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Purpose: Complex regional pain syndrome (CRPS) is a debilitating chronic pain condition characterized by sensory, motor, and 
autonomic dysfunction with a world-wide prevalence of 26.2 per 100,000 people per year and is 3 to 4 times more prevalent in 
females. Repetitive transcranial magnetic stimulation (rTMS) has shown to be beneficial for pain relief in neuropathic pain and initial 
evidence in CRPS is promising, but studies are limited. The objective of this study was to investigate the feasibility of using rTMS in 
CRPS patients, to improve pain intensity and quality of life.
Patients and Methods: Six participants (5 lower limb, 1 upper limb, 42 ± 9 yr) took part in an open-label rTMS study comprised of 
a 9-week intervention and 6-month follow-up. Participants took part in a 4-week induction period (5 days per week) followed by 
a 5-week tapering period whereby the frequency of rTMS sessions per week was reduced. rTMS was delivered at 10 hz for 2000 
pulses at 80% of resting motor threshold over the primary motor cortex. Feasibility was assessed as compliance of attending treatment 
sessions. Clinical outcomes included pain intensity using the numerical ratings scale, Pain Catastrophizing scale-EN-SF, PROMIS-29 
v2.0 profile, and Rainbow Pain Scale.
Results: All participants tolerated the study procedures and 83% of participants completed the 9-week intervention, deeming the 
protocol feasible. At six months follow-up, data was obtained from 3 individuals. Exploratory analysis revealed a significant reduction 
in pain intensity (~20%) immediately following the intervention. Categorical improvements in allodynia were observed in four patients 
immediately following the intervention.
Conclusion: This study demonstrates that rTMS delivered over 9 weeks is feasible and well tolerated in individuals living with 
CRPS. However, there are challenges in collecting follow-up data for six months and appropriate measures must be taken in 
randomized controlled trials to ensure follow-up retention.
Keywords: complex regional pain syndrome, repetitive transcranial magnetic stimulation, neuromodulation, chronic pain, feasibility

Introduction
Complex regional pain syndrome (CRPS) is a chronic pain condition that is debilitating and dramatically decreases 
quality of life. CRPS is characterized by a constellation of sensory, motor, and autonomic dysfunction.1 CRPS differs 
from other chronic pain conditions; neuropathic or generalized non-specific pain conditions; in that pain is associated 
with obvious and distinct alterations in sensory processing, sympathetic nervous involvement, and motor dysfunction. 
CRPS patients commonly present with allodynia whereby non-painful stimuli evoke a painful sensation. The worldwide 
incidence of CRPS is 26.2 per 100,000 people per year2 and is 3 to 4 times more prevalent in females.2 Options for 
medical management of CRPS include medications such as opioids, anticonvulsants, antidepressants, and procedures 
such as sympathetic blockade and invasive spinal cord stimulation.3 However, evidence for these treatments come from 
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medium to low quality randomized controlled trials (RCT).4 At present, CRPS is managed through continued phy-
siotherapy with supportive treatment for pain and mental health.5

Neuroplasticity refers to the ability of the brain and/or spinal cord to change, either through structural reorganization 
or functional changes in brain activity.6 Neuroplasticity can be induced non-invasively with a form of brain stimulation 
known as repetitive transcranial magnetic stimulation (rTMS). rTMS applied to the primary motor cortex (M1) reduces 
symptoms of neuropathic pain in heterogenous groups of patients as shown in sham-controlled studies7 and meta- 
analyses.8 Our lab demonstrated that rTMS is effective at alleviating electric shock-like pain in an individual with 
neuropathic pain following spinal cord injury.9 Evidence-based guidelines have supported the use of rTMS as an 
analgesic tool for chronic pain.10,11 Smaller studies also indicate that rTMS may be effective for pain relief in peripheral 
neuropathy (PN)12,13 and meta-analysis has demonstrated the benefits of rTMS in pain and quality of life in 
fibromyalgia.14 For CRPS, data is limited, but initial studies demonstrate that rTMS delivered over M1 is effective at 
reducing pain by 20–50%.15–19 One study investigating the long-term analgesic effects of 10 sessions of 10 hz rTMS in 
CRPS found no change in pain at 3 months relative to baseline despite seeing a significant decrease in pain immediately 
following the intervention.17 To date, one meta-analysis has been performed using rTMS in CRPS.20 The authors 
conclude that rTMS is a good treatment option for patients with CRPS but acknowledged the lack of and need for 
a sham controlled RCT in the CRPS literature.20 Importantly, most studies in CRPS used very few stimulation sessions 
and overall, questions remain regarding the longevity of rTMS induced analgesia in CRPS. Long-term therapeutic 
effectiveness may be positively reinforced by a gradual tapering of the rTMS treatment over time rather than abruptly 
stopping after the treatment sessions.7 It is important to test the feasibility of longer rTMS trials aimed at improving the 
longevity of analgesia in CRPS and patient follow-ups post intervention are needed prior to proceeding to a randomized 
controlled trial (RCT).

