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1. Your contribution to the publications 

I was the leading person for structuring and implementing the ideas and concepts re-

garding neuromodulation with repetitive neuromuscular magnetic stimulation for head-

ache disorders within our research group closely supervised by Michaela Bonfert and for 

coordinating the publications detailed in parts 1.1 to 1.3. 

1.1 Contribution to paper I 

My contribution to paper I comprises my participation in the entire project planning, pro-

ject execution, data curation, data analysis, and publication.  

The project was conceptualized and the study protocol submitted to the LMU ethics com-

mittee by my supervisors (Florian Heinen, Michaela Bonfert), the former clinical head of 

the headache department of our tertiary pediatric outpatient headache clinic (Mirjam 

Landgraf), a medical doctoral student (Jacob Staisch), and myself. The project admin-

istration was the responsibility of Michaela Bonfert and myself.   

The analysis was based on data collected during clinical routine in our tertiary pediatric 

outpatient headache clinic. Once a patient was diagnosed with a headache disorder with 

a muscular component (head and neck muscles, trigemino-cervical complex [TCC]) by 

the physician and physiotherapist, it was my responsibility to offer the repetitive neuro-

muscular magnetic stimulation (rNMS) treatment to the patient and family. I checked that 

no contraindications were present and subsequently educated the patient and family 

about the treatment. If they agreed to treatment, I planned the treatment appointments 

together with my team of two medical doctoral students (Jacob Staisch, Magdalena 

Lang) and one neuroscience master student (Ari Hauser). 

Together, we have been responsible for treating the patients with rNMS targeted to the 

upper trapezius muscles (UTM) and documented all relevant details of the rNMS treat-

ments. One rNMS intervention comprised 6 rNMS sessions within 2-3 weeks. Treatment 

sessions also included the measurement of pressure pain thresholds (PPT) above the 

UTM before and after each rNMS session. Next to the treatments, we also planned and 

executed the 3-month follow-up visits of the treated patients. During these visits, changes 

in headache and muscular symptoms after the rNMS treatment including headache fre-

quency, intensity, and duration were monitored and PPT above the UTM were measured 

once more.  

Preparation of data analysis included the creation of a Microsoft Excel data mask and 

digitalizing the paper-based rNMS treatment documentations, which was done by Jacob 

Staisch and myself. After data entry, Jacob Staisch and I analyzed all data using Excel 
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and SPSS. Data interpretation was done together with my supervisors (Florian Heinen, 

Michaela Bonfert, Nico Sollmann) and the physicians of our tertiary outpatient pediatric 

headache clinic (Mirjam Landgraf, Iris Hannibal, Kristina Huß). Data visualization was 

done by Jacob Staisch, Ari Hauser, and myself.  

Our results regarding the clinical and muscular effects of rNMS treatments targeting the 

UTM were published in paper I. The original manuscript draft was prepared by Jacob 

Staisch and myself under the supervision of Michaela Bonfert. Moreover, I led the revi-

sion process until final acceptance of the manuscript and was responsible for the proof- 

reading process, respectively.  

In addition to the publication of paper I, I presented our results at the Kongress für 

Klinische Neurowissenschaften (DGKN) in March 2022 in Würzburg, Germany. Further, 

I presented the concept of the rNMS treatment at the 46. Jahrestagung of the Gesell-

schaft für Neuropädiatrie (GNP) in November 2021 in Salzburg, Austria. 

Since Jacob Staisch and I participated equally in most parts of the project and publication 

process, we decided on a shared-first authorship.  

1.2 Contribution to paper II 

Regarding paper II, the clinical studies, on which the analyses of this paper are based 

on, were carried out by Florian Trepte-Freisleder and Tabea Renner under the supervi-

sion of Florian Heinen, Nico Sollmann, and Mirjam Landgraf.  

Based on these datasets, I had the idea to retrospectively analyze the data regarding 

baseline factors that may predict better response to rNMS treatment. Since the rNMS 

treatment is time- and resource-costly, it is clinically meaningful to stratify, which patients 

may benefit the most from a rNMS intervention. Therefore, I combined and curated the 

datasets of the two studies and set up a statistical analysis plan.  

I conducted all statistical analyses presented in Paper II under the supervision of Nico 

Sollmann. These included the categorization of participants into responders and non-

responders according to a ≥ 25% response criterion of several headache-related out-

come measures. Univariate binary logistic regression analyses were used to assess the 

influence of potential predictors on these headache-related outcome measures. In addi-

tion, we used multivariate binary logistic regression analyses to evaluate the combined 

influence of all potential predictors on the headache-related outcome measures. To-

gether with my team of three medical doctoral students (Giada Urban, Paul Schan-

delmaier, Magdalena Lang), I compiled tables and figures of the publication.  
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Initial interpretation of findings was done by Tabea Renner and myself together with Nico 

Sollmann and Michaela Bonfert. Tabea Renner and I drafted the manuscript under the 

supervision of Michaela Bonfert and implemented feedback from the co-authors. Further, 

I led the revision process until final acceptance of the manuscript and was responsible 

for the proof-reading process.    

1.3 Contribution to paper III (Appendix) 

My contribution to paper III included the preparation and drafting of the review.  

The medical doctoral student Giada Urban conducted the literature search under the 

supervision of Michaela Bonfert and myself (n = 575 studies identified). Together we 

reviewed the literature, identified 15 RCT studies to be included in the review and ana-

lyzed these studies based on sample size, study design, stimulation protocol, and effec-

tiveness of the intervention (based on headache-related outcomes).  

We compiled tables and figures and discussed the findings and implications of the RCTs 

so far only including adult participants in the light of the child neurologist’s perspective.  

I drafted the manuscript and incorporated the feedback of all co-authors with the help of 

Giada Urban and under the supervision of Michaela Bonfert. The revision process until 

acceptance of the manuscript and the proof-reading process was led by myself. 
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2. Introductory summary  

2.1 Headache Disorders 

2.1.1 Epidemiology and clinical picture 

Migraine and tension-type headache (TTH) are the most prevalent primary headache 

disorders. About 14.7% of adults are affected by migraine in Europe and more than one 

billion worldwide (1-5). Regarding children and adolescents, migraine and TTH were 

classified as second most disabling conditions in 2019 (4, 6-8). Notably, headache dis-

orders are often underdiagnosed and underrecognized in the pediatric population result-

ing in the risk of chronification (9-14). Next to primary headache disorders, post-traumatic 

headache (PTH) plays an important role as a secondary headache disorder, in particular 

after mild traumatic brain injury (mTBI). While approximately 65% of adults are diag-

nosed with PTH 3 months after mTBI (15, 16), the reported prevalence of PTH in the 

pediatric population ranges from 6.8% to 70% (17).  

Migraine is a recurrent headache disorder characterized in the adult population by typical 

migraine attacks with unilateral moderate to severe pain, pulsating pain quality, and at-

tack duration of 4-72 hours (ICHD-3) (18). Next to headaches, symptoms can include 

nausea, vomiting, photophobia, and phonophobia. In children and adolescents, migraine 

symptoms may be less distinct in that attacks are shorter and pain location more likely 

is reported as bilateral. Occasionally, transient neurological symptoms, like visual or sen-

sory symptoms (e.g., flickering visual perception), precede migraine attacks referred to 

as migraine aura. In contrast, TTH typically presents with headache episodes with mild 

to moderate intensity and bilateral pain location, pressing/tightening pain quality, and no 

accompanying autonomic symptoms (ICHD-3) (18). PTH can have a heterogeneous 

phenotype of migraine-like, TTH-like, daily, and continuous headaches (19-22). In addi-

tion, headache disorders of all types and at all ages are often associated with a compel-

ling impact on work or school productivity, participation, social relationships, and quality 

of life (1-3, 23).  

Moreover, a muscular involvement of the neck region is common in patients with head-

ache disorders, and especially migraine (24-27). Importantly, the muscular involvement 

may be a more frequent accompanying symptom of the headache disorder than for in-

stance nausea and is associated with headache chronicity (26). Muscular involvement 

can include neck pain or tension, muscular imbalance, hyperalgesia, and myofascial trig-

ger points (TrP) (24, 28-31). TrP are hypersensitive spots within a taut band and manual 

palpation of these spots leads to referred sensation (32-41). Next to the clinically evident 
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muscular involvement, advanced muscular MRI imaging (muscle T2 mapping) of the 

UTM recently demonstrated muscular alterations interpreted most likely as surrogates of 

muscular neuroinflammation (42, 43). 

In the following paragraphs, the focus will be mainly on migraine since one of the two 

papers deals solely with migraine and literature regarding the underpinnings of TTH and 

PTH is still scarce to date.   

2.1.2 Pathophysiology 

Long time, migraine has been perceived as a pain disorder due to its key feature “head-

ache”. This categorization is not congruent to the complex clinical picture of migraine 

comprising premonitory and post-dromal symptoms before and after the headache, re-

spectively (44). In this context, Andrew Charles (2013) set up the concept to comprehend 

migraine as a brain state. In this concept, pain and migraine symptoms represent the 

clinical surrogate of functional and, in case of longstanding existence, structural changes 

in networks and brain regions that are involved in the processing of nociceptive infor-

mation translating to atypical pain processing (44). Further, migraine is a complex disor-

der with an important bidirectional interplay of the central nervous and the peripheral 

nervous systems. This interplay is evident in realizing the importance of peripheral and 

central sensitization, and neurogenic inflammation. Within the following paragraphs the 

most important mechanisms involved in migraine generation and perpetuation are de-

scribed. 

In general, ascending nociceptive information is transmitted to the thalamus, which has 

bidirectional connections with several cortical regions: the somatosensory cortex, insula, 

amygdala, and limbic regions. Here, nociceptive inputs are integrated with cognition, 

emotion, and autonomous symptoms (concept of the complex pain matrix) (45-47). 

