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Objectives 

• Review the underlying analgesic mechanisms of TMS; 

• Discuss the current outcome evidence of TMS for pain and 
headaches; 

• Review the latest consensus panel review and treatment 
recommendations; 

• Discuss relevant technical issues relevant to broader clinical 
implementation; 



 

What is rTMS? 

• Repetitive Transcranial Magnetic Stimulation (rTMS) 

• A neurophysiological technique of inducing a localized current in the 
brain via dynamic magnetic flux passing the scalp and the skull safely 
and painlessly 

Ampere’s Law: Induction of electric field 
subsequently  induces magnetic field 

Faraday's Law:  Generation of electric current 
by changing magnetic field 



Electromagnetic Coupling 



Supraspinal Pain Matrix 

• Sensory Discriminatory 
• Primary Somatosensory Cortices  (BA 1-3) 
• Secondary Somatosensory Cortices (BA5, 7) 
• Inferior Parietal Lobe (BA 39, 40) 

• Affective & Emotional 
- Anterior Cingulate Cortex (BA 24, 32) 
- Insular (BA 13) 
- Amygdala 

- Modulatory 
- Prefrontal cortices  (BA 8-10, 46) 
- Premotor (BA 6) and Motor (BA 4) 
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Site Specificity 

Saitoh, Y., et al., Stimulation of primary motor cortex for intractable deafferentation pain. 
Acta Neurochir Suppl, 2006. 99: p. 57-9. 



Neuromodulatory Pathway of rTMS 













 

PubMed Literature # 

• Depression (US FDA APPROVED)~2,040 

• Acute and chronic Pain~1,000 

• Migraine (US FDA APPROVED)-199 

• Headache~196 

• Schizophrenia~497 

• Parkinson~439 

• Motor neuron disorder~247 

• Movement disorder~514 

• Autism~92 



EARLY META-ANALYSIS 



Overall Treatment effect 

Leung et al., Journal of Pain,2009 



Neuroanatomical Etiology and Treatment Effect 

Leung et al., Journal of Pain,2009 



Long-Term Benefit 



Follow-up Meta-analysis and Guideline 



   2014 Evidence Based Ranking 

LEVEL C (Possible) LEVEL B (Probable) 

• HF Lt. F3:NP • LF TP: Tinnitus 
/Auditory • LF Rt.F3: 
Hallucination Depression 

• HF Lt. F3: 
Schizophrenia 

LEVEL A (Definite) 

• HF C-M1:NP 

• HF Lt. F3: 
Depression 

• LF M1: Motor 
Stroke 

NP: Neuropathic Pain; HF: High Frequency (>1 hz); LF: Low Frequency ( Lobe1 hz); M1: Primary Motor 
Cortex; F3: Dorsolateral Prefrontal Cortex; TP: Temporal Parietal; C: contralateral 



 

Top Responding NP Conditions 

• Post-Stroke Central Pain 

• Trigeminal Neuralgia 

• Phantom Limb Pain 

• Lefaucheur, J.P., et al., Evidence-
based guidelines on the 
therapeutic use of repetitive 
transcranial magnetic 
stimulation (rTMS). Clin 
Neurophysiol, 2014. 125(11): p. 
2150-2206. 



Updated Evidence Ranking 

• Level A Evidence 

• HF-rTMS of the left dorsolateral prefrontal cortex (DLPFC) using a figure-of-8 
or a H1-coil for depression; 

• Low-frequency rTMS of contralesional M1 for hand motor recovery in the 
post-acute stage of stroke. 



  

 
 

Updated Evidence Rankings 

• Level B (Probable) Evidence 

• HF-rTMS of the left M1  or DLPFC for improving quality of life or pain, respectively, in fibromyalgia; 

• HF-rTMS of  bilateral M1 regions or the left DLPFC for treating motor impairment or depression, respectively, 
in Parkinson’s disease; 

• HF-rTMS of  ipsilesional M1 in  motor stroke at the post-acute stage of stroke; intermittent theta burst 
stimulation targeted to the leg motor cortex for lower limb spasticity in multiple sclerosis; 

• HF-rTMS of the right DLPFC in posttraumatic stress disorder; LF-rTMS of the right inferior frontal gyrus in 
chronic post-stroke non-fluent aphasia; 

• LF-rTMS of the right DLPFC in depression; 

• Bihemispheric stimulation of the DLPFC combining right-sided LF-rTMS (or continuous theta burst stimulation) 
and left-sided HF-rTMS (or intermittent theta burst stimulation) in depression; 



Got Headaches? 