The objective of this pilot study is to investigate the feasibility and tolerability of a 9-week rTMS intervention 
(including a treatment and tapering phase) in CRPS, to improve pain intensity and quality of life. The intervention used 
in this study is relatively intense, delivering 25 rTMS sessions in a 9-week period. We hypothesize that 9-weeks of rTMS 
will produce significant reductions in pain intensity. This work is performed in preparation for a larger RCT, and to 
establish treatment parameters that are feasible and demonstrate effectiveness.

Materials and Methods
Participants
Six participants (5 lower, 1 upper limb, 42 ± 9 yr) took part in an open-label rTMS pilot study. The presence of CRPS 
type 1 or type 2 was confirmed by a pain specialist and coauthor (H.S) using the modified Budapest Criteria.21 Pain was 
defined as neuropathic in nature based on the Douleur Neuropathique en 4 questions (DN4).22 All participants were 
screened for contraindications to TMS, including the presence of head injury or head surgery, metal implants, history of 
neurological disease or psychiatric illness, blood relatives with history of seizure, presence of headaches or migraines, 
and sleep deprivation. All participants maintained their current medications and treatments throughout the duration of the 
experiment. This study was approved by the Hamilton Integrated Research Ethics Board (#14029) this study complies 
with the Declaration of Helsinki. Written informed consent was obtained from study participants prior to study 
commencement for their participation in the study in addition to the publication of this manuscript. This study was 
registered with clinical trials (NCT05197959) with trial period 01/01/23 to 08/01/24.

Intervention
This was an open-label study involving a 9-week intervention comprised of an induction and tapering period (Figure 1). 
The induction period consisted of 5 sessions per week of rTMS for 4 weeks (20 sessions total). The tapering period 
involved 5 sessions of rTMS delivered over 5 weeks (week 1 = 2 sessions, weeks 2 and 3 = 1 session, week 4 = no 
session, and week 5 = 1 session). There was no session in week 4 to extend the time between sessions. Assessments 
occurred at baseline (T0), immediately following the induction (T1) and tapering phases (T2), and at one month (F1), 
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three months (F3) and six months (F6) post rTMS. Assessments at T0-T2 were performed at our laboratory at McMaster 
University while all follow-up assessments were performed virtually.

TMS Procedure
rTMS was delivered using a Magstim Rapid 2 stimulator (Magstim, Whitland, UK) over the primary motor cortex. For 
the individual with CRPS affecting the upper limb, rTMS was delivered over M1 contralateral to the affected upper 
limb16,23 over the hand representation.8 For participants with lower limb CRPS, rTMS was applied to the vertex (Cz) 
over the presumed leg representation of the motor cortex.16 Cz was determined using the international 10–20 measure-
ment system. Cortical targets corresponding to the hand and leg representation were digitally registered using Brainsight 
Neuronavigation software (Rogue Research, Montreal) to ensure accurate delivery of rTMS across sessions. For each 
session (induction and tapering), rTMS was delivered at 10 hz stimulation frequency for 167 trains for a duration of 1.2s 
for each train (12 pulses per train) with a 3s inter-train interval for 2004 pulses.9 The intervention took ~11.5 minutes. 
rTMS was set at an intensity of 80% resting motor threshold (RMT) obtained in the right abductor pollicis brevis (APB) 
muscle of the dominant hand,23 and this was the case for both lower and upper limb participants. RMT was taken as 
a measure of baseline cortical excitability24 and was determined using TMS_MTAT_2.0 freeware (http://clinicalre 
searcher.org/software.htm). The stimulus intensity was set to 37% of the maximum stimulator output (MSO) and twenty 
TMS pulses were delivered over the APB hotspot to accurately determine the RMT.9 RMT was checked at the beginning 
of each rTMS session. rTMS was delivered by author S.D.F.