Further, the thalamus transfers nociceptive inputs to the hypothalamus that itself bilat-

erally projects to the upper cervical spinal cord/brain stem (trigeminus nucleus caudalis 

[TNC]/spinal trigeminal nucleus), probably regulating pain thresholds and pain inhibition, 

and serving as a migraine generator given the oscillating state of brainstem activity (45). 

Food craving, fatigue, nausea, and yawning are premonitory surrogates of this hypotha-

lamic role (48). The descending pain modulatory system comprises projections from 

the thalamus, hypothalamus, and cortical sites to midbrain and medullary sites (49). 

Here, the role of the periaqueductal grey and the locus coeruleus in regulating pain inhi-

bition in migraine via modulating the trigeminovascular system (TVS) (top-down in-

hibition of pain) has to be highlighted (47, 48).  
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By now, the TVS is regarded as the origin and main pathway of transmission of nocicep-

tive information in migraine (50). Migraine initiation depends on the activation and sen-

sitization of first-order trigeminovascular neurons (located in the trigeminal ganglion) 

based on the following neuroanatomical features of their afferent fibers (nociception: C 

fibers, Aδ): (1) innervation of the meninges and their vessels (terminal nerve endings), 

(2) projection to structures in the central nervous system (central nerve endings in the 

TNC/spinal trigeminal nucleus), (3) activation of these neurons releases vasoactive pep-

tides (e.g. calcitonin gene-related peptide [CGRP], substance P, pituitary adenylate 

cyclase-activating peptide [PACAP]) in both directions, that induce inflammatory reac-

tions including vasodilation and plasma extravasation (neurogenic inflammation) in the 

periphery (48, 50, 51). Subsequently, this process discharges and sensitizes second- 

(upper spinal cord/brain stem) and third-order neurons (thalamus), resulting in the trans-

mission of nociceptive impulses to the somatosensory cortex and other brain regions 

involved in pain (see complex pain matrix, descending pain modulatory system) (52). 

In case of migraine with aura, cortical spreading depression (CSD) is interpreted as 

the electrophysiological pattern of migraine aura and describes “a short-lasting, intense 

wave of neuronal and glial depolarization that spreads slowly over the cortex”, “followed 

by a long-lasting inhibition of spontaneous and evoked neuronal activity” (48, 52, 53). 

This electrophysiological phenomenon is accompanied by alterations in regional cerebral 

blood flow beginning in the occipital cortex and slowly expanding in frontal direction (53). 

CSD initiates the release of inflammatory mediators by microglia activation (neu-

ropeptides [=neurogenic inflammation] and mast cell degranulation). These neuropep-

tides (e.g., CGRP) activate the trigeminal Aδ and C afferents in the perivasculature of 

the meninges and induce thereby an inflow of nociceptive information to the trigeminal 

ganglion and the TNC/spinal trigeminal nucleus and trigger the TVS, as well (50). 

Long(er) standing neurogenic inflammation in the context of the TVS causes sensitiza-

tion of meningeal nociceptors and the neurons in the trigeminal ganglion (peripheral 

sensitization); in turn second- and third-order trigeminovascular neurons in the 

TNC/spinal trigeminal nucleus and thalamus are sensitized. Central sensitization re-

flects the situation that nociceptors are already activated at lower thresholds and that 

their receptive field expands. Consequently, noxious stimuli cause amplified, prolonged, 

and extended responses (activity dependent central sensitization). Neuroplastic 

and structural adaptations at pain modulatory areas in the spinal cord and the 

cortex promote a net descending pain facilitation (activity independent sensitization). 

While hyperalgesia (increased pain reaction to a usually pain-evoking stimulus) can be 

considered a clinical surrogate of peripheral sensitization, allodynia (pain reaction to a 

non-painful stimulus) can be understood as clinical surrogate of central sensitization. 
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In migraine and TTH, the association of headaches and muscular symptoms / pain can 

be explained by introducing an additional neuroanatomical pathway – the trigemino-cer-

vical complex (TCC) (50, 52, 54-57). Within the framework of the TCC, muscular involve-

ment of the neck muscles – and of the UTM in particular – represents one of the extra-

cranial peripheral sites involved in pain origination (48, 58): nociceptive and propriocep-

tive information is transmitted from cervical afferents (C1-C3/4) stemming from the neck 

musculature to the TNC within the upper cervical spinal cord (54, 56, 57, 59). Here, this 

information converges with sensory information from the head and face (trigeminal 

branch I) and is forwarded to the above outlined higher-order pain processing networks 

in the brain.  

Regarding myofascial structures, muscular contraction or strain, ischemia, and inflam-

mation are potent to activate local nociceptors of Aδ and C fibers (57, 60-63). Headaches 

can be associated to stress as stress can induce increased muscle tension and amplified 

activity of motor units inducing ischemia-like states in the myofascial tissue. All these 

mechanisms result in the excretion of mediators that consecutively contribute to an in-

creased responsiveness of the nociceptors (myofascial peripheral sensitization) (57, 60-

63). As described above, the myofascial nociception is conveyed to higher-order pain 

networks via the TCC. Here, the level of sensitization of the second- and higher-order 

neurons (central sensitization) together with the level of top-down inhibition regulates the 

extent to that the nociceptive information is transferred. On the myofascial level, vaso-

active neurogenic mediators, such as CGRP, are potent to booster peripheral sensitiza-

tion. These mediators can induce vasodilation and mast cell degradation followed by 

plasma exudation into the myofascial tissue (57, 60-64). Notably, analogously as de-

scribed for the TVS, retrograde excretion of CGRP via Aδ and C fibers into the myofascial 

tissue is likely to be triggered by the afferent nociceptive inflow itself (65). Like a vicious 

cycle, myofascial peripheral sensitization continuously exaggerates and perpetuates. 

In PTH, similar pathophysiological processes to migraine play a key role (21, 66). How-

ever, the muscular involvement, especially in the neck region, plays an additional role in 

PTH due to a whiplash-like component leading to similar muscular symptoms as de-

scribed for migraine or TTH (21, 67, 68). The role of the neck region in PTH pathophys-

iology is also supported by studies showing that blocking the greater occipital nerve (can-

nulating through the UTM) can lead to a reduction in headache symptoms (69, 70).  

2.1.3 Treatment 

Next to the well-established acute treatment with pain medication or migraine specific 

medications (10, 71, 72), prevention of headache episodes plays a crucial role within 

headache care. Prevention of migraine is currently based on an individually tailored 
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multi-modal approach comprising extensive education, lifestyle management, physio-

therapy, relaxation techniques, behavioral therapy, and pharmacotherapy (10, 73, 74). 

Preventive strategies for TTH and PTH are mainly based on the same concept. Regard-

ing all of the headache disorders, pharmaco-prophylaxis is not a first line treatment since 

side effects and inappropriate safety data have been reported (75-78). This challenge is 

even more pronounced for pediatric headache disorders (10, 79). Non-pharmacological 

treatment options for headache disorders are scarce to date, which is why innovative, 

non-invasive treatment options are highly warranted (10, 73, 75, 80, 81). 

2.2 Neuromodulation 

Neuromodulation in terms of neurostimulation is a recent, innovative, non-pharmacolog-

ical treatment option: The external application of electrical or electro-magnetically in-

duced stimuli aims at the modulation of the function of cerebral or neuromuscular struc-

tures by inducing a voltage difference at the stimulation sites (81-84). For migraine, next 

to central stimulation approaches like transcranial magnetic stimulation (TMS) and tran-

scranial direct current stimulation (tDCS), several peripheral stimulation approaches, that 

target to neuromuscular structures have been investigated: transcutaneous occipital 

nerve stimulation (tONS) of the bilateral occipital nerves, transcutaneous vagus nerve 

stimulation (tVNS) of the cervical or auricular sections of the vagus nerve, transcutane-

ous supraorbital nerve stimulation (tSNS) of the bilateral supratrochlear and supraorbital 

nerves, and remote electrical neurostimulation (REN) targeting the cutaneous afferents 

of the upper arm (81, 85-96). In terms of acute treatment of migraine attacks, tSNS, 

tVNS, and REN have been found to be effective (81, 86, 97-99). Regarding migraine 

prophylaxis, effective approaches include tONS and tSNS (81, 100-103). For TTH and 

PTH, literature is very scarce and specific neuromodulating treatments have not been 

established yet (66, 104).  

2.3 Repetitive neuromuscular magnetic stimulation 

Repetitive neuromuscular magnetic stimulation (rNMS) targeting the UTM represents a 

novel, neuromodulating approach, that was originally developed by our research group 

under the supervision of Michaela Bonfert and Florian Heinen which will be discussed in 

the following paragraphs.  

2.3.1 Setup and feasibility 

Due to the clinically evident muscular component of the headache pathophysiology, 

rNMS targeting the UTM has been established as a novel, neuromodulating treatment 
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from bottom up for migraine, TTH, and PTH in our tertiary outpatient headache center. It 

is hypothesized that the electromagnetic stimulation of the UTM modulates mechanisms 

involved in peripheral and central sensitization and promotes network reorganization of 

regions and pathways involved in pain processing via the upper cervical afferents (C1-

C3) and the TCC, respectively (50, 52, 105-108). Previous work of our group showed 

that the rNMS setup was safe, feasible, and well-accepted by patients and caregivers  

(109-112). Compared to conventional manual physiotherapy, rNMS has the advantage 

of reaching deeper muscular structures of the UTM. In addition, rNMS is a personalized 

neurostimulation approach, in that patients can control the stimulation intensity them-

selves.  

2.3.2 Central effects 

It was previously shown that rNMS may have a beneficial effect on headache symptoms 

(e.g., reducing the headache frequency) (109, 110, 112). In paper I of this dissertation 

we additionally analyzed headache symptoms before and after rNMS treatment of 20 

patients receiving 25 rNMS interventions with regard to headache diagnosis, presence 

of neck pain, and the time frame, in which rNMS was administered (113). 