 

 

rTMS RCT in Migraine prophylaxis 

Study Design Protocol 

• 3 sessions in alternate days at 
PFC 

• 10Hz, 600 pulses in 6 trains 

• 80% MT 

• Anatomical landmark based 

• Weekly assessment up to one 
month 

Mirsa et al., J  Neurol, 2013 



Outcomes 



Traumatic Brain Injury 



• An estimated 1.7 million people sustain a TBI annually. 

• https://www.cdc.gov/traumaticbraininjury/pdf/bluebook_factsheet-a.pdf 

https://www.cdc.gov/traumaticbraininjury/pdf/bluebook_factsheet-a.pdf


Mild Traumatic Brain Injury (MTBI) 



 

  

 
  

MTBI 

• A traumatically induced physiological disruption of brain function, as 
manifested by at least one of the following: 

• 1) any loss of consciousness; 

• 2) any loss of memory for events immediately before or after the accident; 

• 3) any alteration in mental state at the time of the accident (e.g., feeling 
dazed, disoriented, or confused) and focal neurologic deficit (s) that may or 
may not be transient but where the severity of the injury does not exceed 
the following: 
• 1) loss of consciousness of approximately 30 min or less; 
• 2) after 30 min, an initial Glasgow Coma Scale score of 13–15; 
• 3) post-traumatic amnesia not greater than 24 hrs. 



 

 

 

Persistent Headaches in Patients with MTBI 

• Persistent headaches is one of the most common debilitating symptoms in patients with mild 
traumatic brain injury (MTBI) 

• The prevalence of headache (HA) in the general TBI population is estimated to be around 57.8%. 
• Patil et al., 2011 

• Overall incidence of persistent HA in Veterans with MTBI 
is even higher (over 90%) than the general population. 

• High prevalence of chronic HA is closely  associated with neuropsychological dysfunction in mood, 
attention and memory. 

Patil, V.K., et al., Prevalence and treatment of headaches in veterans with mild traumatic brain injury. 
Headache, 2011. 51(7): p. 1112-21. 



  Loss of Fractional Anisotropy (FA) in the  Superior Longitudinal 
Fasciculus 

Adam et al., Neurology, 2015 



Mood, Motor and Cognitive Functional Deficits 



Cortical Excitability 

Bernabeu et al., 2009 



Pain mechanisms??? 



Change of thermal and tactile thresholds 







  Leung et al., Molecular Pain, 2016 



 

 

Resting State Functional Connectivity with Left Prefrontal Cortex as the seed region 

Leung et al., Molecular Pain, 2016 



  

Decrease FA in the SLF 

Figure1. Area (red circle) of white matter tract fractional anisotropy deficit (P<0.01, Cluster Threshold>50 voxels, 
F value=16.76, Peak voxel coordinates: X=-49, Y=8, Z=29) found in the Superior Longitudinal Fasciculus (blue) of 
patients with MTBI related headache in comparison with healthy controls; 

https://value=16.76


  

Decrease of FA in the ATR 

Figure 2. Area (red circle) of white matter tract fractional anisotropy deficit (P<0.01, Cluster Threshold>50 
voxels, F=16.57, Peak voxel coordinates: X=35, Y=50, Z=33) found in the Anterior Thalamic Radiation (green) 
patients with MTBI related headache in comparison with healthy controls; 



What is Neuropathic Pain (NP)? 