Electromyography Recording
Surface bipolar EMG electrodes were positioned on the skin overlying the right APB muscle. EMG signals were 
amplified x1000 and filtered from 20 to 2500 Hz (Intronix Model 2024F; Intronix Technologies Corporation, Bolton, 
Canada). EMG data were acquired using a Cambridge Electronic Device (Power 1401; Cambridge Electronic Design, 
Cambridge, UK) and visualized using Signal software (Cambridge Electronic Design).

Outcomes
Feasibility
The feasibility of this study will be related to participant compliance of sessions. Compliance of sessions is defined as 
a minimum of attending 3 sessions per week for 4 weeks (induction) and 5 session over 5-weeks (tapering). We will 
consider the study feasible if greater than 80% adhere to the intervention (induction and tapering).

Clinical Outcomes
The outcomes of this study followed the Core Outcome Measures for Complex Regional PAin Syndrome Clinical 
sTudies (COMPACT) recommendations.25 These included self-perceived pain intensity, Patient-Reported Outcomes 
Measurement Information System 29-Item Profile (PROMIS-29 v2.0), Pain Catastrophizing scale-EN-SF and Rainbow 
Pain Scale. Pain intensity was rated using the 0–10 Numerical Rating Scale (NRS) and was the primary clinical outcome 
of this study. PROMIS-29 v2.0 uses the numerical rating (0 to 5) to assess seven health domains including physical 
function, anxiety, depression, fatigue, sleep disturbances, ability to participate in social roles and activities, and pain 
interference.26 The Rainbow Pain Scale was used to measure the severity of allodynia type pain using sensory 

Figure 1 Experimental timeline. *Indicates the number of experimental sessions per week. N indicates the number of participants that took part in each time period of the 
study.
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assessments of the affected limb.27 Pain intensity, pain catastrophizing, and PROMIS-29 v2.0 were assessed at T0 to F6. 
The Rainbow Pain Scale was assessed at T0, T1, and T2 as these sessions were in person, follow-up assessments were 
completed virtually, and the Rainbow Pain Scale was not performed at the follow-up time points.

Statistical Analysis
Although this study was not powered, analyses were performed on the primary clinical outcome, pain intensity, to 
investigate the effectiveness of the rTMS intervention. This analysis is to investigate initial potential effectiveness of 
rTMS before moving to a larger RCT. Normality for pain intensity was assessed using Shapiro–Wilks test. 
Nonparametric tests were performed on the pain intensity data, specifically a Friedman’s One-Way ANOVA was used 
to assess changes in pain intensity with a factor of TIME (three levels: T0, T1, T2). SPSS software was used for all 
statistical analysis (IBM). Due to participant retention during the follow-up period, formal statistical analysis was not 
applied to the follow-up period data. No formal statistical analysis was applied to Pain Catastrophizing Scale. No analysis 
was applied to the Rainbow Pain Scale as this outcome is categorical. Similarly, PROMIS-29 v2.0 outcomes are rated in 
relation to normalized healthy population using T scores to determine the severity of each health domain.21 As such, 
statistical analysis was not applied on this data.

Results
Participant Characteristics
Participant characteristics are detailed in Table 1. Pain at baseline ranged from 7 to 10 across participants using the 
numerical rating scale. All participants reported suboptimal (unsatisfactory control) of pain management despite ongoing 
therapy.

