
Page 1/14

Mindful SensoriMotor Therapy with Brain Modulation for the
Treatment of Pain in Individuals with Disarticulation or Nerve
Injuries: A Single-arm clinical trial
Shahrzad Damercheli 

Chalmers University of Technology https://orcid.org/0000-0003-0074-8185
Mirka Buist 

Chalmers University of Technology
Max Jair Ortiz Catalan  (  maxo@chalmers.se )

https://orcid.org/0000-0002-6084-3865

Method Article

Keywords: Pain, Mindful SensoriMotor Therapy, Brain Modulation, transcranial Direct Current Stimulation, nerve injuries

Posted Date: March 9th, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1303094/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.   Read Full License

https://doi.org/10.21203/rs.3.rs-1303094/v1
https://orcid.org/0000-0003-0074-8185
mailto:maxo@chalmers.se
https://orcid.org/0000-0002-6084-3865
https://doi.org/10.21203/rs.3.rs-1303094/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/14

Abstract
Neuropathic pain is a complex and demanding medical condition that is often di�cult to treat. Regardless the cause of
impairment, lesion or damage of the nervous system can lead to neuropathic pain, such as Phantom Limb Pain (PLP). No
treatment has been found widely effective for PLP but guided plasticity therapies have shown the least severe side effects
in comparison to pharmacological or surgical interventions. Phantom Motor Execution (PME) is a guided-plasticity
intervention that has shown promising results alleviating PLP. The Stochastic Entanglement hypothesis suggests an origin
for neuropathic pain resulting from sensorimotor impairment. In this study we build on this hypothesis to investigate the
e�cacy of enhancing PME interventions with the addition of sensory training. We refer to this concept as Mindful
SensoriMotor Therapy (MiSMT), that in this study we further complement with non-invasive brain modulation, speci�cally
transcranial Direct Current Stimulation (tDCS), for the treatment of neuropathic pain because of disarticulation or
peripheral nerve injury.

Methods and analysis

This single-arm clinical trial investigates the e�cacy MiSMT and tDCS as a treatment of neuropathic pain resulting from
highly impaired extremity or peripheral nerve injury in eight participants. The study consists of 15 sessions of MiSMT with
anodal tDCS in the motor cortex, pre- and post-treatment assessments, and follow-up sessions. The primary outcome is
the change in pain intensity using the Pain Rating Index between the �rst and last session.

Ethics and dissemination

The study is performed under approval of the governing ethical committee in Sweden (approval number 2020-07157) and
in accordance with the Declaration of Helsinki.

Trial Registration Number NCT04897425

Strengths And Limitations Of This Study
Study in participants for whom conventional treatments are usually not applicable.

Long-term follow-up (six months) will help to evaluate the effect of distraction in pain reduction.  

The results of this study will be the basis for a larger randomized controlled clinical trial.

Proof-of-concept limited to eight participants.

The treatment is limited to 15 sessions of a maximum of three hours each, which might be insu�cient to show long-
term (> six months) pain relief.

