place in the controlled condition; however, there doesn’t appear to be a direct comparison between groups to test for statistical significance. Kayiran et al. (2010) identified no significant changes in EEG amplitude overall, however, they identified a statistically significant difference for session 4. This suggests that further research is needed to better understand this, for example Aliño et al. (2016) and Roy et al. (2020) suggest additional variations of sham-procedures that could be run in parallel with an intervention to further study changes between intervention and sham groups, as well as double blinding (Ros et al., 2020), which future research could attempt with pain. Overall, these results are consistent with the possibility that NFB can elicit changes in EEG during pain that are different from those that occur with a sham procedure, although the fact that this seemed to occur only in the early stages of noxious stimulation does underline the need for further corroborating evidence.

With respect to the potential for NFB as a technique for pain management, we found no differences in pain ratings between NFB and sham control either during the sessions or across sessions. We did, however, find a decrease in average pain intensity with progressive sessions that were very similar for both the NFB and sham control groups. This could provocatively suggest that any putatively beneficial effects on pain before and after a series of NFB session observed in previous studies that do not provide a sham comparator may have been attributable simply to non-EEG regulatory mechanisms such as placebo expectation effects, demand characteristics or a number of other potential explanations (Loo and Barkley, 2005; Thompson et al., 2011; Gollub et al., 2018).

Although our study involved experimentally induced pain in healthy participants, rather than clinical pain, these findings do nevertheless demonstrate that changes in reported pain can occur in the absence of real NFB and this may be critical to the interpretation of any possible therapeutic effects. There appears to be little previous research that has compared changes in pain during NFB to a sham procedure, and the current findings endorse the view of Aliño et al. (2016) that a suitable sham procedure is essential to identify any clear benefits of NFB. One study by Hassan et al. (2015) has attempted to test for a placebo effect in two ways. One involved displaying a pre-recorded NFB session and the other involved displaying visual feedback and targeting Oz (the occipital area), which is not normally associated with pain. This was done on the 10th and 20th training session for participants so there was no independent sham-control group. As mentioned previously this limitation means that learning or other carryover effects cannot be ruled out. Hassan et al. (2015) found that the targeted activity for participants did not change in the placebo-controlled group studying PSD, nor was a reduction in pain reported. The alpha placebo control did note a shift in alpha, but again no change in pain reported. Although these findings seem promising, this design does not allow conclusions of the efficacy of NFB to be made and further controlled studies were required. This study has attempted to address this and is able to make direct comparisons between a sham-control group and a NFB intervention group, including a manipulation check to not only study if EEG changed, but if it was changing as was intended/trained.

The current study has several limitations. First, it is impossible to say from our results whether NFB per se is ineffective for reducing pain, or simply that there is limited evidence for the effectiveness of the NFB approach we examined. Given the almost endless variation in how neurofeedback can be administered (e.g., a differing number and length of sessions, single or multiple channel approaches, outcomes targeted, different reward protocols etc.), it would be unwise to dismiss the possibility of therapeutic effects of NFB. Given encouraging findings reported elsewhere, further work is clearly required to identify which of these factors might be important in potentially affecting the success of NFB. Second, while the use of an experimental pain paradigm offers a high degree of control, results do not necessarily generalize to clinical pain which differs on intensity, perceived control and frontal cortex involvement (Apkarian et al., 2005). Despite this, there are many cortical areas that are commonly active during the processing of both chronic and acute pain and therefore does have the potential to be effective, these findings suggest that the most likely target is the frontal and central areas area (e.g., FCz, Pz). Third, if a genuine analgesic effect of NFB does exist, it may simply have been that the current study was underpowered to detect this. As there are few if any studies that have examined the impact of NFB on experimentally induced pain we were not able to estimate an effect size that could be used a priori to perform power analysis calculations. Although the p-value for pain indicated a reliable decrease in pain ratings across sessions (p = 0.015) and the present sample size is similar to others in the field, a larger sample size in future could provide greater power for group comparisons. Fourth, despite random group allocation there were some chance differences in age and gender across groups, with the NFB group 9 years older on average with more females compared to the sham group (9 vs. 6). As we examined NFB effects within a repeated-measures design, we would not expect these differences to have had any substantive impact on an evaluation of therapeutic effects, in the absence of any previous robust evidence of any major moderating effects of these variables. Nevertheless, stratification may be a sensible option in future studies to avoid this possibility given it is often difficult to recruit large numbers of people in NFB studies needed for randomization to be most effective.

Overall, these findings underline the importance of a robust study design which includes an appropriate sham control group in order to reliably evaluate the possible therapeutic effects of NFB. In particular, the fact that an analysis of the NFB group in isolation would have indicated a successful reduction in pain across progressive sessions and thus a treatment benefit, despite a similar benefit being observed in the sham group, does prompt extreme caution in interpreting previous studies indicating NFB benefits where no sham control group is present. Further studies including those with clinical pain populations that include an appropriately designed sham control group are needed to clarify the therapeutic potential for NFB as a pain intervention.
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Authors, year Selection bias Study design Confounders Blinding Data collection Withdrawals and

methods drop-outs
Caro and Winter (2011) 3 2 A 3 2 3
DeCharms et al. (2006) 2 2 3 3 1 1
Emmert et al. (2014) 3 1 2 3 1 1
Farahani et al. (2014) 2 1 2 3 1 1
Guan et al. (2015) 3 1 2 1 1 1
Hasan et al. (2015) 3 2 A 3 1 2
Jacobs and Jensen (2015) 3 3 NA A 3 N/A
Jensen et al. (2018) 2 1 2 3 1 1
Jensen et al. (2013a) 3 2 NA 3 1 1
Jensen et al. (2016) 3 1 3 3 1 1
Jensen et al. (2007) 3 2 A 3 2 1
Jensen et al. (2013b) 2 2 A 2 1 1
Kayiran et al. (2010) 3 1 3 2 1 1
Koberda et al. (2013) 3 3 A A 3 N/A
Mathew et al. (1987) 3 1 3 3 2 2
Mitner et . (1988) 2 2 A 3 1 1
Prinsloo et al. (2019) 3 2 NA 3 1 2
Prinsioo et al. (2018) 2 1 2 3 1 2
Rance et al. (2014a) 3 2 2 3 1 1
Rance et al. (2014b) 3 2 2 3 1 1
Siniatehkin et al. (2000) 3 1 2 2 1 3
Stokes and Lappin (2010) 3 2 A 3 3 1
Vugkovié et al. (2019) 3 2 NA A 1 2
Walker (2011) 3 2 A 3 3 3

Strong (1) Moderate (2) Weak (3); confounders and blinding components were not assessed for studies without control group or for case-series; withdrawals/drop-outs component
was not assessed for case-series.
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Authors (year) Condition Sample size Age M (SD or Sex (% female)  Sample condition