Changes in headache symptoms did not significantly differ between patients with primary 

headache disorders and posttraumatic headache (headache frequency: p = 0.191; min-

imum headache intensity: p = 0.679; maximum headache intensity: p = 0.770; headache 

duration: p = 0.923) (113). This may implicate that the response to rNMS treatment was 

irrespective of the headache diagnosis. However, it is important to note that in the pri-

mary headache group, 43% of patients were responders (based on ≥ 25% reduction in 

headache frequency) and 14% of patients had a reduction in headache frequency of ≥ 

75% while in the PTH group, 46% were responders and all patients had a reduction of ≥ 

75%. 

Similarly, the time frame in which rNMS treatment was administered (< 2x/week, exactly 

2x/week, > 2x/week), does not seem to influence the response to rNMS treatment as no 

significant differences in changes in headache symptoms were observed for the different 

time frame groups (headache frequency: p = 0.462; minimum headache intensity: p = 

0.600; maximum headache intensity: p = 0.059; headache duration: p = 0.318) (113). 

However, receiving rNMS twice a week may be a preferable protocol since 60% of pa-

tients were responders (≥ 25%) while only 33% of patients were responders (≥ 25%) 

when receiving more or less frequent rNMS treatments, respectively. 

Regarding the presence of neck pain, the change in headache frequency was found to 

be significantly higher in patients with neck pain compared to patients without neck pain 
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(p = 0.032) (113). In addition, significantly more patients with neck pain (60%) were clas-

sified as responders based on a reduction in headache frequency of ≥25% compared to 

patients without neck pain (20%, p = 0.048). This finding fits within the theoretical con-

cept of the TCC since rNMS may have greater effects in patients with more pronounced 

muscular involvement (i.e., neck pain) of the headache diagnosis (39, 107). 

2.3.3 Muscular Effects 

Previous work showed beneficial effects in terms of reduction in muscular symptoms in 

young adults with migraine (111, 112). In paper I of the dissertation, we compared PPT 

above the UTM before and after rNMS treatment in 17 patients receiving 22 rNMS inter-

ventions (data of 3 patients was not available due to a follow-up via telephone) (113). 

PPT significantly differed before the first rNMS session, before the last rNMS session, 

and 3 months after rNMS (p < 0.001). More specifically, PPT increased from the first to 

the last rNMS session. From the last rNMS session to 3 months after rNMS, PPT did not 

significantly change. Thus, muscular hypersensitivity decreased (as reflected by in-

creased PPT) after rNMS treatment and could be sustained until 3 months after treat-

ment. Comparisons of PPT changes between (1) patients with primary headache disor-

ders and posttraumatic headache, (2) patients with and without neck pain, and (3) pa-

tients receiving rNMS within different time frames (< 2x/week, exactly 2x/week, > 

2x/week) showed no significant interaction effects. Hence, beneficial muscular effects of 

rNMS do not seem to depend on headache diagnosis, presence of neck pain, or the time 

frame, in which rNMS was administered.  

2.3.4 Possible response predictors 

As described previously, rNMS can have beneficial effects on muscular and headache 

symptoms in pediatric and young adult cohorts with headache disorders (73, 109-113). 

Nevertheless, some patients respond to rNMS treatment while others do not, and it is 

not yet known which factors may influence responsiveness to rNMS treatment. In order 

to evaluate possible response predictors of rNMS, we retrospectively analyzed the data 

of 30 young adults with migraine who received rNMS targeting the UTM as part of the 

studies reported by Sollmann et al. (112) and Renner et al. (73, 110, 111). 

Several headache characteristics at baseline may predict responsiveness to rNMS treat-

ment: Results showed that responders in terms of a ≥ 25% reduction in headache fre-

quency had a lower mean headache frequency and intensity at baseline and were more 

often diagnosed with migraine without concurrent TTH (83). Based on these findings, 

rNMS may have especially beneficial effects when treatment is started during an early 

disease stage as headache frequency and intensity may still be lower then and the level 
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of central sensitization is still lower. This should also be considered when offering rNMS 

treatment to the pediatric cohort.   

Responders in terms of a ≥ 25% reduction in analgesic intake frequency had a signifi-

cantly higher mean baseline headache intensity and higher mean headache frequency 

with a statistical trend (83). Frequent medication intake likely reflects a higher burden of 

disease in terms of for instance higher headache frequency or intensity. Thus, respon-

siveness in terms of reduced medication intake may be associated with lower headache 

frequency and intensity as beneficial response to rNMS.  

With regard to predictive muscular characteristics at baseline, results indicate that re-

sponders in terms of a ≥ 25% increase in PPT above the right and left UTM had signifi-

cantly lower PPT above the right UTM at baseline (83). Supporting the bottom-up ap-

proach, rNMS targets the UTM, which feeds sensory information to the TCC, and a high 

muscular component in terms of muscular hypersensitivity may result in responsiveness 

to rNMS.  

Lastly, technical characteristics may influence responsiveness to rNMS treatment since 

responders in terms of a ≥ 25% reduction in headache intensity had significantly higher 

mean stimulation intensities (83). This finding may reflect a dose-effect relationship and 

comparisons of different stimulation protocols are needed in future to determine the most 

beneficial technical parameters.  

2.4 Future directions 

As summarized above, rNMS seems to be a promising, novel, non-invasive, non-phar-

macological, neuromodulating treatment for patients affected by headache disorders and 

is also suited for the pediatric cohort. In this context, rNMS could play a future key role 

in providing personalized multimodal treatment protocols tailored to the needs of the in-

dividual patient. Nevertheless, the above presented evidence is based on (pilot) studies 

and retrospective analyses with rather small sample sizes and without randomized sham 

control. Therefore, prospective, randomized, sham-controlled studies are urgently 

needed to further investigate the effects of rNMS treatment as well as its neurophysio-

logical mechanisms. For this reason, our group set up the currently running MagMig 

study, that will exactly fill these gaps in research. During my time as PhD, I was involved 

in the MagMig project creation, preparation of administration (ethic’s approval), training 

of study staff, set-up of the study, patient recruitment, conduction of study appoint-

ments/treatments, and data management as well as communication to our study collab-

orators, the scientific community, and the public.  
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Abstract: Repetitive neuromuscular magnetic stimulation (rNMS) for pediatric headache disorders 
is feasible, safe, and alleviates headache symptoms. This study assesses muscular effects and factors 
affecting response to rNMS. A retrospective chart review included children with headaches 
receiving six rNMS sessions targeting the upper trapezius muscles. Pressure pain thresholds (PPT) 
were measured before and after rNMS, and at 3-month follow-up (FU). Mean headache frequency, 
duration, and intensity within the last 3 months were documented. In 20 patients (14.1 ± 2.7 years), 
PPT significantly increased from pre- to post-treatment (p < 0.001) sustaining until FU. PPT changes 
significantly differed between primary headache and post-traumatic headache (PTH) (p = 0.019–
0.026). Change in headache frequency was significantly higher in patients with than without neck 
pain (p = 0.032). A total of 60% of patients with neck pain responded to rNMS (≥25%), while 20% of 
patients without neck pain responded (p = 0.048). 60% of patients receiving rNMS twice a week were 
responders, while 33% of patients receiving rNMS less or more frequently responded to treatment, 
respectively. Alleviation of muscular hyperalgesia was demonstrated sustaining for 3 months, 
which was emphasized in PTH. The rNMS sessions may positively modulate headache symptoms 
regardless of headache diagnosis. Patients with neck pain profit explicitly well. Two rNMS sessions 
per week led to the highest reduction in headache frequency. 

Keywords: migraine; tension-type headache; post-traumatic headache; neuromodulation;  
neurostimulation 

1. Introduction
Primary headache disorders like migraine and tension-type headache (TTH) are 

highly prevalent in kids and adolescents, and they represented the second most disabling 
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conditions in 10- to 24-year-old individuals in 2019 [1–4]. However, these conditions are 
considerably underdiagnosed [5–9]. Another common entity is post-traumatic headache 
(PTH) with the heterogeneous character of migraine-like, TTH-like, daily, or continuous 
headaches [10–14]. 

In the pathophysiology of these headache disorders, the trigemino-cervical complex 
(TCC) plays an important role [15,16]. Upper cervical afferents in the neck muscles 
transmit nociceptive and proprioceptive information to the caudal trigeminal nucleus. 
There, information is converged with sensory information from trigeminal branches in 
the head/face area and delivered to pain processing centers in the brain [15,17,18]. 
Consequently, the TCC represents the key framework of the interplay of peripheral and 
central mechanisms of pain perception, processing, perpetuation, and sensitization 
[15,18–20]. 

Within this concept, muscular involvement accompanying headache disorders 
comprises reports of neck pain or tension as well as findings during manual palpation of 
the short neck and upper trapezius muscles (UTM) [21–24]: next to muscular imbalance, 
restricted range of motion, or hyperalgesia, involvement of these muscles encompasses 
the presence of myofascial trigger points (mTrP), defined by taut bands, hypersensitive 
spots, and referred sensation during manual palpation [15,21–35]. In addition, PTH is 
frequently associated with muscular symptoms due to a whiplash-like component by 
rotational mechanical forces and a subsequent dysregulation of muscle tone in the neck 
muscles, which can present with neck pain and similar muscular signs as described for 
migraine and TTH [12,36–38]. 