Introduction

Background and rationale
Neuropathic pain is a challenging and often intractable complex medical condition [1]. Injury at any level of the nervous
system can lead to neuropathic pain that presents similar characteristics even though its etiology can differ [2]. For
instance, individuals with highly impaired extremities may all suffer from neuropathic pain despite the cause of
impairment [3]. Treatment of neuropathic pain often entails pharmaceutical, surgical, or plasticity-guided interventions [4].
Guided plasticity interventions tend to generate the least side effects and have shown promising results in several
neurological disorders [5]–[7]. However, guided plasticity approaches are diverse and are not suitable to all conditions that
cause neuropathic pain.
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Phantom Limb Pain (PLP) is one type of neuropathic pain experienced by the majority of people with limb amputation [8],
[9]. Phantom Motor Execution (PME), a guided plasticity intervention, has shown promising results in the treatment of PLP
[5], [6], and an international randomized controlled clinical trial is currently underway to further validate its e�cacy [7]. PME
has been facilitated by Myoelectric Pattern Recognition (MPR) to decode phantom limb motor volition while real-time
visual feedback is provided in virtual environments. Worthy of notice is that stump musculature is necessary to decode
distal movements and therefore the technology used to facilitate PME cannot be used in patients with shoulder or hip
disarticulation, nor in nerve injuries depriving from motor function. Nevertheless, the PME concept can still be used in such
patient population by clearly instructing the patient to execute distal movements rather than just imagining them [3]. In
addition, the effectiveness of PME can be increased by including sensory training, as this would engage a larger portion of
the affected neural networks [3]. Hereafter, we refer to this approach as Mindful Sensorimotor Therapy (MiSMT).
Furthermore, the recruitment of sensorimotor neural circuitry during MiSMT can be facilitated by non-invasive brain
modulation [10], [11]. It has been shown that the outcomes of MPR can be improved by transcranial direct current
stimulation (tDCS) [12], and therefore it has been hypothesized that this should enhance the effectiveness of PME [3], and
by extension MiSMT.

The purpose of this single arm clinical trial is to investigate the e�cacy of MiSMT enhanced by brain modulation (tDCS)
as a treatment for chronic neuropathic pain in a population of patients who do not meet the inclusion criteria for
conventional MPR. MiSMT will be applied using non-invasive devices and with minimal side effects [6], [13]. We will
evaluate the e�cacy of the intervention based on the difference in pain using the Pain Rating Index, PRI [14], pre- and post-
treatment in eight participants with disarticulations or peripheral nerve injuries. In addition, we will explore other
consequences of the treatment such as brain plasticity and sensory acuity.

Objectives
We present the protocol for a single-arm clinical investigation for a new treatment for pain due to highly impaired
extremities. The primary objective is to evaluate the difference in the participant’s PRI pre- and post- treatment. The
secondary objective is to evaluate whether the treatment improves the participation in activities of daily living. This will be
done by comparing each participant’s Pain Disability Index (PDI) [15] pre- and post- treatment.

Trial design
This study is a single-arm, clinical trial in which all participants receive the same treatment. The study is conducted at the
Center for Bionics and Pain Research, which is a collaboration between Chalmers University of Technology, Sahlgrenska
University Hospital, and the Sahlgrenska Academy at the University of Gothenburg, Sweden. The study is expected to be
�nalized within a year. A �ow chart of the study is introduced below and summarized in Table 1.

Screening visit. Participants attend the screening visit to determine their suitability for participation as per
inclusion/exclusion criteria. In this visit, participants are requested to choose the frequency of treatment (once per week,
twice per week, or daily in working days), which once selected, must be kept for the entire treatment.

Baseline assessments. Baseline assessments are performed as described in the outcome section on up to �ve sessions
about two weeks prior to treatment.

Treatment period. The treatment is provided in 15 sessions over a maximum period of six months. The treatment regimen
is between one to �ve sessions per week.

Post treatment assessments. Participants take part in a post treatment assessment, up to �ve sessions, within two weeks
of the last session.

Follow-ups. Participants are followed-up for up to six months after the last treatment and invited to participate in a
maximum of three follow-up visits.
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Table 1
Flow Chart

Visit Screening
visit 0

Baseline
assessments
*

Intervention
visit 1

Intervention
visits 2–14

Intervention
visit 15

Post
treatment
assessments*

Follow-
ups, 3
visits

Timespan
(weeks)

0 0–10 2–12 2–23 4–24 5–26 8–50

  STUDY MILESTONES

Informed
consent form

X            

Incl/excl
criteria**

X            

Medical
history

X            

Treatment
start

    X        

Treatment end         X    

Study end***             X

  ASSESSMENTS

Questionnaires   X X X X X X

Imaging
assessments

  X (EEG,
fMRI)

X (EEG) X (EEG) X (EEG) X (EEG, fMRI) X (EEG,
fMRI)

Functional
assessments

  X   X   X X

Semi-
structured
interview

            X

EEG: Electroencephalography; fMRI: functional Magnetic Resonance Imaging.