Range)
Caroand Winter (2011)  E:NF 15 66.7(12.3) 9% Fibromyalgia
C:TAU 63 50.5(13.9) 79
DeCharms etal. (2005)  E: NF or biofeedback 12 36.7 (31-38) 33 Chronic pain
G: Healthy control group 36 235 (18-37) 44 Healthy sample
Emmert et al. (2014) E:NF (AIC) 14 276(2.1) 50 Healthy sample
14 27.42.6) 50
Farahani et al. (2014) 15 37.6(7.5) 47 Headache
15 40.7 (10.1) 40
15 37.3(9.4) ar
Guan et al. (2015) 8 58.5(2.4) 37 Postherpetic neuralgia
C: Sham NF 6 61.3(3.4) 50
Hasan et al. (2015) E:NF 7 50 (4) 14 Central neuropathic pain and chronic
paraplegia
Jacobs and Jensen E:NF 4 NR (14-56) 50 Variety of chronic pain problems
(2015)
Jensen et al. (2018) E: NF + Hypnosis 12 57.5(10.6) 7% Multiple sclerosis with either chronic
E: Mindfulness + Hypnosis 10 pain, fatigue or both
G: Hypnosis 10
Jensen et al. (2013a) E:NF 10 46.1(12.6) 30 Spinal cord injury and chronic pain
Jensen et al. (2016) + NF + Hypnosis 10 49.2(11.26) 63 Multiple sclerosis and chronic pain
E: Relaxation + Hypnosis 9
Jensen et al. (2007) E:NF 18 408 (17-56) 89 CRPS-|
Jensen et al. (2013b)* E:NF 30 49.2 (22-77) 27 Spinal cord injury and chronic pain
1DCS 28
E: Hypnosis 29
E: Concentration meditation 30
C: Sham tDCS 30
Kayiran et al. (2010) E:NF 18 318(6.2) 100 Fibromyalgia
G: Escitelopram 18 32.4(6.7) 100
Koberda et al. (2013) E:NF 4 NR (46-59) 50 Variety of chronic pain problems
Mathew et al. (1987) E:NF 8 NR (18-40) NR Tension headache
C:wL 4
Mitner et al. (1988) E:NF 10 NR (21-46) 0 Healthy sample
Prinsloo et al. (2019) E:NF 14 56 (35-76) 21 Patients with head and neck cancer
undergoing radiation therapy
Prinsloo et al. (2018) E:NF 35 62(9.6) 89 Chemotherapy-induced peripheral
C:WL 36 63(11) 86 neuropathy
Rance et al. (2014a) E:NF 10 27.8(4.7) 60 Healthy sample
Rance et al. (2014b) < NF 10 29(6.4) 40 Healthy sample
Siniatchkin etal. (2000)  E:NF 10 105 (1.5) 20 Migraine
G: Healthy control group 10 99(0.6) 30 Healthy sample
WL 10 116(2.6) 20 Migraine
Stokes and Lappin E:NF a7 NR (9-79) 78 Migraine
(2010)
Vukovié et al. (2019) E:NF 15 50,6 (14.1) 20 Central neuropathic pain and chronic
spinal cord injury
Walker (2011) E:NF 46 NR (17-62) NR Migraine

NR, not reported; E, Experimental; C, Control; NF, neurofeedback; TAU, Treatment as usual; WL, Wait-list control group; TENS, Transcutaneous electrical nerve stimulation; CRPS-1,
Complex regional pain syndrome type I; TBI, Traumatic brain injury; CIPN, Chemotherapy-induced peripheral neuropathy. IAIC, Left anterior insular cortex; ACC, Anterior cingulate cortex;
tDCS, transcranial Direct Current Stimulation. “In this study the same participants received up to a single session of all four active procedures and the sham control procedure.
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Authors (year) Country Study NF type Monotherapy ~ Number of sessions Lengthof  Follow-up

design (Yes / No) sessions
(minutes)

Caro and Winter USA Cohort Frequency NF Y Varied M = 58 range NR None

(2011) anaiytic (40-98)

DeCharms et al. USA Cohort Tt-AVIRI NF Y 1 131039 None

(2005) anaiytic

Emmert et al. (2014) Switzerland Cohort rt-fMRI NF Y 1 16 None

Farahanietal. (2014)  Iran RCT Frequency NF Y 15 30 None

Guan et al. (2015) China Cohort TIMRINF Y 1 NR None
analytic

Hasanetal (2015) UK Cohort Frequency NF Y Varied range (2-40) 45 1 month

Jacobs and Jensen USA Case series Frequency NF Y Varied range (22-41) 30 None

(2015)

Jensenetal. (2018)  USA Cohort Frequency NF N 6 30 1 month
analytic

Jensen et al. (2013a) UsA Cohort Frequency NF Y 12 NR Varied (3

months)

Jensen et al. (2016) UsA Cohort Frequency NF N 4 30 1 month
analytic

Jensen etal. (2007)  USA Cohort Frequency NF N 1 30 None

Jensen et al. (2013b) UsA Cohort Frequency NF Y 1 20 None
analytic

Kayiran et al. 2010)  Turkey RCT Frequency NF Y 20 30 None

Koberda et al. (2013) UsA Case series Surface Z-score Y Varied range (10-65) 30 None

and LORETA NF

Mathew et al. (1987) India Cohort Frequency NF Y 20 30 None
anaiytic

Mitner et al. (1988)  Germany Cohort ERP-based NF Y 1 120 None

Prinsloo et al. (2019) UsA Cohort Z-score LORETA Y Varied range (1-6) 20 None

NF
Prinsioo et al. (2018)  USA RCT Frequency NF Y 20 45 1 month
4 months

Ranceetal. (20142)  Germany Cohort TtMRINF Y 4 40 None

Rance etal. (2014b)  Germany Cohort TMRINF Y 4 40 None

Siniatchkin et al. Germany Cohort ERP-based NF Y 10 72 None

(2000) analytic

Stokes and Lappin UsA Cohort Frequency NF N Varied M = 40 (30 NF 30 Varied (3-24

(2010) -+ 10 pir-HEG) months)

Vugkovié et al. UK Cohort Frequency NF Y Varied M = 14 range 251030 None

(2019) (8-48)

Walker (2011) USsA Cohort Frequency NF Y Varied M = 24 range 30 None
analytic (12-32)

NR, not reported; NF, neurofeedback; RCT, randomized controlled trial; fMPRI, functional magnetic resonance imaging; ERP, event related potential; LORETA, low-resolution
electromagnetic tomography.
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Authors (year) Condition Pain pre M Pain post M(SD)/[SEM] Pain follow-up M