Feasibility of rTMS Treatment Protocol and Follow-Up
All participants tolerated the study procedures and no adverse events occurred. One participant withdrew from the study 
following the induction phase due to the opportunity to receive Ketamine infusion at a local hospital. As such, 83% of 
participants completed the rTMS intervention (induction and tapering). All participants completed 5 sessions per week 

Table 1 Participant Characterization

Participant # Age 
(years)

Sex Location 
of CRPS

Duration of 
CRPS (Years) 

and CRPS Type 
(1 or 2)

Etiology Current Pain Management

1 38 M R,LE 6 years (type 1) Trauma Lyrica, Baclofen, Ketamine cream, Pregabalin, 

Hydromorphone, Baclofen, Memantine, Venlafaxine, 

Quetiapine, Ondansetron, Physiotherapy

2 48 F L,LE 2 years 3 months 

(type 1)

Surgery Physiotherapy

3 49 F L,LE 1 year (type 1) Trauma Gabapentin, Lorazepam, Zolmitriptan, Acetaminophen, 

Physiotherapy

4 29 M L,LE 7 months (type 1) Surgery Gabapentin, Duloxetine, Paracetamol, Ace Proxyvon,

5 36 F R,LE 3 years (type 2) Surgery Meloxicam, Hydromorphone, Rizatriptan, 

Cyclobenzaprine, Pantopraz, Physiotherapy

6 52 M R,UE 7 months (type 2) Trauma Hydromorphone, Pregabalin, Acetaminophen, 

Acetylsalicylic acid, Diclofenac diethylamine 1.16% gel, 
Prednisone, Physiotherapy

Abbreviations: R, right; L, left; LE, lower extremity; UE, upper extremity.
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during the induction period, which was the maximum permitted in this study. At six months follow-up, data was obtained 
from 3 individuals (Figure 1). Participant feedback indicated the preference to reduce the number of follow-ups which we 
now propose.

Clinical Outcomes
For pain intensity, ANOVA revealed a significant effect of TIME (X2(2) = 7.54, p = 0.023), such that there was 
a significant reduction in pain intensity from T0 (8.3 ± 1.2) to T1 (6.8 ± 1.5, p = 0.034). There was no significant 
reduction in pain at T2 (6.6 ± 1.5, p = 0.059) relative to T0 (Figure 2). Note that one participant left the study before T2 
data could be acquired due to an opportunity to receive ketamine infusion. Qualitatively, at six months follow-up, there 
was no change in NRS relative to baseline, however data from only three participants is available at this time point. For 
pain catastrophizing, there was a ~16% decrease immediately following the intervention and ~7% decrease at 6 months 
post intervention (Figure 3).

Changes in PROMIS-29 v2.0 profile are presented in Figure 4. There was a reduction in pain interference from 
category severe to moderate immediately following the tapering period that persisted at the 1-month follow-up. Sleep 
disturbance was reduced from category severe to moderate immediately following the induction period that persisted to 
the end of the tapering period. Physical function was improved from category severe to moderate immediately following 
the induction period and persisted to 6-month follow-up. There were no changes in depression, anxiety, fatigue, and 
ability to participate in social roles and activities.

Changes in rainbow pain scale are illustrated in Figure 5. Overall, 4 of the 5 participants with allodynia demonstrated 
categorical improvement in allodynia of the affected limb. There was no categorical change in P01. There was an 
abolishment of allodynia type pain in P02 following the tapering period on the dorsal aspect of the foot, as well as at 
medial plantar, lateral plantar, and saphenous nerve dermatomes immediately following the tapering period. There was 
a categorical change from serious to significant in P03 on the dorsal side of the foot as well as at the lateral plantar and 

Figure 2 Pain intensity. Changes in pain intensity across the study. Average pain intensity is illustrated in red. N indicates the number of participants that took part in each 
time period of the study.
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saphenous nerve dermatomes and change to discrete at the medial plantar dermatome immediately following the tapering 
period. P04 demonstrated a categorical change from serious to discrete at the plantar side of the foot immediately 
following the tapering period. There was also a categorical worsening from significant to serious at the lateral plantar, 
saphenous nerve, tibial nerve, and sural nerve dermatomes immediately following the tapering period. In P05, there was 
a categorical shift from serious to significant in the lateral plantar, saphenous nerve, and tibial nerve dermatomes 

Figure 3 Pain catastrophizing. Changes in pain catastrophizing across the study. Average pain catastrophizing is illustrated in red. N indicates the number of participants that 
took part in each time period of the study.