*Not all tasks at each visit

**Including minor functional evaluation required for determining whether inclusion criteria are ful�lled.

***Study ends after last long-term follow-up visit (up to 6 months/24 weeks after last treatment visit).

Methods: Participants, Treatments, And Outcomes

Patient and Public Involvement Statement
Potential participants are identi�ed by healthcare professionals or had contact with the principal investigator of the
study. Interested participants are noti�ed of the study and invited to participate in a screening visit. 

Eligibility Criteria
Potential participants take part in a screening visit to assess their eligibility. The study is described to the person and any
questions are answered. In addition, the potential participant is informed that he/she may withdraw their participation in
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the study at any time without any consequence. If they decide to participate, they are asked to sign the Informed Consent
Form and provided with a copy. The following is the eligibility criteria:

Participants must be older than 18 years.

The participant has provided written informed consent to participate.

The participant must have chronic neuropathic pain due to sensorimotor impairment (for instance PLP).

At least six months should have passed since the date of injury (to avoid including acute pain).

If the participant is under pharmacological treatments, there must be no variations in the medication dosages (steady
consumption) for at least one-month prior to inclusion.

If the participant has previously been treated for neuropathic pain, the last session of that/those treatment(s) must be
at least three months before inclusion.

No pain reduction potentially related to previous pain treatments must have been observed for at least three months
prior the screening visit, as reported by the participant.

In the case of having a prosthesis, the participant must be in a stable prosthetic situation (i.e., satis�ed with the �tting
of the prosthesis).

Participants must be able to perceive haptic stimulation near the injury or amputation at the time of the screening
visit.

Participants must not experience painful sensations from haptic stimulation (i.e., allodynia).

The participant has su�cient understanding of Swedish or English to be able to participate in all study assessments.

Participants should not have any other condition or symptoms that can prevent them from participating to the study,
in the researcher’s opinion.

The participant should not have mental inability, reluctance, or language di�culties that result in di�culty
understanding the meaning of study participation.

The participant should not have any condition associated with risk of poor protocol compliance.

The researcher can at any time terminate the study for a participant due to safety concerns or because the participant does
not pursue procedures as planned.

Intervention          
The intervention uses two wearable devices: a myoelectric acquisition system with mechanosensory stimulation
capabilities [16] (i.e., including actuators for haptic feedback), and a tDCS device for neuromodulation. Excluding the
�rst intervention session, each session is up to three hours comprising of system setup, breaks, and a blinded outcome
assessment. A schematic illustration of the setup employed in this clinical investigation used by an elbow disarticulation
participant is shown in Figure 1.

Intervention session 

Each intervention session, excluding �rst and last sessions, consist of:

1. Assessment

1a. Pain questionnaire (numeric rating scale)

2. Preparation

2a. Positioning of the participant in a comfortable sitting position for training
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2b. Placement of the surface myoelectric electrodes

2c. Positioning of the haptic feedback wearable device

2d. Placement of the brain modulation cap

3. Treatment modalities

Three training modalities are performed during each session. The time dedicated to each modality is equally divided. 

3a. Motor training, consisting of:

a. Movement recording session

b. Motor training in Virtual Reality (VR)

c. Motor training by matching random target postures of a virtual arm

d. Serious gaming using visual feedback

      3b. Sensory training, consisting of:

a. Haptic feedback discrimination tasks

b. Serious gaming using haptic feedback

      3c. Sensorimotor training, consisting of:

a. Movements recording session

b. Motor training in VR

c. Serious gaming using phantom movements, visual, and haptic feedback

Concurrent to performing motor, sensory, and sensorimotor training, the participant receives anodal tDCS over
sensorimotor cortex (S1 / M1) with an intensity of 2 mA [10], [11] for 15 minutes at the beginning of each modality.