A multimodal therapeutic strategy approaching the burdensome migraine, TTH, and 
PTH in children, calls for non-invasive, non-pharmacological, safe, and well-accepted 
treatments [39]. Neurostimulation of the cranial nerves represents one of the currently 
increasingly investigated approaches in adult neurology [40]. As muscular involvement 
is frequently diagnosed in pediatric headache disorders, a personalized treatment 
protocol applying repetitive neuromuscular magnetic stimulation (rNMS) targeting the 
UTM has been recently developed, demonstrating a feasible and safe set-up process and 
the effective alleviation of headache symptoms [41]. It is hypothesized that the clinical 
effects of rNMS in headache patients are achieved through a modulation of central pain 
processing networks. By electromagnetic stimulation above the UTM, sensory input via 
the upper cervical afferents (C1-C3) transferring to the TCC is increased by direct and 
indirect stimulation [42–45]. 

The aims of this retrospective analysis were (1) to assess the local effects on the 
(peripheral) muscular level of this rNMS treatment, and (2) to investigate whether the 
specific headache disorder (primary headache or PTH), the presence of neck pain, and the 
time frame rNMS is delivered in, may affect the response with regard to muscular and 
headache symptoms. 

2. Materials and Methods
2.1. Ethics

The study was approved by the institutional review board of the medical faculty of 
the University of Munich (LMU; vote 21-0574). 

2.2. Study Design 
During chart review, 23 patients were identified, who had a diagnosis of (1) episodic 

migraine, (2) episodic TTH, (3) mixed-type headache [46], or (4) PTH [14,47] and received 
rNMS treatment in our outpatient pediatric headache clinic between August 2020 and 
May 2021. A description of the study design is detailed in Staisch et al. (2022) [41]. 
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2.3. rNMS Intervention 
All patients received rNMS delivered by an eMFieldPro system (Zimmer 

MedizinSysteme GmbH, Neu-Ulm, Germany; CE Nr 0123). Stimulation was targeted to 
the UTM bilaterally in 6 consecutive sessions during two to three weeks. Each side was 
stimulated for 15 min consisting of 7420 pulses (20 Hz, 7 s ON time, 10 s OFF time) with a 
duration of 250 μs by a coil creating a magnetic field of 2.5 T maximum (7.6 cm diameter 
of the copper winding). The starting side was alternated in each session and the 
stimulation intensity was individually set to a comfortable level. Detailed descriptions of 
the rNMS setup and stimulation protocol have been recently published [41]. 

2.4. PPT Assessments 
Before and after each rNMS session, mechanical algometry was performed using a 

hand-held analogous algometer (Wagner instrument, Greenwich, CT, USA) to determine 
the patient’s pressure pain thresholds (PPT) above the UTM. The PPT is defined as the 
cut-off weight between the perception of pressure and the perception of pressure-induced 
pain [31,48]. Patients were seated on a roller stool with their hands resting on their laps. 
Reference points were marked at 1/3 and 2/3 of the distance from C7 to the acromion above 
the left and right UTM. The algometer was placed perpendicular on the skin with steadily 
increasing pressure until the patient indicated that the PPT was reached. Measurements 
were repeated three times in total, always starting with the lateral point on the right, 
continuing with the left lateral point, and resuming in the same order with the medial 
points. This protocol ensured that sufficient time had passed between the three 
measurements on each reference point [48]. The measurement was performed again 
during 3-months follow-up (FU) evaluation. 

2.5. Headache Characteristics 
Headache frequency, headache intensity (minimum and maximum), and headache 

duration regarding the headaches in the last 3 months were documented before treatment 
and at FU. Patients were classified according to responder rates (≥25%, ≥50%, ≥75%) based 
on their relative reduction in headache frequency. While headache changes in the total 
sample have been previously analyzed [41], this manuscript examines differences in 
headache changes among subgroups: (1) headache diagnosis, (2) neck pain, and (3) 
treatment time frame. 

2.6. Data Management 
Paper-based clinical report forms and customized questionnaires were used to 

document rNMS interventions and FU examinations. Data were anonymized, entered into 
Microsoft Excel data sheets (Microsoft Office Professional Plus 2016, Microsoft, Redmond, 
WA, USA), and plausibility of data was checked by at least two independent analysts. The 
algometer’s maximum pressure was 10 kg/cm2. If no pain was indicated when that 
pressure was reached, 10 kg/cm2 was defined as the PPT [49]. Headache frequency was 
assessed as headache days per month, headache duration as hours, and headache 
intensities as 10-point visual analogue scale (VAS). 

2.7. Statistical Analysis 
Microsoft Excel (Microsoft Office Professional Plus 2016, Microsoft, Redmond, WA, 

USA) and SPSS (version 25/26; IBM SPSS Statistics for Windows, Armonk, NY, USA) were 
used for statistics. The level of statistical significance was set at α = 0.05. Shapiro–Wilk 
tests checked for normality of the headache variables and PPT measurements. The 
Pearson correlation between the time from treatment to FU examinations and the PPT at 
FU examinations above each reference point were calculated. Since no correlations were 
observed (left lateral: r = −0.057, left medial: r = 0.084, right medial: r = 0.008, right lateral: 
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r = 0.052), time from treatment to FU examinations was not considered as a covariate for 
the following analyses. 

Differences in the PPT between pre-, post-, and FU assessments in the total sample 
were assessed with a repeated-measures analysis of variance (ANOVA). The homogeneity 
of variances at different time points was assessed by Mauchly’s test and was given for all 
analyses. Bonferroni corrections were used for adjustment for multiple comparisons. 
Effect sizes were calculated using eta squared. 

In addition, the following subgroup analyses were performed: (1) primary headache 
group vs. PTH group, (2) neck pain group vs. no neck pain group, and (3) different 
treatment time frame groups (<2x/week, 2x/week, >2x/week). Comparisons of the PPT 
above each reference point between the groups were calculated with two-way repeated 
measures ANOVA with time as within-factor and group as between-factor. Bonferroni 
(within) and Tukey (between) corrections were used for adjustment for multiple 
comparisons. Differences in the relative change of headache characteristics and the PPT 
from baseline to FU examinations between the headache diagnosis groups as well as the 
neck pain groups were assessed using two-samples t-tests and Mann–Whitney U tests. 
Differences in the relative change in headache characteristics and PPT from baseline to FU 
examinations between the treatment time frame groups were assessed using one-way 
ANOVA. Pearson correlations between the time since headache onset or trauma and the 
relative change in headache frequency were calculated for the headache diagnosis, neck 
pain, and treatment time frame comparisons. Sample sizes for the comparisons are listed 
in Table 1. 

Table 1. Sample sizes for PPT analysis and subgroup analyses. 

Group n (Patients) n (Interventions) 
Total sample 20 25 
PPT analysis (total sample) 17 22 
Headache diagnosis analysis 

Primary headaches 13 14 
PTH 7 11

Neck pain analysis 
With neck pain 13 15 

Without neck pain 7 10 
Treatment time frame 
analysis 

<2x/week 8 9
2x/week 7 10

>2x/week 5 6
Abbreviations: PPT pressure pain threshold, PTH post-traumatic headache. 

3. Results
3.1. Subjects

A total of 23 patients completed the rNMS intervention, of whom 5 patients received 
a second block of rNMS on average 104.2 ± 32.8 days (range: 73–167 days) after the first 
intervention, resulting in 28 rNMS interventions in total. Two patients were lost to FU and 
one patient was identified as an outlier based on a late FU as the FU time (210 days after 
intervention) lied more than 3 standard deviations above the mean FU time of the sample 
(91.7 ± 26.7 days). Therefore, data from 20 patients receiving 25 rNMS interventions were 
analyzed. Since three patients received FU examination via telephone calls, data from 17 
patients receiving 22 rNMS interventions were included in the PPT analysis. Details on 
the sample sizes for analysis are given in Table 1. 
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3.2. Patient and Treatment Characteristics 
Patients were on average 14.1 ± 2.7 years old, and 12 patients were females (60%). 

Diagnoses included migraine without aura and TTH (n = 8, 40%), migraine with aura (n = 
2, 10%), migraine without aura (n = 2, 10%), migraine with aura and TTH (n = 1, 5%), and 
PTH (n = 7, 35%). Acute medication was used by patients in 12 cases (48%) and a 
pharmacoprophylaxis with magnesium in 11 (44%). In the 3 months before the 
intervention, physiotherapy was obtained in 12 cases (48%), and was continued during 
the intervention in 5 (20%). During the 3 months after the intervention, in 4 cases (16%) 
physiotherapy was continued, and in 5 cases (20%) started. Neck pain as a general 
complaint besides headaches was indicated 15 times (60%) at the beginning of a rNMS 
treatment block. For the left UTM, mean stimulation intensity was 25.0% ± 11.6 of the 
maximum stimulator output and for the right UTM 25.8% ± 11.3 of stimulator output. A 
detailed description of the study population can be found in Staisch et al. (2022) [41]. 

3.3. Pressure Pain Thresholds 
Comparisons of the PPT above each reference point resulted in significant differences 

for all reference points over time (left lateral: p < 0.001, η2 = 0.318; left medial: p < 0.001, η2 

= 0.351; right medial: p < 0.001, η2 = 0.363; right lateral: p < 0.001, η2 = 0.311). PPT were 
increasing from pre- to post-treatment assessments and did not significantly change from 
post-treatment to FU examinations (Table 2, Figure 1). PPT changes above each reference 
point over time significantly differed between the primary headache group and the PTH 
group (left lateral: p = 0.026, η2 = 0.225; left medial: p = 0.019, η2 = 0.247; right medial: p = 
0.019, η2 = 0.244; right lateral: p = 0.020, η2 = 0.241; Table 3, Figure 2). When comparing 
patients with and without neck pain, no significant differences in PPT changes across time 
were observed between the groups (left lateral: p = 0.688; left medial: p = 0.807; right 
medial: p = 0.765; right lateral: p = 0.520). Regarding the comparison of different treatment 
time frames, PPT changes over time did not significantly differ between the three groups 
(left lateral: p = 0.146; left medial: p = 0.262; right medial: p = 0.187; right lateral: p = 0.282). 

Table 2. Comparison of PPT above each reference point before the first rNMS session (pre), before 
the last rNMS session (post), and at FU. 