(SDY/[SEM] (SDV/ISEM]
Kayiran et al. (2010) ENF 1:89(0.18) 1:1.6 0.21) 9(027)
.4(0.34)
6(0.36)
C: Escitalopram 1:9.1(0.23) 1: 4.7 (0.48) .3(027)
.5 (0.34)
3(0.30)
Prinsioo et al. (2018) ENF 1:4.9 0.35) 1:2.7 0.38)
c:wL I:4.4(0.44) 1:45 (0.35)
Farahani et al. (2014) E:NF F (w): 4 (2.6) F (w):2.6(1.77)
E:TENS F (w): 5.4 (3.39) F (w): 3.3 (1.68)
C:wL F (w): 4.6 (4.49) F (w): 4.4 (1.59)
Stokes and Lappin (2010)  E: NF F(m): 7.6 6.1) NA FBmto2y):29(28)
Walker (2011) E:NF NR F: 93% of participants > 50% reduction in NA
migraine frequency.
C: Anti-migraine drug NR F: 8% of participants > 50% reduction in NA
migraine frequency.
Mathew et al. (1987) ENF 1:6.2(1.07) 1:2.1(1.23) NA
C:wL 1:5.7 (1.71) 1:3.9 0.49) NA
Caro and Winter (2011) ENF NR 1: 39% reduction on average. NA
C:TAU NR I: No significant reduction on average. NA
Jensen et al. (2007) ENF 1:5.49 (2.24) 1:32(2.72) NA
Hasan et al. (2016)" E:NF 1:7.3(6.1) 1:5.1(1.46) I: Reduced intensity
compared to baseline but
increased 1 to 2 points
compared to last session.
Vugkovié et al. (2019 E:NF 60 41 NA
Jensen et al. (20132) ENF 1:5.95 (1.7) 1:5.4 (1.67) 1@m): 5.7 (1.90)
Jensen et al. (2013b) E:NF I: 4.61(1.93) I: 4.4 2.09) NA
E:tDCS 1:4.19 (2.02) 1:392.21)
E: Hypnosis I:4.27 (2.08) 1:3.7 2.16)
E: Concentration meditation  I: 4.44 (2.16) 1:4.0(1.97)
C: Sham tDCS 1:4.39 (2.07) 1:4.2(2.02)
Jacobs and Jensen (2015)  E: NF Allfour participants reported significant pain intensity reductions.
Jensen et al. (2016) E: NF + Hypnosis 1153 (1.27) 1: 4.4 0.71) 1(1m): 4.0 (0.86)
C: Relaxation + hypnosis 1:5.2(1.96) 1:43(1.9) 1(1m): 4.3 (1.96)
Jensen et al. (2018) E: NF + Hypnosis 1:3.6(1.17) I after NF): 2.6 (0.67) 1(1m): 2.4 (1.29)
I after hypnosis): 2.6 (1.20)
E: Mindfulness + Hypnosis 1:3.8(1.35) I after mindfulness): 2.8 (2.07) 1(1m): 3.3 (1.28)
I after hypnosis): 2.3 (2.42)
C: Hypnosis 1:6.3(1.67) I after hyprosis): 4.5 (2.61) 1(1m): 45 2.17)
Prinsioo et al. (2019) ENF 93% of the participants achieved significant reductions in pain intensity at either
session 1 or 3.
Koberda et al. (2013) E:NF Allfour patients reported reductions in pain intensity <50%.
Miltner et al. (1988) ENF 6.4 (NR) I (Increase N150-P260): 5 (1.62) NA
| (Decrease N150-P260): 5.2 (1.63)
Siniatchkin et al. (2000) E:NF 1:5.3(1.4) 114.8 23) NA
F (m): 3.9 (2.5) Fm):1.7(1.8)
C: Healthy control NA NA
C:wL 1:6.6(1.8) 1:6.0(1.8)
F (m): 3.8 (3.6) F(m):40(3.3)
DeCharms et al. (2008) Individuals with chronic pain E:  44% reduction in pain intensity in the NF group, which was three times NA

NF C: Autonomic biofeedback  larger than for those in the biofeediback group.
Healthy indivicuals E: NF (rACC) - In the experimental group, increasing or decreasing the BOLD activity in the

C: 4 control groups with no rACC resulted in the noxious stimuli to be rated as more or less painful,
feadback from rACC respectively. The changes in pain intensity in the experimental were
significantly larger than for any of the four control groups.
Guan et al. (2015) E:NF 1:4.13[0.55] | (Up-training): increase in NRS scores of NA

1.8 [0.31] points.
| (Down-training): decrease in NRS scores
of 1.5 [0.33] points

C: Sham NF 1:5.0(0.52) | (Up-training): increase in NRS scores of
0.1[0.01] points.
| (Down-training): decrease in NRS scores
of 0.5 [0.22] points.

Emmert et al. (2014)" E: NF (AIC) 1:7.7 (1.20) 1:6.0(1.63) NA
E: NF (ACC) 1:7.0(1.15) 1:6.2(1.76)

Rance et al. (2014a) E:NF None of the four conditions reported a significant decrease in pain intensity. ~ NA

Rance et al. (2014b) E:NF None of the two conditions reported a significant decrease in pain intensity. ~ NA

E, Experimental; C, Control; NF; neurofeedback; NA, Not assessed; NR, Not reported; TAU, Treatment as usual; WL, Wait-list control group; TENS, Transcutaneous electrical nerve
stimulation; |, Intensity, F, Frequency; W, week; M, month; Y, year; [SEM] standard error of the mean; IAIC, Left anterior insular cortex; ACC, Anterior cingulate cortex; BOLD, blood
oxygen-level dependent. * Pain intensity scores calculated from participants individual’s data presented in the study. T Average pre- and post-session scores.
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NF protocol

/' SMRat C4.

Normalize EEG at several unreported
scalp locations.

/' SMR, \, 6 and high p at T3 and T4.

NF, pir-HEG, hand-warming biofeedback.
NF: normalize EEG at several scalp
locations, mainly at: T3, T4, C3, C4, F3,
F4, FP1, FP2, P3, P4,

chigh p and # 10Hz activity at each
electrode with excessive high .

_/ a at one or more unreported scalp
locations.

7 SMR, \, 6 and high  at Cz.

Tailored to each patient and adapted
depending on patient's improvement.
Normally started by ,# SMR at T3 and T4.

First part: / o at Oz.

Second part: combination of 4 protocols:
A/ SMR, \ 0 and high p at Cz. B: / a,
. 0 and high g at P4. C: / a, \, 0 and
high  at C3. D: 7 &, 6 and high
atca.

Placebo testing protocol: Either
prerecorded session or 7  at Oz

@\, 6 and high § between C2 and C4.

3 protocols: A: /' awand \ pat T3 and T4.
B: 7 SMR, \ 6 and p at C3 and C4. C: /*
SMR, \,8:and B at P3 and P4.

aand \ high p at T8 and T4.

Tailored to each patient, but all received at
some point a protocol involving * «, low
B, 6 and high B. Several scalp locations
used.

Before hypnosis: Increase 6 (by  5-9Hz
and 811 Hz) at FP1 and F3

After hypnosis: 7 low B, . v, high B and 6
atCz.

/0atAFz.

Normalize electrical activity in the
Brodmann's areas 3, 4, 5, 13, 24, 32, and
33.

Tailored protocols aimed at normalizing
EEG activity.
7 and \ the amplitude of the SCPs at Cz.

+and \ the size of the N150-P260
complex at Cz.

7 and \, BOLD activity in the rACC.

+and \, BOLD activity in the rACC.

\« BOLD activity in ACC.
\« BOLD activity in IAIC.

4 conditions:  the BOLD activity in the
YACC. /7 the BOLD activity in the pinsL.
\ the BOLD activity in the rACC. \\ the
BOLD activity i the pinsL.

Increase the difference in activation levels
between the rACC and pinsL.

2 conditions:

1] higher activation in rACG than in pinsL.
2) higher activation in pinsL than in rACC.

Effects in brain activity (pre- to post-treatment
or during)

No changes in the mean amplitudes of EEG
thythms.

Asignificant decrease in the 6/SMR ratio at the end
of the treatment compared to baseline.

After treatment, the NF group significantly increased
aathvity and decreased p activity.

NA

NA

NA

The NF group showed an increase in the amount of
time spent with a preponderance of a activity.

In the NF group, there was no change in overall
amplitude.

The wait-fst control group did not evidence any
significant brain activity change after treatment.

NA

NA

First part:
Al participants successfully increased at Oz, with no
effect on pain intensity.

Second part:

Allfive participants decreased frontal 6 during
training.

a power increased in the central cortex in four
patients during training.

Four patients decreased frontal high § during
training.

The largest long-term changes were in the high
band of the insular cortex, the cingulate cortex and
the dorsolateral prefrontal cortex.

Placebo testing protocol:

During the placebo prerecorded session, the brain
activity was not different from baseline. Participants
were successful increasing « power at Oz, but this
had no effect on pain intensity.