4. Assessments

4a. Questionnaire for PLP Tracking (Q-PLPT); described in the Outcomes section 

Level of di�culty of the training modalities

The level of di�culty is gradually increased by the therapist (i.e., an instructed researcher) during the treatment period to
challenge the participant according to their capability. The consistent challenge to fully focus on motor control and/or
sensory perception is why the therapy is deemed as “mindful”. The level of di�culty is gradually increased as follows:

a) Motor training

The level of di�culty is increased by increasing the number of degrees of freedom. The participant starts the training with
one degree of freedom, then multiple degrees, and later advances to simultaneous movements involving at least two
degrees of freedom. 

b) Sensory training
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Level of di�culty is increased using different actuators for haptic feedback and mixing different perceptions, directions,
and moving from gross to �ne perception tasks. 

c) Sensorimotor training

Level of di�culty is increased through a combination of motor and sensory di�culty levels. The therapist increases the
level of di�culty gradually and returns to the previous level if the participant cannot achieve the new tasks. 

Outcomes
Following the schedule presented in Table 2, the therapist (T) conducts the interventions, and the evaluator (E) registers the
outcomes. 

Table 2 Summary of the different actions occurring in different visits. T = Therapist, E = Evaluator. 

Session Actions occurring in different visits

Screening visit 
Medical history (T)
Study Consent (T)

Baseline assessments
Questionnaires: Q-PLPT, EQ-5D-5L, PDI, PSEQ-2, PCS-06, PHQ-
2, Expect-SF (E)
Brain imaging assessments: fMRI and EEG (T)

Intervention visit 1
Intervention (T)
Functional Assessments (E)
Questionnaires: NRS, Q-PLPT, OAT (E) 
Brain imaging assessment: EEG (T)

Intervention visits 2 to visit 14
Intervention (T)
Functional Assessments (E)
·        Questionnaires: NRS, Q-PLPT (E)
Imaging assessment: EEG (T)

Intervention visit 15
Intervention (T)
Functional Assessments (E)
Questionnaires: NRS, Q-PLPT, PDI, EQ5D-5L, PSEQ-2, PCS-SF,
PHQ-2 (E)
Imaging assessment: EEG (T)

Post treatment assessments
Functional Assessments (E)
Questionnaires: NRS, Q-PLPT, PDI, EQ5D-5L, PSEQ-2, PCS-SF,
PHQ-2 (E)
Imaging assessments: fMRI and EEG (T/E)

Follow-ups, at 1, 3, and 6 months after the last
intervention Functional Assessments (E)

Questionnaires: NRS, Q-PLPT, PDI, EQ5D-5L, PSEQ-2, PCS-SF,
PHQ-2 (E)
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Primary outcome:  Pain Rating Index (PRI)

The primary outcome, PRI measures the changes in PLP before and after treatment and is calculated as sum of the values
for all the descriptors of the Short Form of the McGill Pain Questionnaire. In this study, the PRI is included in
the Questionnaire for PLP Tracking (Q-PLPT), described later in this section.

Secondary outcome: Pain Disability Index (PDI)

PDI consists  of seven items measuring the aspects of life affected by pain [15]. PDI value is computed by sum of the
values of all items.

In addition to the primary and secondary outcomes, the study also includes the following outcomes: 

Participant’s medical history

The medical history is collected to determine factors related to PLP and its etiology. This information includes type and
time of amputation, previous treatments for pain, medications, and comorbidities.

Numeric Rating Scale (NRS)

This is a one item questionnaire scaled from zero to ten to measure the pain every intervention.

Questionnaire for PLP Tracking (Q-PLPT) 

Questionnaire based on the short version of the McGill Pain Questionnaire (SF-MPQ) [17] to investigate components of
PLP. Q-PLPT also includes speci�c questions that have been modi�ed to �t the study population, as well as additional
relevant questions. Taken together, the Q-PLPT includes questions addressing the intensity, quality, duration, and frequency
of pain, as well as intrusion of pain in sleep, and how the participant perceives pain [14], [18]–[20].  