PPT Test Values Mean (SD) Post-Hoc Test 
 F p η2 Pre Post FU p 

Left lateral 9.77 <0.001 * 0.318 2.00 (1.37) 3.28 (2.21) 2.87 (2.11)  
Pre-post       0.001 * 

Pre-FU       0.034 * 
Post-FU       0.415 

Left medial 11.38 <0.001 * 0.351 1.96 (1.27) 3.17 (1.99) 2.95 (2.11)  
Pre-post       0.002 * 

Pre-FU       0.007 * 
Post-FU       0.988 

Right medial 11.98 <0.001 * 0.363 1.83 (1.26) 3.17 (2.06) 2.95 (2.11)  
Pre-post       0.001 * 

Pre-FU       0.004 * 
Post-FU       0.788 

Right lateral 9.49 <0.001 * 0.311 1.94 (1.37) 3.24 (2.25) 2.81 (2.04)  
Pre-post       0.002 * 

Pre-FU       0.020 * 
Post-FU       0.510 

Differences in PPT above each reference point were analyzed using repeated-measures ANOVAs 
and Bonferroni post-hoc comparisons. Significant differences at α = 0.05 are marked with an asterisk 
(*). Abbreviations: PPT: pressure pain threshold (in kg), pre: before the first rNMS session, post: 
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before the last rNMS session, FU: follow-up, rNMS: repetitive neuromuscular magnetic stimulation, 
SD: standard deviation, F: ANOVA test statistic, η2: effect size eta-squared. 

 

Figure 1. PPT results above each reference point before the first rNMS session (pre), before the last 
rNMS session (post), and at FU (n = 22 with complete FU). Significant differences are marked with 
an asterisk (*) and apply to changes at all 4 reference points. Error bars are depicted as ±2 standard 
errors (SE). 

Table 3. Comparison of PPT changes across time between the primary headache group and PTH 
group. 

PPT Test Values Mean (SE) 
 F p η2 Pre Post FU 

Left lateral       
Headache diagnosis 5.82 0.026 * 0.225    

Time 10.50 <0.001 * 0.344    
Time * headache

diagnosis 2.57 0.089 0.114    

Primary headache    1.49 (0.39) 2.13 (0.58) 2.07 (0.60) 
PTH    2.50 (0.39) 4.43 (0.58) 3.68 (0.60) 

Left medial       
Headache diagnosis 6.56 0.019 * 0.247    

Time 11.62 <0.001 * 0.368    
Time * headache

diagnosis 1.45 0.247 0.068    

Primary headache    1.38 (0.35) 2.13 (0.52) 2.13 (0.60) 
PTH    2.54 (0.35) 4.20 (0.52) 3.78 (0.60) 

Right medial       
Headache diagnosis 6.47 0.019 * 0.244    

Time 12.66 <0.001 * 0.388    
Time * headache

diagnosis 2.19 0.125 0.099    

31



Brain Sci. 2022, 12, 932 7 of 14 
 

Primary headache    1.33 (0.36) 2.11 (0.54) 1.93 (0.61) 
PTH    2.34 (0.36) 4.22 (0.54) 3.80 (0.61) 

Right lateral       
Headache diagnosis 6.34 0.020 * 0.241    

Time 9.94 <0.001 * 0.332    
Time * headache

diagnosis
2.00 0.148 0.091    

Primary headache    1.41 (0.39) 2.12 (0.60) 1.97 (0.57) 
PTH    2.46 (0.39) 4.37 (0.60) 3.66 (0.57) 

Differences in PPT changes above each reference point between groups were analyzed using two-
way repeated measures ANOVAs with time as within-factor (pre, post, FU) and group as between-
factor (primary headache, PTH). Multiple comparison correction was done using the Bonferroni 
(within) and Tukey (between) procedures. Significant differences at α = 0.05 are marked with an 
asterisk (*). Abbreviations: PPT: pressure pain threshold (in kg), PTH: post-traumatic headache, pre: 
before the first rNMS session, post: before the last rNMS session, FU: follow-up, SD: standard 
deviation, F: ANOVA test statistic, η2: effect size eta-squared. 

 

Figure 2. Comparison of PPT changes across time between the primary headache group (white) and 
PTH group (grey). (A) Comparison of PPT above left lateral reference point, (B) Comparison of PPT 
above left medial reference point, (C) Comparison of PPT above right lateral reference point, (D) 
Comparison of PPT above right medial reference point. Abbreviations: PPT: pressure pain 
threshold, PTH: post-traumatic headache, pre: before the first rNMS session, post: before the last 
rNMS session, FU: follow-up. 

3.4. Headache Characteristics 
When comparing patients with and without neck pain at baseline, the change in 

headache frequency was significantly higher in the neck pain group (t = 2.29, p = 0.032, 
confidence interval 0.04–0.89; Figure 3). Changes in headache intensity (minimum: p = 
0.434; maximum: p = 0.434) and duration (p = 0.511) did not significantly differ between 
these groups. No significant differences were observed for the changes in headache 
characteristics in the headache diagnosis (headache frequency: p = 0.191; minimum 
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headache intensity: p = 0.679; maximum headache intensity: p = 0.770; headache duration: 
p = 0.923) and treatment time frame comparisons (headache frequency: p = 0.462; 
minimum headache intensity: p = 0.600; maximum headache intensity: p = 0.059; headache 
duration: p = 0.318). 

Regarding the responder rate classification (≥25%, ≥50%, ≥75%), 43% of patients with 
primary headaches were responders (≥25%) with 14% being classified as 75% responders 
(Table 4). In the PTH group, 46% of patients were responders and all were categorized as 
75% responders. Furthermore, 60% of patients with neck pain responded to rNMS (≥25%), 
while 20% of patients without neck pain were responders (≥25%, p = 0.048). In addition, 
60% of patients receiving rNMS twice a week were responders (≥25%), while 33% of 
patients receiving rNMS less or more than twice a week responded to treatment (≥25%), 
respectively. 

No statistically significant correlation for time since headache onset / time since 
trauma and the relative mean change in headache frequency was found in the primary 
headache group (r = −0.05, p = 0.857), nor in headache frequency in the PTH group (r = 
0.23; p = 0.492; Table 5). 

 

Figure 3. Relative difference in headache frequency (days/month) from baseline to follow up after 
rNMS intervention in patients with and without neck pain. Significant differences at α = 0.05 are 
marked with an asterisk (*). 

Table 4. Classification in responder rates based on the relative headache frequency reduction from 
pre-assessment to FU for the headache diagnosis, neck pain, and treatment time frame group 
comparisons. 

Responder 
Rate 

Headache Diagnosis 
Comparison n (%) 

Neck Pain 
Comparison n (%) 

Treatment Time Frame 
Comparison n (%) 

 
Primary 

Headache PTH Neck Pain 
No Neck 

Pain <2x/week 2x/week >2x/week 

75% responder 2 (14.3) 5 (45.6) 6 (40) 1 (10) 2 (22.2) 4 (40) 1 (16.7) 
50% responder 5 (35.7) 5 (45.6) 8 (53.3) 2 (20) 2 (22.2) 6 (60) 2 (33.3) 
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25% responder 6 (42.9) 5 (45.6) 9 (60) * 2 (20) * 3 (33.3) 6 (60) 2 (33.3) 
No responder 8 (57) 6 (54.6) 6 (40) * 8 (80) * 6 (66.7) 4 (40) 4 (66.7) 

Differences in responder rates between groups were assessed using Chi-square tests. Significant 
differences at α = 0.05 are marked with an asterisk (*). 

Table 5. Pearson’s correlations between the time since headache onset or trauma and the relative 
mean change in headache frequency per headache diagnosis, neck pain, and rNMS time frame 
groups. 

Group Correlation r p 
Headache diagnosis groups   

Primary headache a −0.05 0.857 
PTH b 0.23 0.492 

Neck pain groups   
Neck pain a −0.04 0.881 

No neck pain a 0.34 0.334 
Treatment time frame groups   

<2x/week a 0.53 0.139 
2x/week a −0.03 0.943 

>2x/week a 0.03 0.955 
a Correlation using time since headache onset, b correlation using time since trauma. 

4. Discussion 
This retrospective analysis evaluated the muscular effects of rNMS targeting the 

UTM in children and adolescents with headache disorders. As an additional goal, we 
investigated whether the type of headache disorder, the presence of neck pain, and the 
time frame of rNMS affected the change of muscular and headache symptoms. 

With regard to muscular effects, muscular hypersensitivity decreased from pre- to 
post-treatment assessment and was sustained until FU examinations on a lower level than 
at baseline. No significant differences in PPT changes were found between neck pain and 
treatment time frame groups, respectively. Thus, the response of the PPT seems not to 
depend on the presence of neck pain, nor on the time frame rNMS is applicated in. When 
compared to healthy controls, migraine patients demonstrated a pronounced pressure 
pain sensitivity translating to a lower PPT in the neck and shoulder region in previous 
studies [50–52]. Our analysis suggests a higher level of muscular hypersensitivity in 
pediatric headache patients before the rNMS intervention with a similar or even lower 
PPT compared to adults with migraine [51]. After rNMS intervention, PPT were 
comparable to or even higher than the PPT of healthy adults [51]. This finding may 
underline that with the application of rNMS to UTM, muscular hypersensitivity in 
headache patients can reach a “healthy” level. As decreased PPT are interpreted as a sign 
of sensitization of the trigemino-cervical nucleus caudalis [53], rNMS is likely to exert a 
desensitization effect on the TCC. Our findings regarding PPT are in accordance with 
previous studies that explored the muscular effects of rNMS in young adults with 
frequent episodic migraine receiving six rNMS sessions (stimulation protocol: 15 
min/side, 20-Hz frequency, 15 s ON time, and 30 s OFF time) [48,54,55]. While a significant 
increase in the pre- and post-treatment algometry-based PPT was reported over the course 
of the intervention in the pilot study [55], an increase in PPT was bilaterally observed but 
only reached statistical significance in the left UTM in a later study [48]. However, PPT 
were only measured locally, directly above an active mTrP, and no reference points were 
explored in these previous studies [48,55]. 