With respect to baseline power:

9/15 participants significantly increased « power.
7/15 significantly decreased 8 power.

—6/15 participants significantly decreased high

B power.

Pre- to post-treatment decrease in 6 and increase in
a, that were no longer significant at 3-month
follow-up.

No changes in § activty.

No significant pre- to post-session change in any of
the five EEG bandwidths (s, 6, e, B and ).

NA

NA

There was no significant time effect in the NF group
for any of the EEG bandwidths (5, 6, o, B and ).

EEG changed toward EEG activity more
representative of the normal population in all
targeted Brodmann’s areas but the 32.

“The four participants evidenced changes toward a
more normal brain actiity pattern.

Children with migraine were only able to decrease
the amplitude of their SCPs; they were unable to
increase cortical negativity.

The control group of healthy children learned to both
increase and decrease the amplitude of their SCPs.

Participants leared to increase and decrease the
size of the N150-P260 complex. -Subjective pain
intensity reports were slightly higher in the
up-training condition compared to the
down-training condition.

The experimental healthy group learned to both
increase and decrease BOLD activity in the rACC.
The experimental group of patients with chronic
pain learned to regulate BOLD activity in the rACC.

The experimental group was able to both increase
and decrease BOLD activity in the rACC.

Eight of the 14 participants were able to decrease
the BOLD activity in the ACC.

Nine of the 14 participants were able to decrease
BOLD activity in the IAIC.

Participants were able to increase BOLD activity in
the plnsL and decrease BOLD activity in the rACC
and pinsL.

Participants were successful in achieving the
training goals for the two conditions.

Association between brain activity
change and pain improvements

NA

NA
NA

NA

NA

NA

NA

NA

These patients that achieved a clinically
meaningful reduction in pain intensity were
the ones that successfully increased a
power and to some degree, decreased B.

Brain activity changes after NF were
partially associated with pain
improvements.

Eight of the 12 participants that achieved
pain improvements successfully increased
o during NF.

Three of the remaining four participants
who achieved pain improvements with NF
but did not increase «, did achieve a
significant decrease in 6, high p or both.

NA

There was no association between brain
activity change with NF and pain changes.
NA

NA

NA

Changes in the current source density in
Brodmann's areas 24 and 33 accounted
completely for the variance in pain
changes with NF (82 = 1, p = 0.012).
NA

No association between the change in the
amplitude of the SCPs and the redluction
of migraines.

NA

For the 6 patients with chronic pain that
completed at least two training runs, there
was a significant and strong association
between the extent to which they were
able to regulate BOLD activty in the rACC
and pain intensity reductions (- = 0.9).

No association between the changes in
BOLD activity and changes in pain ratings.
There were no differences in pain ratings
between those who were able to decrease
BOLD ativity in IAIC and ACC and those
who were not.

NA

The achieved difference in activation
between the rACC and the plnsL. was not
associated to changes in pain intensity
ratings.

NA, Not assessed; NF, neurofeedback; EEG, electroencephalography; Hz, hertz; pir-HEG, passive infrared hemo-encephalography; SCPs, slow cortical potentials; ACC, anterior cingulate
cortex; rACC, rostral anterior cingulate cortex; IAIC, left anterior insular cortex; pinsL, left posterior insula; BOLD, blood oxygen-level dependent.
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Intensity ratings

Unpleasantness ratings

Sitting Standing Sitting Standing

Global alpha r=0.34;p=0.14 r=0.16; p = 0.51 r=0.46; p = 0.04* r=0.11; p=0.65
RM-alpha r=-0.40; p =0.082 r=-0.41;, p=0.073

LP-alpha r=0.43; p = 0.060 r=0.54; p=0.015%

HADS-A r=0.048;p =0.84 r=-0.11;p=0.64 r=0.10; p = 0.68 r=-0.038; p =0.87
HADS-D r=0.081;p=0.73 r=0.30; p =0.20 r=0.12; p = 0.60 r=0.50; p = 0.026%
BPIl-average r=-0.18; p =0.47 r=-0.042; p = 0.87 r=-0.041;p=0.87 r=0.18; p=0.60
BPI-worst r=-0.25;p =0.30 r=0.15;p =0.54 r=-0.057; p=0.82 r=019; p=0.43
BPI-least r=011;p=0.65 r=-0.29;p=0.23 r=0.20; p =0.41 r=-0.23;p=0.35
BPI-I r=-0.18; p =0.45 r=0.21;p=0.39 r=-0.12; p =0.63 r=0.32;,p=0.18
PSEQ r=-0.055; p =0.82 r=-0.35;p=0.14 r=0.040; p = 0.87 r=-0.40;p =0.077
MHLC-I r=0.19; p =0.43 r=-0.014;p = 0.96 r=0.23;p=0.34 r=0.077,p=0.75
MHLC-O r=0.090; p =0.71 r=0.14;p =0.56 r=-0.036; p=0.88 r=0.097; p =0.68
MHLC-C r=-0.41,p=0.075 r=-0.040; p = 0.87 r=-0.29; p =0.21 r=-0.020; p =0.93

Correlations were calculated for the change in pain intensity/unpleasantness rating and standardized global alpha power (Global alpha). Post hoc correlations were also
calculated for the two ROls that showed significantly higher alpha power during 10 Hz stimulation compared to 1 Hz stimulation for the sitting condition only (RM-alpha
and LP-alpha). Secondly, correlations were calculated between the change in pain intensity/unpleasantness rating and a number of questionnaire outcomes: the sum
score of the HADS anxiety (HADS-A) and HADS depression subscale (HADS-D); the BPI average, worst, and least pain intensity rating (BPI-average, BPI-worst, and
BPI-least) and the sum score for the seven pain interference items (BPI-1); the sum score for all PSEQ items (PSEQ); and a sum score for each of the three subscales of
the MHLC, internal health locus of control, powerful others locus of control, and chance health of control (MHLC-I, MHLC-O, and MHLC-C). Significant correlations after
correction for multiple comparisons are marked with *. Correlations that did not survive corrections for multiple comparisons but had a p < 0.05 are marked with .
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ROI

Left-anterior (LA)
Central-anterior (CA)
Right-anterior (RA)
Left-middle (LM)
Central-middle (CM)
Right-middle (RM)
Left-posterior (LP)
Central-posterior (CP)
Right-posterior (RP)

Sitting

t=2.44,p=0.025
t=13.08,p=0.006
t=2.70,p =0.014
t=2.87,p=0.010
t=3.66, p =0.002"
t=2.76,p =0.012
t=-1.82,p=0.085
t=4.44,p < 0.001*
t=2.66,p =0.016

Standing

t=2.01,p=0.059
t=1.73, p = 0.099
t=1.93, p =0.068
t=2.23,p=0.038
t=3.03, p = 0.007
t=2.57,p=0.019
t=1.99, p = 0.062
t=3.45, p = 0.003"
t=2.73,0=0.013

Significant t-tests are marked with a * for the Bonferroni-corrected signifi-

cance level.
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ROI
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Left-anterior (LA)
Central-anterior (CA)
Right-anterior (RA)
Left-middle (LM)
Central-middle (CM)
Right-middle (RM)
Left-posterior (LP)
Central-posterior (CP)
Right-posterior (RP)
Standing
Left-anterior (LA)
Central-anterior (CA)
Right-anterior (RA)
Left-middle (LM)
Central-middle (CM)
Right-middle (RM)
Left-posterior (LP)
Central-posterior (CP)
Right-posterior (RP)