EuroQoL-5D-5L (EQ-5D-5L) 

Questionnaire to measure health-related quality of life by evaluating the health conditions[21]. Health conditions regards to
�ve-items of mobility, self-care, usual activities, pain/discomfort, and anxiety/depression where each item is scored from
zero to �ve. Health evaluation section of the questionnaire measures the best health condition that the participant can
imagine on scale of hundred with zero as the worst and hundred as the best.

Pain Self-E�cacy Questionnaire (PSEQ-2)

PSEQ-2 is a survey with two questions to measure self-e�cacy regarding ability to perform activities in individuals with
chronic pain, on a scale from zero to six [22].

Pain Catastrophizing scale-6 (PCS-6)

Six-item questionnaire to measure catastrophizing thinking on a scale from zero to four [23], [24].

Patient Health Questionnaire-2 (PHQ-2)

Two-item questionnaire to assess the existence of a depressed mood and loss of interest in daily activities [25]. Each item
is scored from zero to three.

Patients' Global Impression of Change (PGIC) scale
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One-item questionnaire assessed after receiving the treatment to measure the participant’s belief about the e�cacy of the
treatment, on a scale from zero to seven [26]. 

Short Form of the EXPECT Questionnaire (EXPECT-SF)

Questionnaire to evaluate the effects that the treatment may have on the participant’s pain and how the pain might impact
their life. Each question relates to the expected results at the end of the treatment period.

Opinion About Treatment (OAT)

Three-item questionnaire regards to the participant’s opinion about the treatment.

Imaging assessments

Non-invasive brain imaging assessments such as functional Magnetic Resonance Imaging (fMRI) and
Electroencephalography (EEG) are performed to conduct further exploratory studies on neural correlates of pain.

Functional assessments 

Functional assessments are performed to investigate changes in sensory and motor function before and after our
intervention:

Sensory acuity. The Semmes-Weinstein mono�lament test and the two-point discrimination test [27], [28] are used to
assess tactile sensitivity by measuring the ability to discriminate pressure at a single point of contact, and the
minimal distance between two points of contact, respectively.

Affected and Intact Limb Movement. Affected limb movement is assessed by executing movements at different joints
and/or parts of the affected limb depending on the level of amputation or the injured nerves. In case of amputation,
participants are asked to imitate movements by their intact limb. The changes in the range of motion pre- and post-
treatment are measured by using an adapted motion capture system for upper limb and a goniometer for lower limb.

Semi-structured qualitative interviews

Participants are asked to participate in brief, semi-structured interviews that aim to more deeply understand how they have
experienced the treatment and how it has affected their quality of life in general. Interviews are recorded and transcribed,
then coded and categorized into themes for analysis, as described by Malterud [29]. Interviews will be performed in
Swedish or English and, if necessary, translated into English for analysis.

Sample size
The sample size was calculated based on the result of the primary outcome, comparing PRI, of the study on PME for
treatment of PLP in a previous study [6]. Eight participants were deemed necessary for a power of 80% and an alpha value
of 5%. No dropouts are expected. In the case that participants miss a visit or an assessment, missing values will not be
included in statistical analyses.

Methods: Data Collection, Management, Monitoring, And Analysis

Data collection and management
The data collected in this study includes images, video recordings, assessments result, and numerical values. Data
obtained within this project is con�dential and stored digitally in accordance with the European General Data Protection
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Regulation (GDPR) requirements, on a password-protected computer with restricted access. The data is pseudonymized
with a code consisting of two letters and three digits. All collected data is assigned a coded, and the document which
relates the identity of the participant to their unique code is password-protected and saved separately. Once the data
collection is accomplished, the de-identi�ed and password protected database is prepared to be processed and analyzed.

Images and video recordings are only shared with the written consent of the participant. Participants can choose whether
images for scienti�c presentations have their face blurred or cropped out, and whether they can be shared in scienti�c
publications, for teaching and research purposes, and/or on social media for research promotion.

The Principal Investigator, MO-C, is responsible for granting data accessibility to the researchers directly involved in the
study. De-identi�ed data may be made available upon reasonable request and as part of publications in peer-reviewed
journals. Data will be stored for at least ten years after study completion, or as required by law.