Moreover, the current study investigated the possible impact of headache diagnosis, 
presence of neck pain, or the treatment time frame on the clinical efficacy of rNMS. No 
significant differences regarding changes in headache symptoms or responder rates were 
observed between patients with primary headaches and PTH, thus indicating a similar 
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response to rNMS irrespective of the distinct headache diagnosis. However, it should be 
noted that all PTH patients showed at least 75% reduction in headache frequency, which 
is an important clinical finding on the individual patient’s level. Patients with neck pain 
as a general complaint in addition to their headaches demonstrated a greater reduction in 
headache frequency than patients without neck pain, with significantly higher responder 
rates. Following the concept of the TCC, rNMS is expected to have a greater impact on 
headache characteristics, like headache frequency, in patients with neck pain [31,44]. No 
significant differences regarding changes in headache symptoms were present between 
groups of different treatment time frames. However, the highest responder rates were 
documented in patients receiving rNMS twice per week (60% responders), which is why 
a treatment protocol with two sessions per week might be preferred. 

Neurostimulation by rNMS represents a novel approach to acute and preventive 
treatment in primary headache disorders. Transcutaneous supraorbital nerve stimulation 
(tSNS) [56–58], transcutaneous occipital nerve stimulation (tONS) [59,60], and 
transcutaneous vagus nerve stimulation (tVNS) [61,62] have previously been investigated 
within this context [40]. Regarding PTH, no adequate treatments have yet been 
established, which is why treatment of PTH is commonly based on research in primary 
headache disorders [38,63]. 

In comparison to the above-mentioned techniques that stimulate cranial nerves 
directly, rNMS is not only safe but also well accepted among patients, which is an 
important factor especially in the pediatric field [40,41]. The key benefit of rNMS is the 
muscular approach via the UTM, which is clinically involved in the pathophysiology of 
headache disorders via the TCC [15,16]. Therefore, the choice of the UTM as a stimulation 
target can be easily explained to the patients (especially in cases of reported neck pain or 
muscular symptoms together with headache symptoms), who themselves directly 
experience the stimulation at the local level and control the treatment by being able to 
adjust stimulation intensity. Hence, rNMS represents a personalized neurostimulation 
approach from the bottom-up by simultaneously modulating muscular and central pain 
processing (network reorganization) [40]. However, studies evaluating the efficacy of 
rNMS differ in methodology so far, making the use of guidelines for quality improvement 
of rNMS methods, and thus better comparability of studies, inevitable in the future [64]. 

Some limitations apply to the current study. First, it reports data collected during 
everyday routines within our clinical setting. Patients could have received other therapies 
like physiotherapy or psychological interventions in parallel to the rNMS intervention 
within the multimodal treatment regimen. As the setting/placebo effects might be 
increased in the pediatric field and for medical device treatments, this may have 
influenced the effects as well [65,66]. Thus, future studies with a prospective and 
controlled design investigating larger patient samples are needed. Second, the period of 
analyzed rNMS interventions was during the COVID-19 pandemic. Therefore, the life of 
children and adolescents changed drastically as, among other things, schools were closed 
from time to time, digital learning time during home schooling strongly increased, and 
contact with peers and friends were not possible. The possible impact of COVID-19-
related lifestyle changes on headaches in our sample cannot be estimated, as lifestyle 
factors are known to influence headache symptoms [67]. Specifically, for an Italian cohort 
it has been reported that school closure was related to a reduction in headache frequency 
and intensity in school children with headaches [68]. Such effects should be taken into 
consideration by future studies in a controlled setting. 

5. Conclusions
Reduced muscular hyperalgesia after rNMS was demonstrated in pediatric patients 

with headache disorders, which was sustained up to weeks to months. This effect was 
particularly emphasized in patients with PTH. In addition, rNMS seems to positively 
modulate headache symptoms regardless of the specific headache diagnosis. Patients with 
neck pain profit explicitly well from the intervention. Regarding treatment time frame, 
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two rNMS sessions per week led to the highest reduction in headache frequency. Given 
the framework of the trigemino-cervical complex, rNMS targeting the UTM most likely 
acts via neuromodulation of nociceptive processing at the central level. 
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Background: Repetitive neuromuscular magnetic stimulation (rNMS) of the trapezius

muscles showed beneficial effects in preventing episodic migraine. However, clinical

characteristics that predict a favorable response to rNMS are unknown. The objective

of this analysis is to identify such predictors.

Methods: Thirty participants with a diagnosis of episodic migraine (mean age:

24.8 ± 4.0 years, 29 females), who were prospectively enrolled in two non-sham-

controlled studies evaluating the effects of rNMS were analyzed. In these studies, the

interventional stimulation of the bilateral trapezius muscles was applied in six sessions

and distributed over two consecutive weeks. Baseline and follow-up assessments

included the continuous documentation of a headache calendar over 30 days before

and after the stimulation period, the Migraine Disability Assessment Score (MIDAS)

questionnaire (before stimulation and 90 days after stimulation), and measurements of

pain pressure thresholds (PPTs) above the trapezius muscles by algometry (before and

after each stimulation session). Participants were classified as responders based on

a ≥25% reduction in the variable of interest (headache frequency, headache intensity,

days with analgesic intake, MIDAS score, left-sided PPTs, right-sided PPTs). Post-hoc

univariate and multivariate binary logistic regression analyses were performed.

Results: Lower headache frequency (P = 0.016) and intensity at baseline (P = 0.015)

and a migraine diagnosis without a concurrent tension-type headache component (P

= 0.011) were significantly related to a ≥25% reduction in headache frequency. Higher

headache frequency (P = 0.052) and intensity at baseline (P = 0.014) were significantly

associated with a ≥25% reduction in monthly days with analgesic intake. Lower

right-sided PPTs at baseline were significantly related to a ≥25% increase in right-sided

40

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2022.919623
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2022.919623&domain=pdf&date_stamp=2022-07-28
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:nico.sollmann@tum.de
https://doi.org/10.3389/fneur.2022.919623
https://www.frontiersin.org/articles/10.3389/fneur.2022.919623/full


Börner et al. Response to rNMS in Migraine

PPTs (P = 0.015) and left-sided PPTs (P =0.030). Performance of rNMS with higher

stimulation intensities was significantly associated with a ≥25% reduction in headache

intensity (P = 0.046).

Conclusions: Clinical headache characteristics at baseline, the level of muscular

hyperalgesia, and stimulation intensity may inform about how well an individual patient

responds to rNMS. These factors may allow an early identification of patients that would

most likely benefit from rNMS.

Keywords: headache, migraine, neurostimulation, non-invasive neuromodulation, repetitive peripheral magnetic

stimulation, myofascial trigger point, preventive migraine therapy, migraine prevention

INTRODUCTION

Migraine is one of the most prevalent neurological disorders
worldwide, with more than one billion affected people in
2016 and a significant impact on health-related quality
of life, work productivity, and social relationships (1–3).
Migraine is countervailed by a multimodal approach of lifestyle
management, psychoeducation, psychotherapeutic intervention,
and pharmacotherapy (4–6). Medication for migraine attacks
is well-established and widely used; yet, responsiveness to
prophylactic treatment varies and treatment adherence is often
poor (e.g., due to side effects or insufficient adjustment of dosage)
(7, 8). Against this background, innovative non-pharmacological
treatment options are highly required (4, 8–10).

Neurostimulation represents a non-pharmacological
treatment alternative that has emerged over the recent years
(11–14). It aims at modifying the complex processes and
interactions in and in-between the central, peripheral, and/or
autonomous nervous system through externally applied electrical
or magnetically induced stimuli. Several approaches exist,
including: transcranial magnetic stimulation (TMS), transcranial
direct current stimulation (tDCS), occipital nerve stimulation
(ONS), transcutaneous supraorbital nerve stimulation (tSNS),
transcutaneous vagus nerve stimulation (tVNS), and remote
electrical neurostimulation (REN) of cutaneous sensory afferents
of the upper arm (10, 15–22).

Furthermore, repetitive neuromuscular magnetic stimulation
(rNMS) has been introduced lately, targeting to the neck
and shoulder muscles to prevent attacks in episodic migraine
(23–25). Specifically, rNMS has been reported to be safe,
feasible, well-tolerated, and well-accepted (23–25). Moreover,
promising effects of rNMS in terms of a reduction in headache
frequency, headache intensity, migraine-associated disability,
and muscular hypersensitivity have been reported (23–25). It is
hypothesized that rNMS intervenes at the terminal branches of

Abbreviations: DMKG, German Migraine and Headache Society; ICHD,

international classification of headache disorders; MIDAS, migraine disability

assessment; mTrP, myofascial trigger point; ONS, occipital nerve stimulation;

PPT, pressure pain threshold; QoL, quality of life; REN, remote electrical

neurostimulation; rNMS, repetitive neuromuscular magnetic stimulation; TCC,

trigemino-cervical complex; tDCS, transcranial direct current stimulation;

tENS, transcutaneous electrical nerve stimulation; TMS, transcranial magnetic

stimulation; TTH, tension-type headache; tSNS, transcutaneous supraorbital nerve

stimulation; tVNS, transcutaneous vagus nerve stimulation.

the motor and afferent nerves in the region within the induced
electromagnetic field, thus directly and indirectly leading to an
increase of proprioceptive sensation (26, 27). The trigemino-
cervical complex (TCC) serves as a gateway for this bottom-up
approach and its translation to modulate the central mechanisms
of nociception (10, 28, 29).