1Hz

0.43 (2.46
0.81(2.75
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0.83 (2.01
1.35 (2.38
0.84 (2.07
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0.68 (2.94)
—0.016 (3.25)

)
)
)
)
)
)

0.75(1.78)
0.79 (1.75)
0.82 (1.59)
0.67 (1.69)
1.12(1.78)
0.91 (1.77)
0.55 (1.69)
0.95 (1.76)
0.45 (2.12)

7Hz

~0.92 (1.90
-1.10(2.08
—1.04 (2.06
~0.50 (1.99
—1.09 (2.49
~0.82(2.12
—1.63 (2.66
—2.48(2.33
217 (2.88

—0.74 (2.45
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10 Hz

1.38 (2.33)
1.80 (2.71)
1.91 (2.35)
1.57 (1.95)
1.87 (2.62)
7.13 (5.15)
1.55 (3.35)
1.56 (3.14)
0.38 (2.92)

2.22 (1.91)
2.32 (2.43)
2.16 (2.42)
1.83 (1.66)
1.86 (2.13)
1.75 (1.59)
2.21 (2.81)
2.36 (2.95)
1.26 (2.88)
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1Hz
7 Hz
10Hz

Sitting pre

4.70+1.95
4.43+1.70
4394212

Intensity ratings
Sitting post  Standing pre

41564220 518+ 1.84
4.08 +2.07 4.754+1.99
3.73 + 2.01 4.45+1.87

Standing post

528 £1.97
4.60 £ 2.47
4.78 £2.07
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Unpleasantness ratings
Frequency Sitting pre Sitting post  Standing pre  Standing post

1Hz 4.5564+204 410£237 5.404+1.98 5.20 £2.02
7 Hz 4204+1.82 4.33+£234 4.63+1.75 4.65 £2.24
10 Hz 4.38 + 2.31 3.50 + 2.07 4.28 +1.89 4.80 £ 217
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Patient number Age Gender Pain condition Pain history HADS anxiety HADS depression

1 25 F FM Diagnosed 5 years ago 13 i@

3 66 M FM and AO Diagnosed >40 years ago 6 6

4 51 F FM Diagnosed 14 years ago 12 12
5 & M FM Diagnosed 7 years ago 18 12
6 51 M FM Diagnosed 5 years ago 9 it
7 62 F CLBP - 5 8
8 50 F OA Diagnosed 9 years ago 9 4
9 26 F FM Diagnosed this year (2018), pain present >3 years 13 13
10 41 M FM Diagnosed this year (2018), symptoms started 10 years ago 9 10
12 19 F CWP Pain present for 3 years 6 1

13 56 F FM Diagnosed 4-5 years ago 8 6
14 71 M Stenosis Pain present >30 years 4 4
18 25 F FM Diagnosed this year (2018), pain present for 2 years 13 14
16 47 F OA - 12 b
17 46 F FM Diagnosed this year (2018), pain present for 4-5 years 9 13
18 70 M CLBP Pain present >2 years 2 2
19 23 F FM - 14 15
20 22 F FM Diagnosed 2 years ago 17 12
21 35 F FM Diagnosed this year (2018) 15 8
22 32 M CWP Pain present >9 years 8 8

The pain history column contains a summary of the verbal response of the participants when asked to describe their pain history of as part of the screening procedure.
The measurements were carried out in 2018. The HADS anxiety and HADS depression column provide the sum score for each sub scale of the Hospital Anxiety and
Depression Scale (HADS). Each subscale contains seven items with sum scores ranging from O to 21. FM: fibromyalgia; AO: osteoarthritis; CLBP: chronic low back pain;
CWRP: chronic widespread pain, no specific diagnosis; F: female; M: male.
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ROI Sitting Standing

Left-anterior (LA) t=-1.66,p=0.11 t=-2.43,p=0.025
Central-anterior (CA) t=—1.51p=0,15 t=-222,p=0.039
Right-anterior (RA) t=-1.96, p = 0.065 t=-2.26,p =0.036
Left-middle (LM) t=-1.93,p=0.069 t=-2.34,p=0.031
Central-middle (CM) t=-1.08,p=0.29 t=-1.23,p=024
Right-middle (RM) t=—-4.44,p <0.001* t=-1.62,p=0.12
Left-posterior (LP) t=-4.33,p < 0.001* t=-2.32,p=0.032
Central-posterior (CP) t=-1.19,p=0.25 t=-1.66,p=0.11

Right-posterior (RP) t=-0.61,p=0.55 t=-1.04,p=0.31

Significant t-tests are marked with a * (Bonferroni-corrected significance level).
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Self-reported measures
Pain intensity (VAS)

Pain-related fear (PHODA)
Fear of movement (TSK)

Pain catastrophizing (PCS)

Pain disability (PDI)

Perceived activity decline
(PAD)
Physical activity (PARS)

Performance tasks
Two-min walking test
(distance in meters)

Stair case walking (average
time per step in seconds)

Post-EXP

FU-EXP

Patients with cLBP
Mean (SD)

3.2(2.9)

10.1(16.2)
28.9(7.6)

9.0(9.7)

9.4 (6.9)

3.4(4.2)

44.3(10.9)

201.6 (27.8)

0.81(0.21)

Pain-free volunteers
Mean (SD)

0.2 (0.3

nat
29.3 (3.7)

3.13.3

1.0(1.7)

1.1 3.3

46.9 (6.5

231.4 (29.9)

0.64 (0.14)

Statistics for group comparison

F(1, 17) = 9.91, p = 0.008,
12 = 0.37,95% Cl = 1.0, 5.1
n.a.

F(1, 17) = 0.02, p= 0.88,

np? = 0.001, 95% Cl = -6.3, 5.5
F@, 17y =3.00, p =0.10,

np? =0.15,95% Cl =-1.3, 13.1
F(1, 17y = 12.73, p = 0.002**,
np? =0.42,95% Cl = 3.4, 13.4
F(1’ 17) = 1.69, 02021,

np2 =0.09, 95% Cl =-1.4, 6.0
F@, 17) =0.38, p = 0.55,

np? =0.02,95% Cl =-11.4, 6.3

F(1, 16) = 4.79, p= 0.04,
np? = 0.23, 95% Cl = -58.8, -0.94
F(1, 15) = 3.48, p= 0.08,
np? = 0.19, 95% Cl = -0.02, 0.35

Patients with cLBP
Mean (SD)

2829

16.0 (19.4)
32.8 (6.4)

10.1 (9.6)

11.9 (12.9)

4.3 (4.1)

41.9(13.9)

193.9 (23.2)

0.83 (0.26)

**Survives Bonferroni correction for multiple comparison (alpha = 0.05/9 = 0.0055); TDue to a technical error, responses were not recorded for the majority of volunteers,
n.a., not applicable; 95% CI, 95% confidence interval of the difference (patients — controls).
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MNI

X y z Cluster size
Patients: pre- to post-EXP (whole-brain analysis - minimum cluster size 202 mm?3)
R postcentral gyrus/inferior parietal lobe Pre > Post 54 -28 53 285
R precentral gyrus Pre > Post 42 -1 60 738
R Precuneus Pre < Post 6 —62 60 436
Patients: pre- to FU-EXP
Whole-brain analysis (minimum cluster size 210 mm?3)
R inferior parietal lobe Pre > FU 54 =31 50 495
R postcentral gyrus Pre > FU 45 -16 47 228
R middle frontal gyrus/dIPFC Pre > FU 42 8 50 586
R inferior frontal gyrus/VIPFC Pre > FU 45 11 13 292
L middle frontal gyrus Pre > FU -33 47 22 347
Masked region of interest analysis (FDR q < 0.05)
Nucleus accumbens Pre:> FU =15 17 -5 4
Patients: post- to FU-EXP (whole-brain analysis — minimum cluster size 159 mm?3)
R/L posterior cingulate gyrus Post > FU 3 -28 38 208
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Seed