The International Association for the Study of Pain (IASP) defined 
Neuropathic Pain (NP) as “pain originated from a lesion or disease of 

somatosensory systems 



Post Traumatic Headache as a Neuropathic Pain 
State 
Typical Neuropathic Pain Conditions 

• Persistent pain after tissue healing 

• Allodynia (pain with non-painful stimuli) 

• Hyperalgesia (Enhanced pain perception) 

• Hyperpathia (Enhanced emotion response to 
pain) 

• Altered  motor or sensory functions 

• Enhanced Sympathetic Activity/Mediated 
Pain 

• Mood: Depression 

MTBI related Headache 

• Persistent head pain long after the injury 

• Frequent Debilitating Exacerbation (Pain 
without painful provocation) 

• Tinnitus (Altered sensory function) 

• Light sensitivity (Altered sensory function) 

• Balance problem (motor) 

• Easily agitated (sympathetic involvement) 

• Altered neuronal functions (memory and 
attention) 

• PTSD (sympathetic involvement) 

• Depression (mood) 



 Neuronavigation 
Guided rTMS at the 
Motor Cortex 



   Clinically feasible treatment paradigm 

• 3 sessions (>24 and <72 hours) 10 hz, 80% RMT, 2000 pulses/session 

• Pre- and post-treatment one- and four- week assessments for 
headache, attention, mood and memory 
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 Clinical 
Evidence Implementation 
Outcome 



 

 

30-member Multinational Multidisciplinary 
Consensus Panel(>20 institutions) 

• 1) Neuropathic pain 

• 2) Acute/ Perioperative Pain 

• 3) Traumatic Headache 

• 4) Primary Headaches 

• 5) Pain related co-morbid conditions 

• 6) Technical issues 

• 7) Cost-effectiveness 



 

  

-

-

-

Table 1. Hierarchy of Studies by the Type of Design (U.S. Preventive Services Task Force) 8 . 

Evidence Level Study Type 

I At least one controlled and randomized clinical trial, properly designed 

II 1 Well-designed, controlled, non-randomized clinical trials 

II 2 Cohort or case studies and well-designed controls, preferably multicenter 

II 3 Multiple series compared over time, with or without intervention, and surprising results in noncontrolled experience 

III Clinical experience-based opinions, descriptive studies, clinical observations, or reports of expert committees 

Leung et al., Neuromodulation; in press 



Table 2. Level of Certainty Regarding Net Benefit Based on Evidence Strength 8 . 

Level of Certainty Description 

High   The available evidence usually includes consistent results from well-designed, well-conducted studies in 
   representative populations. These studies assess the effects of the preventive service on health outcomes. 

This conclusion is therefore unlikely to be strongly affected by the results of future studies. 

Moderate    The available evidence is sufficient to determine the effects of the preventive service on health outcomes, but 
   confidence in the estimate is constrained by such factors as the number, size, or quality of the individual 

studies. 

 Inconsistency of findings across individual studies. 

   Limited generalizability of findings to routine practice.  

 Lack of coherence in the chain of evidence. 

   As more information becomes available, the magnitude or direction of the observed effect could change, and  
  this change may be large enough to alter the conclusion. 

Low   The available evidence is insufficient to assess the effects on health outcomes. 
Evidence is insufficient because of: 
·  the limited number or size of the studies; 

· important flaws in the study design or methods; 

·   inconsistency of finding across individual studies; 

·  gaps in the chain of evidence; 

·   findings not generalized to routine practice; 

· lack of information on important health outcomes. 

More information may allow estimation of effects on health outcomes. 

Leung et al., Neuromodulation; in press 



 Table 3. Meaning of Recommendation Degrees (U.S. Preventive Services Task Force) 8 . 

 Degree of Recommendation Meaning 

A  Extremely recommendable (high-level evidence that the measure is effective and benefits 
outweigh the harms) 

B  Recommendable (at least moderate level evidence that the measure is effective and benefits 
exceed harms) 

C The USPSTF recommends selectively offering or providing this service based on professional 
 judgement and patient preferences; there is at least moderate certainty that the net benefit is 

small 

D Inadvisable (at least moderate evidence that the measure is ineffective or that the harms exceed 
the benefits) 

I   Insufficient, low-quality, or contradictory evidence; the balance between benefit and harms 
cannot be determined 

Leung et al., Neuromodulation; in press 



Table 4. Evidence Rankings from the Centers of Disease Control and Prevention 9 . 