However, rNMS demands a commitment in terms of patient’s
and therapist’s resources. Stimulators are increasingly available
on the markets, but, they are still by far more expensive than
devices for transcutaneous electrical nerve stimulation (tENS),
which limits availability. Therefore, recommending rNMS for
migraine prevention anticipates thorough consideration of which
patient may benefit the most in the context of an individualized
multimodal treatment paradigm. However, no data on the
predictors of a treatment response to rNMS nor to any other
neurostimulating approach are available. The aim of this study
was to assess clinical headache and muscular characteristics as
well as technical aspects of the stimulation protocol that are
associated with a positive treatment response to rNMS regarding
headache frequency, headache intensity, burden of migraine,
frequency of analgesic intake, and level of muscular hyperalgesia.

METHODS

Ethics
The protocols of the two non-sham-controlled studies that
form the basis of the present analyses were approved by the
institutional review boards of both universities of Munich. The
studies were conducted in accordance with the Declaration
of Helsinki. Written informed consent was obtained from
all participants.

Study Design
For the analysis of response predictors, the baseline, treatment,
and follow-up charts of 30 participants who received rNMS to the
upper trapezius muscles during two previous prospective non-
sham-controlled clinical studies have been reviewed (23–25). The
following inclusion criteria were applied during those studies: (1)
age between 18 and 35 years, (2) episodic migraine [according
to the German version of the headache questionnaire modified
according to the International Classification of Headache
Disorders (ICHD), 3rd beta edition (30–32)], (3) at least one
active myofascial trigger point (mTrP) in one of the upper
trapezius muscles (identified by a physiotherapist specialized
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in manual palpation of mTrPs), and (4) no metallic implants
(e.g., pacemaker, cochlear implants). The following criteria
were defined as exclusion criteria: (1) chronic migraine (≥15
headache days per month for >3 months) (30), (2) any
neurological disorder except for primary headache, (3) intake of
any medication for migraine prophylaxis, and (4) pregnancy.

During the previous studies, each participant underwent
six sessions of rNMS in regular intervals during two
consecutive weeks (e.g., Monday/Wednesday/Friday or
Tuesday/Thursday/Saturday) (23–25). A Nexstim eXimia
NBS System with a figure-of-eight stimulation coil was used
for rNMS (version 4.3; Nexstim Oy, Helsinki, Finland). Before
starting the first rNMS session, the stimulation intensity (%
of maximum stimulator output) was determined individually
for the trapezius muscles and was kept for both sides for the
following sessions. Individual stimulation intensities were set by
increasing the intensity in 5% steps until participants reported
a discomfortable sensation (defined as a score of 5 on a 0–10
visual analog scale). Next, this intensity was decreased by 5%
so that a comfortable and non-painful stimulation over 15min
was possible (23–25). Stimulation targeted to the left and right
upper trapezius muscles – focusing on the mTrP with the highest
intensity of referred pain—for 15min per side during each
session. Stimulation of each side consisted of 20 bursts with a
total of 6.000 stimuli and a 20-Hz frequency. A single burst lasted
15 s and was composed of 300 stimuli, followed by a relaxation
time of 30 s.

Baseline and Follow-up Assessments
The German version of the headache questionnaire modified
according to the ICHD (3rd beta edition) (30–32), the headache
calendar of the German Migraine and Headache Society
(DMKG) (33), and the Migraine Disability Assessment Score
(MIDAS) questionnaire (34, 35) were applied. The presence of
aura symptoms and an association with tension-type headache
(TTH) were documented as well.

To evaluate the headache frequency and characteristics,
participants were asked to fill in the headache calendar of the
DMKG on a daily basis in the 30 days before the first rNMS
session. Numerous items of each headache attack like date,
trigger mechanisms (stress, relaxation, disturbance of sleep-
awake rhythm, or menstruation), intensity, duration, quality,
localization, forerunning symptoms (scintillating scotoma,
paresthesia, or aphasia), concomitant symptoms (nausea,
vomiting, photophobia, phonophobia or odor-sensitivity), drug
intake, dosage form, and pain relief were recorded with the
help of the calendar. Subsequently, the participants filled in the
headache diary during the course of the 30 days after the last
rNMS intervention, defined as the follow-up period.

Moreover, participants were advised to fill in the MIDAS
questionnaire to evaluate the impairment by headache events
in different aspects of daily life before and after the application
of rNMS. As the MIDAS questionnaire is evaluating a period
of 90 days, this questionnaire had to be completed prior to
the first rNMS session (evaluating the 90 pre-interventional
days) and 90 days after the last session (evaluating the 90 post-
interventional days). Measurements of PPTs were performed

with an analog algometer by applying pressure with its rubber
tip of 1 cm2 perpendicularly to the determined mTrPs. The
pressure was increased with a velocity of 1 kg/s/cm2 until the local
PPT was attained according to the participant. This algometry
was conducted three times per side before and after rNMS
during each of the six sessions, and the average of each three
measurements was calculated afterwards (36, 37). In this context,
the PPT was defined as the cut-off value between mere pressure
and pressure-induced painful perception (37–41).

Statistical Analysis
SPSS (version 25.0; IBM SPSS Statistics for Windows, Armonk,
NY, USA) was used for statistical data analyses. Response
to rNMS was investigated by categorizing participants into
responders and non-responders according to a ≥25% response
criterion for the following outcomes: (1) headache frequency,
(2) headache intensity, (3) MIDAS score, (4) days with analgesic
intake per month, (5) left-sided PPT, and (6) right-sided PPT.
The following potential predictors were evaluated: (1) age,
(2) headache type (episodic migraine, episodic migraine with
concurrent TTH diagnosis), (3) pre-interventional headache
frequency, (4) pre-interventional headache intensity, (5) pre-
interventional MIDAS score, (6) pre-interventional days with
analgesic intake per month, (7), pre-interventional left-sided
PPT, (8) pre-interventional right-sided PPT, and (9) stimulation
intensity. Differences between pre- and post-interventional
values of predictor variables were assessed using paired t-tests.

We performed univariate binary logistic regression analyses to
assess the influence of each potential predictor on the outcome
variable. To assess whether the regression model is better
fitted than a null model, the Omnibus test was used. Further,
multivariate binary logistic regression analyses (with a backward
elimination approach) were used to evaluate the combined
influence of potential predictors on the response (≥25% response
rate) to rNMS. The Benjamini-Hochberg procedure with a false
discovery rate (FDR) of 10% was used to adjust for multiple
testing. The statistical significance for all tests was set at α = 0.05.

RESULTS

Thirty participants who received rNMS applied to the bilateral
trapezius muscles were included in the analysis. All participants
had a diagnosis of episodic migraine, and 10 subjects had an
additional diagnosis of concurrent TTH (33.3%). Participants
were on average 24.8 ± 4.0 years old (age range: 19–35 years)
and 29 of the participants were female (96.7%). Demographics as
well as baseline and follow-up characteristics are summarized in
Table 1.

Response set to a level of ≥25% was achieved in 50% of this
cohort (n = 15) in terms of decreases in headache frequency, in
13% of participants (n = 4) in terms of decreases in headache
intensity, in 73% of participants (n = 22) in terms of decreases
in the MIDAS score, in 50% of participants (n = 15) in terms
of decreases in monthly days with analgesic intake, and in 53%
of participants (n= 16) in terms of increases in left-sided PPTs
as well as in 60% of participants (n = 18) in terms of increases
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TABLE 1 | Descriptive statistics of n = 30 patients affected by episodic migraine participating in two pilot studies of repetitive neuromuscular magnetic stimulation applied

to the trapezius muscles.

Descriptive Statistics Paired t-Test

N % Mean SD Range T P-value

Age (years) 24.80 3.96 19–35

Gender

Female 29 96.70

Male 1 3.30

Headache type

Migraine without TTH 20 66.70

Migraine with TTH 10 33.30

Headache frequency (days/month)

Pre-interventional 8.17 4.50 2–26 2.88 0.007a

Post-interventional 6.33 4.38 1–20

Headache intensity (10-point VAS scale)

Pre-interventional 5.23 1.37 2.52–7.5 −0.73 0.473

Post-interventional 5.40 1.33 3.00–7.43

MIDAS score

Pre-interventional 26.33 13.89 2–58 6.24 <0.001a

Post-interventional 15.27 12.30 1–47

Analgesic intake (days/month)

Pre-interventional 3.63 2.58 0–8 1.25 0.233

Post-interventional 3.10 2.44 0–9

PPT left (kg)

Pre-interventional 2.02 0.89 0.97–4.17 −4.26 <0.001a

Post-interventional 2.68 1.16 0.80–5.33

PPT right (kg)

Pre-interventional 2.19 0.83 0.87–3.83 −4.10 <0.001a

Post-interventional 2.94 1.15 0.63–5.04

rNMS intensity (% of maximum stimulator output) 24.23 4.66 15–35

aResults significant at α = 0.05. TTH, tension-type headache; VAS, visual analog scale; MIDAS, migraine disability assessment; PPT, pressure pain threshold; rNMS, repetitive

neuromuscular magnetic stimulation.

in right-sided PPTs, respectively. The results of the univariate
analyses are summarized in Table 2.

The multivariate analyses revealed the following results
(Table 3): headache type as well as pre-interventional headache
frequency and headache intensity were significantly associated
with responsiveness in terms of a ≥25% reduction in headache
frequency. Responders had on average lower pre-interventional
headache frequency (responders: 7.4 ± 3.4 days/month; non-
responders: 8.9 ± 5.4 days/month) and intensity (responders:
5.0 ± 1.3 points; non-responders: 5.5 ± 1.5 points on a
10-point visual analog scale). In addition, responders were
more often diagnosed with migraine without a concurrent
diagnosis of TTH [responders: 12 participants without a TTH
diagnosis (80%); non-responders: 8 participants without a TTH
diagnosis (53.3%)]. The pre-interventional headache intensity
was significantly associated with responsiveness in terms of
a ≥25% reduction in monthly days with analgesic intake.
The association of pre-interventional headache frequency with
responsiveness showed a statistical trend (P= 0.052). Responders

had on average higher pre-interventional headache frequency
(responders: 9.0 ± 5.6 days/month; non-responders: 7.3 ±

3.0 days/month) and intensity (responders: 5.7 ± 1.4 points;
non-responders: 4.7 ± 1.1 points on a 10-point visual analog
scale).