Figure 4 PROMIS-29 v2.0 profile. Outcomes are reported relative to the reference population using T-scores. T-score values are rated as within normal limits, mild, 
moderate, and severe. N indicates the number of participants that took part in each time period of the study.
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Figure 5 Rainbow pain scale of allodynia. Colours represent the severity of allodynia type pain measured on the dorsal and plantar side of the foot. Each area of the foot was 
divided based on its dermatome, tibial nerve (TN), sural nerve (S), saphenous nerve (SN), medial plantar (MP), lateral plantar (LP), and superficial peroneal (SP). No colour 
indicates no pain was elicited in that area. Only the affected foot for each participant is illustrated.
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immediately following the tapering period. P06 did not present with allodynia, and the rainbow pain scale was not 
applied to this participant.

Discussion
This pilot study describes the feasibility, tolerability, and use of rTMS to improve pain and quality of life in 6 individuals 
with CRPS. The 9-week intervention was deemed to be feasible and tolerable as 83% of individuals successfully 
completed the intervention. Nine weeks of 10 hz rTMS indicated the potential to reduce pain intensity by ~20%. Pain 
intensity was significantly reduced following the induction phase (4 weeks of stimulation). We observed a positive 
categorical shift in allodynia, pain interference, sleep disturbance, and physical function. We discuss these findings and 
their putative neural mechanisms below.

This study was the first to employ a 9-week rTMS intervention in CRPS which exceeds the 1–10 sessions of rTMS 
used in most reports in CRPS.17 We note that 5 of 6 participants completed the intervention, indicating that the protocol 
is tolerated and feasible. Importantly, unique to the protocol is the tapering phase whereby rTMS sessions are reduced in 
frequency. Previous reports demonstrated the benefit of tapering phases in longevity of analgesia in neuropathic pain.7 

Prior to embarking on a larger RCT in CRPS, this study aimed to first determine if this length of protocol is feasible and 
tolerated within this population. Importantly, the intervention used was relatively intense, delivering 25 rTMS sessions in 
a 9-week period.

Pain intensity was significantly reduced following the induction phase and reached near significant reduction 
following the tapering phase. The magnitude of reduction in pain was ~20% similar to the ~22% reduction in pain 
reported by Delon-Martin.15 Similarly, Gaertner16 report pain relief > 30% at one-week post-stimulation following 10 hz 
rTMS delivered to motor cortex for one (n=5) or five (n=12) days in individuals with CRPS. Rizzuto,19 in a case report, 
reported a 30% reduction in pain intensity at one week following 20 sessions of rTMS over 3 weeks. Picarelli17 observed 
a 51% reduction in pain intensity following 10 sessions of 10 hz rTMS over motor cortex while those experiencing sham 
indicated a 25% decrease. Importantly, all participants were washed-out of their previous therapies and tried a standard 
medical and physiotherapy treatment prior to beginning rTMS.17 Collectively, the present and aforementioned studies 
indicate that 10 hz rTMS reduces pain intensity by 20–50%.

The mechanisms that underpin the reduction in pain following rTMS are not clearly understood. Analgesic effects of 
rTMS are suggested to be a result of modulation of nociceptive inhibitory circuits from stimulation of M1.28 This 
stimulation may cause changes in glutamatergic or GABAergic neurotransmitter pathways leading to a suppression of 
pain sensation.28,29 Patients with CRPS display abnormal processing of pain in brain, spinal cord, and nerves with 
deficiencies in inhibition of pain. Further, there is evidence of aberrant neuronal circuitry between different segments of 
the sensory cortex, basal ganglia, prefrontal cortex, and insula.30 Recently, it has been suggested that analgesic effects of 
rTMS occurs through opioidergic process whereby rTMS delivered to M1 activates the endogenous opioid system.31