IA 

Strongly recommend for implementation and supported by well-designed experimental, 
clinical, or epidemiological studies 

IB 

Strongly recommended for implementation and supported by some experimental, clinical, 
 or epidemiological studies and strong theoretical rationale 

II 

 Suggested for implementation and supported by suggestive clinical or epidemiological 
studies or theoretical rationale 

No recommendation/ unresolved issue 

Practices for which insufficient evidence or no consensus regarding efficacy exists 



     

Conditions Study 

Design (I, II- Level of Certainty USPSTF Recommendation CDC Recommendation 

1, II-2, II-3, in Evidence (H, M, Score (A-F) Score (1A, 1B, II) 

III) L) 

TMS of M1 IA(Strongly 

for NP I H A(Extremely Recommendable) Recommended) 

 TMS of F3 for IB(Strongly 

NP I M B(Recommendable) Recommended) 

NP Task Group Assessment and Recommendation 



      

Level of  
USPSTF CDC 

Conditions Study Design Certainty in 
Recommendation Recommendation 

(I, II-1, II-2, II- Evidence (H, 
Score (A-F) Score (1A, 1B, II) 

3, III) M, L) 

HF TMS at M1 or A (Extremely 1A (Strongly 

F3* I H recommendable) recommended) 

Post-traumatic Headache Task Group Assessment  and Recommendation 



Authors 
(Sample Size) 

 Picarelli et al.1 

(N=23) 

Mhalla et al.2 

(N=40) 

 Passard et al.3 

(N=30) 

Hosomi et al.4 

(N=70) 

Boyer et al. 5 

(N=38) 

Leung et al.6 

(N=29) 

 Lee et al. 7 

(N=15) 

Short et al.8 

(N=20) 

Treatment location  

Motor Cortex (M1) 
 Stimulation 

M1 
(NNG) 

M1 
(NNG) 

M1 
(NNG) 

M1 
(NNG) 

M1 
(NNG) 

DLPFC Stimulation  

L-DLPFC 
(NNG) 

R-DLPFC 

L-DLPFC 

 Stimulation Protocol 
(Design) 

 10 sessions (2 wks..) at 10 Hz, 
  100% RMT, 2500 pulses/session 

(RCT) 

 Induction: 5 consecutive daily 
sessions ; Maintenance: 3 

weekly sessions + 3 fortnightly 
 session + 3 monthly sessions; at 

  10 Hz, 80% RMT, 1500 
 pulses/session  

(RCT) 

 10 daily sessions at 10 Hz, 80% 
  RMT, 2000 pulses/session 
(RCT) 

 10 daily session at 5Hz, 90% 
RMT, 500 pulses/session  

(RCT) 

 10 induction (2 wks.) and 4 
 biweekly maintenance sessions 

  at 10 Hz, 90% RMT, 2000 
pulses/session 

(RCT) 

  4 sessions (1-2wks) at 10 Hz, 80% 
  RMT, 2000 pulses/session 

session 
(RCT) 

  10 sessions (2 wks.) at low 
  frequency (1 Hz), 110% RMT over 

 R-DLPFC (1600 pulses per 
session) or high frequency 

   (10Hz), 80% RMT over the left 
 M1 (2000 pulses/session)  vs. 

Sham 
(RCT) 

 10 sessions (2 wks.)  at 10Hz, 
  120% RMT, 4000 pulses/session 

(RCT) 

Pain Conditions 

Complex Regional 
 Pain Syndrome Type I 

Fibromyalgia 

Fibromyalgia 

 Neuropathic Pain 

Fibromyalgia 

 Mild Traumatic Brain  
 Injury related 

Headaches 

Fibromyalgia 

Fibromyalgia 

 Effect on pain 

 Significant improvement noted in 
VAS scores during treatments in  

  the Active group 

Significant improvement in BPI in 
  the Active group 

Significant Improvement in BPI 
 pain intensity and Interference, 

 MPQ,    and FIQ at day 15 in the 
 Active group 

 Mean VAS score reduction 
 immediately after stimulation in  

   the Active Group; No cumulative  
effect during daily stimulation. 