Data Monitoring
Compliance with this clinical protocol will be assured by a monitor independent to this study before, during, and after the
execution of this clinical trial. The monitor ensures that the study is carried out according to this research plan and that
data is collected, documented, and reported according to International Conference on Harmonisation-Good Clinical
Practice (ICH-GCP) and applicable ethical and regulatory requirements.

Analysis
Statistical analysis on the primary and secondary outcomes are performed regarding changes in measurement pre- and
post-treatment. Analyses are conducted within-participant and between participants for descriptive purposes of mean,
median, absolute value, standard deviation, range, and 95% con�dence intervals for means and proportions.

Statistical signi�cance is calculated with Wilcoxon signed-rank test, at p smaller than 0.05. Furthermore, in case of
changes in the occurrence of each quality of pain, the sign test for those qualities pre- and post- treatment with exact
binomial probabilities are used. For the sign test, the statistical signi�cance is considered at p smaller than 0.05.

The results of the analyses are presented in the form of graphical and numerical summaries where applicable. Moreover, a
comprehensive statistical analysis plan will be written after completion of the analyses. The Principal Investigator, MO-C,
takes responsibility for assuring the accuracy and quality of the data analysis process.

Declarations

Ethics and dissemination

Research ethics approval 
This clinical trial is conducted in agreement with the Declaration of Helsinki and is approved with the approval number
2020-07157 by Etikprovningsmyndigheten (Lund avdelning 2 medicin). 

Protocol amendments
Prior applying any modi�cation to the study protocol, the ethical committee will be informed to obtain ethical approval in
form of amendment to the study.

Trial Registration



Page 11/14

The study is registered at ClinicalTrials.gov with NCT04897425 trial identi�er number.

Protocol version
Version 1, July 2021

Funding
This work was supported by the Promobilia Foundation (20500), the IngaBritt and Arne Lundbergs Foundation (2020-0),
the Swedish Research Council (Vetenskapsrådet) (2020-04817), and Swedish Institute (18957/2018).

Authors Contributions
SD and MO-C drafted the study protocol and its ethical approval. SD registered the trial and oversaw the ethical
application. SD and MO-C drafted the manuscript. MO-C ideated PME and MiSMT, and obtained funding for the project.
MB developed the technology for the wearable device for haptic feedback. All authors reviewed and approved this
manuscript before submission.

Disclaimer
Funders were not involved in the design of the study.

Competing Interests
MOC and MB hold a patent for technology to deliver haptic feedback and decode motor volition

Access to data 
The principal investigator of the study, MO-C, has access to all the collected data. However, documents including the
connection between participant’s identity and their assigned code, will be disclosed after the completion of the study. 

Data Sharing
De-identi�ed data may be made available upon reasonable request

Dissemination policy 
Regardless of the direction or signi�cance of �ndings, the research team will publish the outcome of the study in scienti�c
and peer-reviewed journals and conferences following the Consolidated Standards of Reporting Trials guidelines. All the
researchers involved in the study will author the publications resulting the �nding of the study. Moreover, the result of the
study will be distributed to all participants as a report.

Access to the comprehensive clinical investigation plan, participant dataset, and statistical code will be available upon
acceptable requests after publishing the �nding of the study.



Page 12/14

Trial Status
This clinical trial is in the early phase of participant enrollment and no participant has been recruited yet. The study is
anticipated to be completed by December 2022.

Acknowledgement
 The authors would like to thank Enzo Mastinu, Alessio Sanna, and Minh T.N. Truong who supported during the
development of the technology, and Kirstin Ahmed for her comments on the manuscript. 

References
1. H. Flor, L. Nikolajsen, and T. S. Jensen, “Phantom limb pain: a case of maladaptive CNS plasticity ?,” vol. 7, no.

November, pp. 873–881, 2006, doi: 10.1038/nrn1991.