PRE

PreCG L

PostCG L

ICCR

POST
PreCG L

PostCG R

PostCG L

Contrast pair

Bad-SMR responders > SHAM

Bad-SMR responders > SHAM

Bad-SMR responders > SHAM

Bad-SMR

responders > good-SMR
responders

Good-SMR

responders > SHAM
Bad-SMR

responders > good-SMR
responders

Good-SMR

responders > SHAM

Good-SMR

responders > bad-SMR
responders

Bad-SMR

responders > good-SMR
responders

Bad-SMR responders > SHAM

Cluster [x,y,z]

—44 —44 —04

—64 —20 +18

—32 —68 +10

—38 —58 +48

—14 438 +48

—06 —42 +44

—46 —32 +58

142 62 +44

+28 —24 +56

+38 —38 —14

+52 —32 +36

+50 —14 +50

—30 —10 +34

—52 —60 +24

k

434

234

1122

393

317

301

458

399

1426

588

198

1175

274

472

Cluster p-FWE

0.000000

0.000031

0.000000

0.000000

0.000005

0.000002

0.000002

0.000000

0.000000

0.000000

0.000993

0.000000

0.000003

0.000000

Peak p-unc

0.000003

0.000000

0.000003

0.000001

0.000007

0.000001

0.000020

0.000005

0.000000

0.000003

0.000042

0.000001

0.000008

0.000001

Result region

Temporooccipital middle temporal gyrus L Angular
gyrus L Inferior lateral occipital cortex L

Central opercular cortex L Planum temporale L
Anterior supramarginal gyrus L Parietal operculum L
Anterior superior temporal gyrus L

Superior lateral occipital cortex L Inferior lateral
occipital cortex L Temporooccipital middle temporal
gyrus L Angular gyrus L

Superior lateral occipital cortex L Angular gyrus L
Superior parietal lobule L

Superior frontal gyrus L Middle frontal gyrus L

Precuneous Posterior cingulate gyrus L

Postcentral gyrus L Anterior supramarginal gyrus L

Angular gyrus R Superior lateral occipital cortex R

Postcentral gyrus R Precentral gyrus R Anterior
supramarginal gyrus R Superior parietal lobule R
Temporal occipital fusiform cortex R Lingual gyrus R
Posterior temporal fusiform cortex R
Temporooccipital inferior temporal gyrus R Posterior
parahippocampal gyrus R Posterior inferior
temporal gyrus R

Posterior supramarginal gyrus R

Postcentral gyrus R Precentral gyrus R Superior
parietal lobule R

Insular cortex L

Superior lateral occipital cortex L Angular gyrus L

A whole-brain height threshold of p < 0.001 (uncorrected) was used to identify areas with significant functional connectivity changes, and a family-wise error (FWE)-
corrected threshold of p < 0.01 at this height threshold was applied for all reported clusters (PreCG, precentral gyrus; PostCG, postcentral gyrus; ICC, intracalcarine
cortex; L, left; R, right).
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Good-SMR responders (n = 4) Bad-SMR responders (n = 5) SHAM (n = 8) Effect size

Age (years) 54.75 £+ 8.46 53 +£9.77 56.25 + 11.99 0.020
FM years diagnosed (years) 9.5+6.25 12.2 +£8.98 9.75 £ 4.46 0.038
Depression comorbidity 3 4 6 -
BDI 20+ 7.55 35.8 £ 14.82 33.13+ 124 0.198
SF-36
Physical functioning 40 £22.73 194+ 1342 33.57 + 18.42 0.202
Role limitations: physical 28.25 + 35.95 0+0 0+0 .
Role limitations: emotional 29+ 8 20 + 27.39 12 £ 18.57 0.124
Vitality 21.256 +16.52 7 £15.65 16.71 £14.27 0.136
Mental health 51 +11.49 39.2 £ 27.77 34 +£12.17 0.145
Social functioning 47.25 +11.93 16.2 £ 20.81 28.71 £ 23.77 0.292
Pain 39.75 + 21,51 9.2+ 12.6" 16.29 + 15.89 0.388*
General health perception 41.25 + 14.361 12 + 12,557 26.43 + 11.8 0.478*
Change in health 43.75 + 12,51 5+ 11.18" 17.86 + 18.9 0.523*
WHYMPI
Pain and interference
Social support 0.5+ 1 2.33+2.43 0.42 £ 0.94 0.278
Negative Mood 3.31 £1.01 415+0.8 4.03 £0.75 0.161
Social Interference 284 +1.5 5+1.08 4.04 £1.29 0.311
Activity interference 425 +1.34 5.35+0.95 4.66 +1.27 0.124
Pain Severity 3.25 +£1.46 51+0.78 422 +£0.96 0.333
Self-Control 35+1.22 16+1.64 2.81+1.16 0.258
Support
Distracting 2.78 £1.36 21+09 252 +1.76 0.033
Solicitous 3.27 £0.95 1.76 £1.28 1.95 + 1.51 0.166
Punitive 2.89+1.83 2+201 2.46 +1.42 0.040
Activity interference
Outdoor work 454 +£1.56 2.67 £1.44 3.04 £1.15 0.259
Away from home 2+0.73 1.08 £ 0.89 1.98 +£ 1.32 0.145
Household work 0.42 +£0.5 1183+£2 1.383 £ 1.65 0.060
Social 1.59 +0.83 133+ 1.7 1.54 + 1.52 0.006
MPQ
Sensory 10.25 + 1.26 9.2+ 1.64 12.88 £ 10.37 0.057
Miscellaneous 2.25+0.96 3+0 3.38 £ 3.2 0.043
Affective 1256+ 1.26 2.6+ 0.55 254288 0.074
Evaluative 0.75+ 0.5 1+£0 113+ 1.25 0.031
PASS
Cognitive anxiety 156.756 + 11.56 10.92 £ 9.86 21.56 + 13.49 0.148
Physiologic anxiety 10.156 £ 8.4 8.12 £8.26 16.34 £ 13.3 0.120
Escape and avoidance 13.93 + 7.07 12.32 £+ 13.54 22.29 £ 18.75 0.143
Fearful thinking 10.5 + 11.62 11.4+£12.05 20.18 + 15.86 0.115
TSK 27.75 £ 12.15 51.8 +£13.72 38.13 +£ 16.72 0.311
PVAQ 45.5 + 8.89 51 +£11.29 48.13 + 12.52 0.036
csQ
Catastrophizing 9.75 £ 9.54 26.4 +£7.37 18 £ 10.95 0.318
Increasing activity levels 14.25 +7.89 10.8 £ 6.61 16.38 £ 6.19 0.132
Coping self-statements 16.75 + 8.81 12.4 £ 9.66 1713+ 3.27 0.099
Ignoring pain 22.25+6.18 14.8 + 8.81 23,13 £ 4.19 0.295
Reinterpreting pain 10 +£10.86 6.2 +4.49 10.5 £ 7.45 0.069
Hoping 7.75 + 3.59 9.8+517 6.38 £ 3.5 0.135
Praying 3+5.35 82+6.8 4.38 +£5.24 0.131
Coping self-statements 9.5+ 1.73 8.4 +5.41 10.63 + 2.88 0.077
MOS
Emotional support 28.25 +£ 13.57 24.4 +£11.06 21.75+6.84 0.077
Tangible support 145+ 7.14 12.4 +£3.29 11.75 £ 5.06 0.052
Positive interaction 14.5 + 6.81 13+56.2 11.75 £ 4.03 0.054
Affection 13+4 11.4 + 3.91 9.25 £ 255 0.207
Overall support index 70.25 + 28.81 61.2 £22.71 50.756 +£22.78 0.116
FlIQ 40.81 £ 5.13 68.37 £ 20.2 65.16 +£ 15.16 0.409*