One of the most crucial findings of the present study is the categorical improvement in allodynia of the affected limb 
in four participants. This distinguishes our study from other published studies where such detailed assessment and 
demonstration were not made. This is important as chronic pain studies look to establish improvements in subgroups of 
patients or certain characteristics of the clinical problem.32 In a recent case report, we showed that rTMS combined with 
sensorimotor training abolished allodynia of the hand and reduced it in the forearm from serious to significant in an 
individual with CRPS type 2 of the upper limb.33 Similarly, in an individual with brachial plexus injury, 10Hz rTMS 
applied to primary motor cortex abolished allodynia.34

There are several mechanisms that may underpin the reduction in allodynia following rTMS. First, increased activity 
in the posterior parietal cortex (PPC) has been suggested to underpin allodynia.35 rTMS over M1 may impact activity in 
PPC via direct and indirect pathways.36 Second, CPRS is associated with central sensitization37 defined as an increased 
responsiveness of nociceptive neurons in the central nervous system to subthreshold afferent inputs.38 As described 
above, rTMS may restore inhibitory control at the spinal level and reduce central sensitization.28 Last, CRPS is 
associated with sympathetic nervous involvement and upregulation of pro-inflammatory cytokines and down regulation 
of anti-inflammatory cytokines.39 Allodynia may be mediated by inflammation, as animal studies have indicated that 
antiepileptic calcium channel blockers such as gabapentin and nonsteroidal pro-inflammatory drugs slow the progression 
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or prevent allodynia.40,41 We propose that rTMS may reduce allodynia through modulation of anti-inflammatory 
cytokines. Previous reports have demonstrated anti-inflammatory effects of rTMS in stroke and depression.42,43

Following rTMS, we observed categorical improvements in pain interference, sleep disturbance, and physical 
function. Such improvements may result from decreased pain intensity as 4 out of 5 individuals who experienced 
reductions in pain also experienced improvements in sleep quality. One study in CRPS has demonstrated decreased sleep 
restlessness when verum rTMS was delivered over the secondary somatosensory cortex, although pain intensity was not 
assessed.44 Our results differ from Picarelli17 where changes in pain impact questionnaire (PIQ-6) revealed no differences 
between Sham and Active rTMS.

Considerations
This was an open-label study that did not include a placebo arm, akin to most research in rTMS and CRPS. Individuals 
living with CRPS experience severe continuous pain and relief is an urgent medical need in these individuals. Therefore, 
we opted to provide all participants with real stimulation to offer everyone an equal opportunity to a potential therapeutic 
intervention. Further, our study was designed to assess individuals at 6 months following stimulation; however, only 
three participants remained in the study at the 6-month mark. Loss at six months follow-up was likely due to our 
assessment, which was performed virtually, and time managed by the participants themselves. It is likely that future 
studies should ensure follow-ups are performed in person to maintain commitment to the study.

Conclusion
In conclusion, this open-label pilot study demonstrates that 9-weeks of rTMS delivered over M1 is feasible and has the 
potential to decrease pain intensity, allodynia, pain interference, sleep disturbance, and improve physical function in 
individuals with CRPS. These data indicate that rTMS effects may persist up to three months following stimulation. 
Improvements in study methods and approaches are necessary to ensure follow-ups. Importantly, this study has a small 
sample size and did not include a sham control. Therefore, evidence from appropriately powered, large scale RCTs are 
required to establish the benefits of rTMS in CRPS.

Abbreviations
CRPS, complex regional pain; RCT, randomized controlled trials; rTMS, repetitive transcranial magnetic stimulation; 
syndrome; M1, primary motor cortex; EQUATOR, Enhancing the Quality and Transparency Of Health Research; DN4, 
Douleur Neuropathique en 4 questions; RMT, resting motor threshold; APB, abductor pollicis brevis; COMPACT, Core 
Outcome Measures for Complex Regional Pain Syndrome Clinical Studies; PROMIS-29 v2.0, Patient-Reported 
Outcomes Measurement Information System; NRS, Numerical Rating Scale; PPC, posterior parietal cortex; PIQ-6, 
pain impact questionnaire; TN, tibial nerve; S, sural nerve; SN, saphenous nerve; MP, medial plantar; LP, lateral plantar; 
SP, superficial peroneal.
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