2. G. Di Pino, V. Piombino, M. Carassiti, and M. Ortiz-Catalan, “Neurophysiological models of phantom limb pain: what
can be learnt Giovanni,” Minerva Anestesiol., 2021, doi: 10.23736/S0375-9393.20.15067-3.

3. M. Ortiz-Catalan, “The stochastic entanglement and phantom motor execution hypotheses: A theoretical framework
for the origin and treatment of Phantom limb pain,” Front. Neurol., vol. 9, no. SEP, 2018, doi:
10.3389/fneur.2018.00748.

4. C. Yao, X. Zhou, B. Zhao, C. Sun, K. Poonit, and H. Yan, “Treatments of traumatic neuropathic pain: a systematic
review,” vol. 8, no. 34, pp. 57670–57679, 2017.

5. M. Ortiz-Catalan, N. Sander, M. B. Kristoffersen, B. Håkansson, and R. Brånemark, “Treatment of phantom limb pain
(PLP) based on augmented reality and gaming controlled by myoelectric pattern recognition: A case study of a
chronic PLP patient,” Front. Neurosci., vol. 8, no. 8 FEB, pp. 1–7, 2014, doi: 10.3389/fnins.2014.00024.

�. M. Ortiz-Catalan et al., “Phantom motor execution facilitated by machine learning and augmented reality as treatment
for phantom limb pain: a single group, clinical trial in patients with chronic intractable phantom limb pain,” Lancet,
vol. 388, no. 10062, pp. 2885–2894, 2016, doi: 10.1016/S0140-6736(16)31598-7.

7. E. Lendaro et al., “Phantom motor execution as a treatment for phantom limb pain: Protocol of an international,
double-blind, randomised controlled clinical trial,” BMJ Open, vol. 8, no. 7, p. e021039, Jul. 2018, doi:
10.1136/bmjopen-2017-021039.

�. B. Subedi and G. T. Grossberg, “Phantom limb pain: Mechanisms and treatment approaches,” Pain Res. Treat., vol.
2011, 2011, doi: 10.1155/2011/864605.

9. U. Kern, V. Busch, R. Müller, M. Kohl, and F. Birklein, “Phantom Limb Pain in Daily Practice — Still a Lot of Work to Do !,”
pp. 1611–1626, 2012.

10. M. A. Nitsche et al., “Transcranial direct current stimulation: State of the art 2008,” 2008, doi:
10.1016/j.brs.2008.06.004.

11. J. P. Lefaucheur, “A comprehensive database of published tDCS clinical trials (2005–2016),” Neurophysiol. Clin.,
vol. 46, no. 6, pp. 319–398, 2016, doi: 10.1016/j.neucli.2016.10.002.

12. L. Pan, D. Zhang, X. Sheng, and X. Zhu, “Improving myoelectric control for amputees through transcranial direct
current stimulation,” IEEE Trans. Biomed. Eng., vol. 62, no. 8, pp. 1927–1936, 2015, doi:
10.1109/TBME.2015.2407491.

13. M. Bikson et al., “Safety of Transcranial Direct Current Stimulation: Evidence Based Update 2016,” Brain Stimulation,
vol. 9, no. 5. Elsevier Inc., pp. 641–661, Sep. 2016, doi: 10.1016/j.brs.2016.06.004.



Page 13/14

14. A. Williamson and B. Hoggart, “Pain: A review of three commonly used pain rating scales,” Journal of Clinical Nursing,
vol. 14, no. 7. J Clin Nurs, pp. 798–804, Aug. 2005, doi: 10.1111/j.1365-2702.2005.01121.x.

15. R. C. Tait, J. T. Chibnall, and S. Krause, “The Pain Disability Index: psychometric properties,” Pain, vol. 40, no. 2,
pp. 171–182, 1990, doi: 10.1016/0304-3959(90)90068-O.

1�. M. Buist, E. Mastinu, and M. Ortiz-catalan, “Development and Validation of a Wearable Device to Provide Rich
Somatosensory Feedback for Rehabilitation After Sensorimotor Impairment,” pp. 1–16, 2021.