BDI-Il, Beck Depression Inventory; SF-36, MOS 36-item Short-form Health Survey; WHYMPI, West Haven-Yale Multidimensional Pain Inventory; MPQ, McGill Pain
Questionnaire; PASS, Pain Anxiety Symptoms Scale; TSK, Tampa Scale for Kinesiophobia;, PVAQ, Pain Vigilance and Awareness Questionnaire; CSQ, Coping Strategies
Questionnaire; MOS, MOS Social Support Survey; FIQ, Fibromyalgia Impact Questionnaire; +, good-SMR responders > bad-SMR responders (p > 0.05).
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aAcross sessions (1-10).

df

1,22

9,198
3, 66

9,198
3, 66
27,594
27,594

F

0.23
3.09
7.34
0.43
0.92
01.45
0.73

n2

0.010
0.123
0.250
0.019
0.040
0.062
0.032

P During a session (baseline 15 s, 2, 3, and 4 min). *Significant <0.05.

p-value

0.637
0.002*
< 0.001*
0.919
0.437
0.069
0.838
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No. Pain Intensity

PreNF (VNS) Median, (Q1, Q3)

P1 9,89
P2 8,89
P3 9,89
P4 3,89
P5 5,(56)
P6 \

P7 45,(4.5)
P8 \

P9 \

P10 8, (8,9.75)
P11 4,(3545)
P12 7,08
P13 \

P14 5,(5.6)
P15 \

P16 3,23
P17 6,(5.6)
P18 5,(4.6)
P19 5,6.7)
P20 75,(6.75.8)

VNS, Visual Numerical Scale (VNS, 0

PostNF (VNS) Median, (Q1,Q3)

6,5.7)
55,(5,6)
55, (5,6.25)
25,(2,9)
45,(4,5)
\
35,34
\

\
55,(5,6)
3,(3,35)
4,(4,5)

\
4,84
\
1,0.1)
3,24
4,(4,5)
25,(1.75,3)
65,(5.7)

Change in Pain Intensity (%) with respect to Median

—33%
-31%
—38.9%
—16.7%
-10%
\
—20%
\

\
-31%
—25%
—42.9%
\
—20%
\
—66.7%
-50%
—20%
—50%
—13%

p-value

0.0001
0.0002
0.0022
0.0001
0.0001

0.0449

\

\
0.0002
0.1667
0.0002

\
0.0122

\
0.0001
0.0001
0.0967
0.0001
0.0649

orst pain imaginable); PreNF, before each NF session; PostNF, after NF session. Q1 and Q3 are 1st and 3rd quartiles.
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Pain Intensity

No. PreNF (VAS) mean + SD PostNF (VAS) mean & SD Change in Pain Intensity (%) p-value
1 87+12 60+ 1.0 -31% 0.007
2 85+07 55£07 —35% 0.001
3 87+06 53£06 —38% 0.002
4 30+£05 24+05 —18% 0.5¢~5
5 51+06 45+£06 —10% 0.5~
6 - - - -

7 45+£09 35+09 -22% 0.001
8 - - - -

9 - - - -

10 90+£07 55+18 —38% 0.04
11 40£10 33+£06 ~15% 0.08
12 7.25£05 427£05 -34% 0.002
13 - - - -

14 53£10 37+£08 —28% 0.003
15 - - - -

16 2.85 065+1.3 75% 0.5e~%
17 54£10 29£13 —46% 0.5e-11
18 53%2.1 47£23 —15% 009
19 5817 23+17 —65% 0.0006
20 73+£06 6.7+£06 -9% 0.09

VAS: Visual Anslogue Scale (VAS, 0 = no pain, 10 = worst pain imaginable); PreNF: before each NF session; PostNF: after NF session.
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Nr ASIA ASIA Pain Yeas since Type Med

level comp (VNS) injury of CNP
P1 L3/L4 D 9 10 Un P
p2 T6/T7 D 7 7 Un G
P3 T5 D 3 7 At/Un T
P4 T4 A 7 6 Un T
P5 L3 D 5 5 Un /
P6 c2 B 5 8 Un P
pP7 c2 A 7 5 Un /
P8 C3/Ch D 3 5 At/Un /
P9 T5 A 7 5 Un P
P10 C4 D 15 10 Un G
P11 c2 A 4-5 Un G
P12 T6 B 1 5 At/Un D
P13 T5 D 10 6 Un /
P14 Ce6/C7 A 5 6 Un /
P15 T6/T7 A 30 9-10 un N
P16 L3/4 D 7 4 Un /
P17 C5-C7 A 15 6 Un B/P
P18 L4 A 21 6 Un B/P
P19 L2 A 13 7 Un /
P20 T10 A 1 8 Un B

N, participant’s number; ASIA, Americal Spinal Injury Association;, VNS, Visual
Numerical Scale, CNF, Central Neuropathic Pain; Med, medications; F, pregabaline;
G, gabapentin; T, tramadol; D, duloxetine; N, nabline.
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Part. Nr Total Nr Weekly Duration

code sessions subsess. usage (weeks)
P1 3 12 1-2 2
P2 12 30 1 8
P3 7 24 3-5 2
P4 40 235 3-6 12
P5 48 280 3-6 14
P6 \ \ \ \
p7 9 31 3 3
P8 \ \ \ \
P9 \ \ \ \
P10 14 84 1-3 8
P11 3 16 1-3 4
P12 6 29 1-3 3
P13 \ \ \ \
P14 10 42 3-4 3
P15 \ \ \ \
P16 20 108 3-5 8
P17 31 143 3-5 9
P18 4 21 1-3 3
P19 3 12 1 3
P20 3 17 1-2 2
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6.0-10.0
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Pre- to post-EXP
change mean