not measured 

   Active group revealed a 
 significant decrease in average  

daily persistent headache  
intensity 

 compared to sham 

 Pain VAS, K-FIQ improved with H F 
  and LF stim, but was maintaine  d 

 after 1 month only with LF TMS 

 Pain scores improved from 
 baseline but did not differ from 

sham 

 Effect on Depression 

HDRS-21 items: no 
 improvement in  

  depression between 
  Active and Sham 

groups  

 HDRS 21-item : no 
effect; BDI:  no effect 

 HDRS, BDI, HADS: no 
change 

BDI: no change 

 no significant change 
 in BDI in the sham or 

treatment group 

  Quality of Life measures 

Sig  nificant improvement in DASH, affective subscores of SF-
    36, QOL and MPQ in the Active Group 

Sen    sory and affective subscores of MPQ QoL and PCS scores 
   improvement in the Active group  

   BPI -interference and FIQ score significantly decreased 
  through day 30 in the Active group 

SF    -MPQL decrease in short term but no cumulative long-
  term effects in the Active group 

   Patients of the active rTMS group had greater QoL 
im    provement in the FIQ and in the mental component of 

 the SF-36 

      FIQ, QOL improved after LF and HF TMS and was 
  maintained after 1 month with low frequency TMS 

   No sig difference in BPI, FIQ 

Quality of Study 

Class II 

Class I 

Class I 

Class I 

Class I 

Class I 

Class II 

Class II 

Significant 
improvement in  

 HDRS score in 
 treatment group 

 Depression (BDI): 
   Both LF and HF 

groups had 
significantly lower 

BDI scores, but only 
 the LF group  

  maintained at one 
month. 

HDRS : no statistical 
difference (sham vs 

active). 

Treating Pain with Depression as a co-morbid condition 



 Potential Cost Savings 

Figure 2: Annual Incremental Cost Comparison for TMS for Neuropathic Pain (NP) alone, with 
Co-Morbid Major Depressive Disorder (MDD) or Treatment-Resistant Depression (TRD); *30 sessions; **70 sessions 

Leung et al., in preparation 



 

 

Technical Task Group A&E 

• “Clinical research data suggest that a significant advantage of TMS 
treatment delivered with MRI based neuronavigation is in the clinical 
outcome.” 

• “In depression, erroneously targeting in premotor cortex rather than 
dorsolateral prefrontal cortex led to treatment failures.” 

• Herbsman et al., 2009 
• Johnson et al., 2013 

• “TMS delivery to unintended cortical regions can result in exacerbation of 
pain instead of reductions in pain, especially if the TMS mode being used is 
not suited for the unintended target (e.g.  an excitatory protocol being 
delivered to the somatosensory cortex causing increased pain). 

• Kanda et al., 2003 



Parameter Non-neuronavigated TMS Neuronavigated TMS 

Initial costs Lower Higher 

Long-term costs Likely higher Likely lower 

Time efficiency Higher initially, possibly lower long 
term 

Lower initially, possibly higher long 
term 

Location accuracy / treatment 
reliability 

Lower Higher 

Treatment reproducibility Lower Higher 

Table 15. Likely characteristics of non neuronavigation-guided vs. neuronavigation-guided TMS for chronic 

pain. 



  

 

Summary 

• Strong mechanistic and outcome evidence supports the use of TMS for NP; 

• Strong mechanistic and outcome evidence supports the use of TMS for 
MTBI-HA; 

• Strong outcome evidence support the use of TMS for both pain and co-
morbid depression; 

• TMS for appears to have cost-saving benefit , especially when used to pain 
and other co-morbid condition; 

• Neuronavigation-guided TMS may have long-term therapeutic, cost-
effectiveness, and medical-legal benefits; 

• Clinical implementation for pain and headache treatment is imminent; 

Leung et al., Neuromodulation; in press 



What is next for clinical implementation? 

• Center for TMS at the VASDHS; 

• Proposal for a VA roll-out program in progress; 

• Ongoing research to assess long-term efficacy ; 



Thank You!!!! 

• Research funding: 

• VA Office of Research & Development 
• Rehabilitation 

• Clinical Science 

• Department of Defense Congressionally 
Directed Medical Research Program 
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