17. C. S. Burckhardt and A. Bjelle, “A swedish version of the short-form mcgill pain questionnaire,” Scand. J. Rheumatol.,
vol. 23, no. 2, pp. 77–81, 1994, doi: 10.3109/03009749409103032.

1�. J. G. Arena, R. A. Sherman, G. M. Bruno, and J. D. Smith, “The relationship between situational stress and phantom
limb pain: Cross-lagged correlational data from six month pain logs,” J. Psychosom. Res., vol. 34, no. 1, pp. 71–77,
1990, doi: 10.1016/0022-3999(90)90009-S.

19. U. Kern, V. Busch, M. Rockland, M. Kohl, and F. Birklein, “Prävalenz und Risikofaktoren von Phantomschmerzen und
Phantomwahrnehmungen in Deutschland: Eine bundesweite Befragung,” Schmerz, vol. 23, no. 5, pp. 479–488, 2009,
doi: 10.1007/s00482-009-0786-5.

20. S. RA, “Stump and phantom limb pain,” Neurol Clin, vol. 7, no. 2, pp. 249–64, 1989, doi: 2657377.

21. R. Rabin and F. De Charro, “EQ-5D: A measure of health status from the EuroQol Group,” in Annals of Medicine, 2001,
vol. 33, no. 5, pp. 337–343, doi: 10.3109/07853890109002087.

22. M. K. Nicholas, “The pain self-e�cacy questionnaire: Taking pain into account,” Eur. J. Pain, vol. 11, no. 2, pp. 153–
163, Feb. 2007, doi: 10.1016/j.ejpain.2005.12.008.

23. L. A. McWilliams, J. Kowal, and K. G. Wilson, “Development and evaluation of short forms of the Pain Catastrophizing
Scale and the Pain Self-e�cacy Questionnaire,” Eur. J. Pain (United Kingdom), vol. 19, no. 9, pp. 1342–1349, Oct.
2015, doi: 10.1002/ejp.665.

24. M. J. L. Sullivan, S. R. Bishop, and J. Pivik, “The Pain Catastrophizing Scale: Development and Validation,” Psychol.
Assess., vol. 7, no. 4, pp. 524–532, 1995, doi: 10.1037/1040-3590.7.4.524.

25. K. Kroenke, R. L. Spitzer, and J. B. W. Williams, “The patient health questionnaire-2: Validity of a two-item depression
screener,” Med. Care, vol. 41, no. 11, pp. 1284–1292, Nov. 2003, doi: 10.1097/01.MLR.0000093487.78664.3C.

2�. H. Hurst and J. Bolton, “Assessing the clinical signi�cance of change scores recorded on subjective outcome
measures,” J. Manipulative Physiol. Ther., vol. 27, no. 1, pp. 26–35, 2004, doi: 10.1016/j.jmpt.2003.11.003.

27. S. Weinstein, “Fifty years of somatosensory research: from the Semmes-Weinstein mono�laments to the Weinstein
Enhanced Sensory Test,” Hand Ther, vol. 6, no. 1, pp. 11–22, 1993.

2�. Erik Moberg, “Two-point discrimination test,” Rehabilitation Medicine, vol. 22, no. 3. pp. 127–134, 1990.

29. K. Malterud, “Systematic text condensation: A strategy for qualitative analysis on JSTOR,” Scand. J. Public Health,
vol. 40, no. 8, pp. 795–805, 2012.

Figures

Figure 1

Schematic illustration of the setup used in a participant with amputation and nerve injury (e.g., brachial plexus injury).
Myoelectric signals are recorded through surface electrodes (A) and decoded by a myoelectric pattern recognition decoder
(B). The acquired signals are processed by a custom software. A user-interface (C) is displayed on a screen providing the
participant with instructions and virtual environment related to the therapy. Visual (C) and/or tactile (D) feedback is
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perceived as a response to the movement. Concurrent to performing the training, the brain modulation is utilized by a tDCS
system (E).