Pre- to FU-EXP Stats main effect Session

change mean

Post hoc
comparisons

> 30% reduction
n: Pre- to post

(SE) (SE) n: Pre- to FU
Self-reported measures
Pain intensity (VAS, range 0-10) -1.4(0.79) —2.0(0.88) Fa.0, 157 =312, p=0.07,1,° =0.28 n.a. 6/10
5/9
Pain-related fear (PHODA, range -40.7 (5.6) -37.3 (6.4) F(1.4, 10.0) = 44.24, p < 0.001**, 1,2 = 0.86 Post- < Pre-EXP 9/10
0-100, cutoff score 38) FU- < Pre-EXP 8/9
Fear of movement (TSK; range -12.2 (2.6) -9.2 (3.6) F(1.8, 14.2) =8.49, p = 0.005**, npz =0.52 Post- < Pre-EXP 4/10
17-68) 4/9
Pain catastrophizing (PCS; range -11.7 (6.5) -11.2(6.7) F(1.1, 8.5y =4.05,p =0.08, np% = 0.34 n.a. 6/10
0-52, cutoff score 21) 4/9
Pain disability (PDI; range 0-70) -27.7 (4.2) -25.6 (5.6) F(1.3, 10.5) = 24.84, p < 0.001**, 1,2 = 0.76 Post- < Pre-EXP 10/10
FU- < Pre-EXP 7/9
Perceived activity decline (PAD; range -6.9(1.7) -6.8 (2.3) F1.7, 12.0) =8.13, p = 0.007, npz =0.54 Post- < Pre-EXP 7/10
0-20) 6/8
Physical activity (PARS; range 0-100) -8.0(3.3) —4.4 (4.8) F(1.6, 13.0) =2.05, p = 0.17, 1, = 0.20 n.a. 4/10
3/9
Performance tasks
Two-min walking test (distance in 42.9 (8.7) 44.5 (13.6) F1.2, 7.1y =12.42, p = 0.008, npz =0.67 Post- < Pre-EXP n.a.
meter) FU- < Pre-EXP
Stair case walking (average time per 0.57 (0.12) 0.53 (0.13) Fa.1, 5.3y =17.82, p = 0.007, an =0.78 Post- < Pre-EXP n.a.
step in seconds) FU- < Pre-EXP

**Survives Bonferroni correction for multiple comparison (alpha = 0.05/9 = 0.0055), n.a., not applicable.
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Sample size
Age (years)
Sex

Handedness

Pain duration

na., not applicable.

Patients with cLBP
Mean (SD)

n=14
42.4 (11.6)

11 males

3 females

13 right-handed
0left-handed

1 ambidextrous
6-12 months
1-2yearsin=3
2-5yearsin=8
>5 years: n =2

Pain-free volunteers
Mean (SD)

n=14
41.7 (12.5)

10 males

4 females

14 right-handed
0 left-handed

0 ambidextrous

na.

Statistics for group
comparison

na.
F(1,26)=002,p =089
X2 (1.0 = 28) = 0.19, p = 0.66

X(1,n = 28) = 1.04,p = 0.31

na.
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Patients with cLBP

Pain-free volunteers

Statistics for group

Mean (SD) Mean (SD) comparison
Sample size n =10 (n =9 for FU-EXP) n=10 n.a.
Age (years) 40.2 (11.3) 39.6 (12.2) F1,18)=0.01, p=0.91
Sex 9 males 8 males X2, n = 20) = 0.39, p= 0.53
1 female 2 females
Pain duration 6-12 months: n =1 n.a. n.a.
1-2years:n=2
2-5years:n=5
>5yearsin=2
EXP treatment duration (days) 45.0 (15.9) n.a. n.a.
Time between pre-EXP session 29.3 (12.2) n.a. n.a.
and start EXP treatment (days)
Time between pre-EXP and 96.1 (42.1) 92.3 (33.5) F1,18y=0.05, p=0.83
post-EXP session (days)
Time between post-EXP and 186.4 (9.6) n.a. n.a.

FU-EXP session (days)

n.a., not applicable.
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Patients with cLBP Pain-free volunteers Statistics for group comparison

Mean (SD) Mean (SD)
Self-reported measures
Pain intensity (VAS) (range 0-10) 5(2.4) 0.2 (0.5) F(1, 26) = 64.39, p < 0.001**, np2 =0.71,95% Cl = 3.9, 6.7
Pain-related fear (PHODA) (range 0-100, cutoff score 38) 55.0 (23.9) 2.3 (3.5) F(1, 26) = 66.84, p < 0.001**, 1,2 = 0.72, 95% Cl = 39.5, 66.0
Fear of movement (TSK) (range 17-68) 40.9 (9.0) 27.4 (4.8) F(1, 26) = 26.33, p < 0.001**, np2 =0.48,95% Cl =7.8, 19.0
Pain catastrophizing (PCS) (range 0-52, cutoff score 21) 24.2 (14.2) 3.6 (3.7) F1, 26y =27.71, p < 0.001**, np2 =0.52,95% Cl =12.5,28.6
Pain disability (PDI) (range 0-70) 39.6 (15.9) 1.9(5.1) F(1, 26) = 67.04, p < 0.001**, 1,2 = 0.73, 95% Cl = 28.3, 47.3
Perceived activity decline (PAD) (range 0-20) 12.1(7.4) 0.1 (0.5) F(1, 26) = 36.53, p < 0.001**, np2 =0.58,95% Cl = 8.0, 16.1
Physical activity (PARS) (range 0-100) 35.6 (6.7) 45.4 (4.6) F(1, 26y = 19.51, p < 0.001**, np2 0.43, 95% Cl = -13.8, -5.0
Trait anxiety (STAI-Y2) (range 20-80) 42.6 (10.5) 31.4 (5.3 F(1, 26y =21.02, p < 0.001**, np2 0.46, 95% Cl = 8.2, 21.5
Trait fear of pain (FPQ) (range 0-150) 47.6 (10.4) 55.8 (15.2) F1, 260 =271, p=0.11, np2 =0.10,95% Cl =-18.5, 2.1
Performance tasks
Two-min walking test (distance in meters) 148.1 (48.4) 236.9 (28.3) F(1, 257 = 34.53, p < 0.001**, np2 =0.58, 95% Cl = -119.9, -567.7
Stair case walking (average time per step in seconds) 1.52 (0.13) 0.62 (0.04) F(1, 25) = 19.32, p < 0.001**, np2 =0.45,95% Cl = 0.48, 1.33

**Survives Bonferroni correction for multiple comparison (alpha = 0.05/11 = 0.0045); size; 95% CI = 95% confidence interval of the difference (patients — controls).
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Right posterior insula mPFC

Whole group Patients only Whole group Patients only
Pain-related fear (PHODA) 0.69** 0.55* -0.43* -0.23
Fear of movement (TSK) 0:63%* 0.40 —0.39* -0.14
Pain catastrophizing (PCS) 0.51* 0.27 -0.23 -0.03
Pain disability (PDI) 0.67** 0.58* -0.38 -0.13
Pain intensity (VAS) 0.56* 0.23 —0.48* -0.36
Walking performance 0. 71%* -0.68* 0.31 0.25
Staircase walking performance 0.73** 0.71%* -0.32 -0.20
Trait fear of pain (FPQ) -0.33 0.14 0.33 0.39
Trait anxiety (STAI-Y2) 0.48* 0.36 -0.34 -0.14

**p < 0.005 (Bonforroni correction for multiple comparison = 0.05/9 = 0.0055), *p < 0.05, whole group = patients and controls together n = 28, patients only n = 14.





OPS/images/fnins-13-00970/fnins-13-00970-g005.jpg
Fear rating (VAS 0-10)

—
o

O R, NWP VIO OO

* | pain-free controls

B patients with cLBP

pre-EXP |

post-EXP | FU-EXP

MOVEMENT pictures





OPS/images/fnins-13-00970/fnins-13-00970-g006.jpg
A Posterior insula B mPFC

d 0.3- I pain-free controls -
9 o.
(%]
= [ patients with cLBP = 0.2-
o B
© 0.2 ]
E * 3
5 oY =
O
E 02-
"g 0 - S 0.2
o = i
€ o
o -0.1 3 4. <
©
A S
] © .
T:’B -0.2 [
> @D -0.6-
M
© -0.3- :
(2 R pre-EXP post-EXP FU-EXP pre-EXP post-EXP FU-EXP





OPS/images/fnins-13-00970/fnins-13-00970-g007.jpg
A Pre-to post-EXP

pre post FU
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