The pre-interventional right-sided PPT was significantly
associated with responsiveness in terms of a ≥25% increase in
the right-sided PPTs. Responders had on average lower pre-
interventional right-sided PPTs (responders: 2.0 ± 0.9; non-
responders: 2.4 ± 0.7). The pre-interventional right-sided PPT
was significantly associated with responsiveness in terms of
a ≥25% increase in the left-sided PPTs. Responders had on
average lower pre-interventional right-sided PPTs (responders:
1.9 ± 0.7; non-responders: 2.6 ± 0.8). Stimulation intensity was
significantly associated with responsiveness in terms of a ≥25%
reduction in headache intensity. Responders received rNMS with
higher stimulation intensities on average (responders: 29.3 ±

4.4% of maximum stimulator output; non-responders: 23.5 ±

4.3% of maximum stimulator output).
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TABLE 2 | Results of the univariate analyses of response predictors of repetitive neuromuscular magnetic stimulation applied to the trapezius muscles in patients affected

by episodic migraine.

Predictor Omnibus Test B SE P-value Exp (B) 95% CI [Exp (B)]

Chi² P-value

25% responder rate of headache intensity

rNMS intensity 6.27 0.012 0.37 0.18 0.046a 1.44 1.01–2.07

25% responder rate of MIDAS score

Headache frequency 4.02 0.045 −0.21 0.13 0.110 0.81 0.63–1.05

Days with analgesic intake/month 3.93 0.048 −0.35 0.19 0.067 0.71 0.49–1.02

25% responder rate of days with analgesic intake

Headache intensity 4.42 0.035 0.62 0.32 0.053 1.86 0.99–3.48

Days with analgesic intake/month 6.79 0.009 0.42 0.18 0.019a 1.52 1.07–2.15

25% responder rate of left-sided PPT

Right-sided PPT 6.00 0.014 −1.25 0.58 0.030a 0.29 0.09–0.89

25% responder rate of right-sided PPT

rNMS intensity 4.75 0.029 0.20 0.10 0.050a 1.22 1.00–1.49

aResults significant at α = 0.05 and after adjusting for multiple testing using the Benjamini-Hochberg correction with 10% FDR. Only predictors for which the Omnibus test was significant

are displayed in this table. B, unstandardized beta (regression coefficient); SE, standard error of the unstandardized beta; Exp(B), expected beta; CI, confidence interval of the expected

beta; MIDAS, Migraine Disability Assessment; PPT, pressure pain threshold; rNMS, repetitive neuromuscular magnetic stimulation; FDR, false discovery rate.

TABLE 3 | Results of the multivariate analyses of response predictors of repetitive neuromuscular magnetic stimulation applied to the trapezius muscles in n = 30 patients

affected by episodic migraine.

Predictor B SE P-value Exp(B) 95% CI [Exp (B)]

25% responder rate of headache frequency

Headache type 4.13 1.63 0.011a – –

Headache frequency −0.41 0.17 0.016a 0.66 0.47–0.93

Headache intensity −1.41 0.58 0.015a 0.25 0.08–0.76

25% responder rate of headache intensity

rNMS intensity 0.37 0.18 0.046a 1.44 1.01–2.07

25% responder rate of days with analgesic intake

Headache intensity 1.00 0.40 0.014a 2.71 1.23–5.99

Headache frequency 0.23 0.12 0.052 1.26 1.00-1.60

25% responder rate of left-sided PPT

Right-sided PPT −1.25 0.58 0.030a 0.29 0.09–0.89

25% responder rate of right-sided PPT

Left-sided PPT 2.02 1.07 0.060 7.51 0.92–61.37

Right-sided PPT −2.83 1.16 0.015a 0.06 0.01–0.58

rNMS intensity 0.25 0.14 0.076 1.28 0.97–1.69

aResults significant at α = 0.05 and after adjusting for multiple testing using the Benjamini-Hochberg correction with 10% FDR. All variables not mentioned in the table were excluded in

the prior steps of regression analysis. B, unstandardized beta (regression coefficient); SE, standard error of the unstandardized beta; Exp(B), expected beta; CI, confidence interval of

the expected beta; PPT, pressure pain threshold; rNMS, repetitive neuromuscular magnetic stimulation; FDR, false discovery rate.

No statistically significant predictors were identified for
responsiveness in terms of a ≥25% reduction in MIDAS scores
(P > 0.05).

DISCUSSION

In migraine research, neurostimulation methods are emerging
non-invasive, non-pharmacological approaches, for which
efficacy data is available but information on clinical baseline
characteristics associated with positive treatment response are
still lacking (11, 12). This study points at clinical headache and

muscular characteristics as well as a technical factor as potential
predictors for a beneficial response to rNMS in participants
with episodic migraine. Reductions in headache frequency (from
8.17 to 6.33 headache days per month) and in MIDAS scores
(from 26.3 reflecting severe disability to 15.3 reflecting moderate
disability) were observed after application of rNMS compared to
the baseline status, whereas no significant changes were found
for headache intensity or duration.

Participants achieving a reduction in headache frequency
of at least 25% had on average lower headache frequency,
lower headache intensity, and were more often diagnosed with
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migraine without a TTH component at baseline. Responsiveness
in terms of ≥25% reduction in monthly analgesic intake days
was associated with higher mean headache intensity at baseline
and higher headache frequency by trend. Regarding muscular
involvement, participants achieving a ≥25% increase in right-
and left-sided PPTs had on average lower baseline right-sided
PPTs. From the technical perspective, participants with a decrease
of at least 25% in headache intensity received rNMS with higher
mean stimulation intensities. All those findings are in agreement
with the current concept of migraine pathophysiology, which
includes not only central pain mechanisms but also points at
muscular involvement of the neck muscles (7, 42–44). Clinically,
particularly the involvement of the upper trapezius muscles has
been described more pronounced in migraine than in episodic
TTH (45, 46). Supported by muscular imaging by advanced
techniques like muscle T2 mapping of the trapezius muscles,
the clinical signs might be considered surrogates of muscular
neuroinflammation (47, 48). This imaging finding could be seen
in line with the framework of the TCC (28, 29).

The level of sensitization and impairment of the nociceptive
feedback control systemsmay eventually bemore easily amenable
by a tailored treatment approach the lower the baseline headache
frequency and intensity are. This may imply to consider a
neuromodulatory approach early during the course of disease,
before perpetuation of the disorder. With respect to this
assumption, a follow-up rNMS study involving patients suffering
from chronic migraine would be of interest, as well as long-
term follow-up investigations to assess the sustainability of
the beneficial effects in different subgroups of patients (e.g.,
episodic migraine vs. high-frequent episodic migraine vs. chronic
migraine). Treating migraine via the bottom-up approach allows
the modulation of the afferent input to the TCC and, in
consequence, of the central pain processing mechanisms (10, 28,
29). Since TTH is associated with different pathophysiological
mechanisms, patients with migraine having a concurrent TTH
component might respond to rNMS to a lesser extent (49–52).

Patients who are more frequently or more intensely affected
by migraine may also use more medication for pain relief.
Hence, a decrease of the intake of analgesics is likely to reflect a
lower headache frequency and/or intensity as a positive response
to rNMS. The better treatment response in patients with a
higher level of muscular hyperalgesia supports the concept of
the bottom-up approach, as well. In this regard, rNMS targeting
the part of the trapezius muscles that is included in the TCC is
particularly effective in patients with a high level of muscular
involvement. Specifically, the impact of the stimulation intensity
on the outcome might reflect a dose-effect relationship. Given
the novelty of the rNMS approach, no comparisons of different
stimulation protocols have been conducted yet.

Of note, we chose a reduction of ≥25% as responder rate
since clinical experience support that responder rates lower
than 50% are also clinically meaningful in the context of non-
pharmacological preventive treatments (53). This is especially
true for the cohort of this study since it involves participants
suffering from frequent episodic migraine (up to 26 headache
days per month).

Data on the predictors of treatment response to other
non-invasive methods of neurostimulation (e.g., TMS, tDCS, or

tENS of cranial nerves) for the prevention of migraine is lacking
so far. Only one study examined potential predictors for the
response to invasive ONS in refractory chronic headache (54).
It showed that shorter unilateral headache attacks and prior
response to a pharmacologically induced occipital nerve block
were associated with a greater likelihood for a positive response
to invasive ONS (54).

When interpreting the results of this analysis the following
limitations should be respected. First, the sample size is low,
which does not allow for an extrapolation to the general
population of migraine patients. Second, the analysis relies on
data retrieved from not-sham-controlled pilot studies, which is
why placebo effects in the context of response level cannot be
excluded. Further research is needed to evaluate the association
of clinical as well as muscular characteristics and technical
aspects to treatment response for neurostimulation therapy. In
addition, future studies should investigate rNMS in a higher
number of patients as well as in sham-controlled settings to
assess and correct for a potential placebo effect. Future studies
could for instance assess further predictors like age at onset of
migraine, overall duration of migraine (55), number of local
spots of muscular hyperalgesia (i.e., mTrPs), fluid biomarkers
(e.g., calcitonin gene-related peptide), or biomarkers based on
novel muscular imaging methods (e.g., T2 mapping derived
from magnetic resonance imaging of the trapezius muscles)
(47, 48). Since our results derive from a cohort of young
adults with episodic migraine, future studies should include
other migraine cohorts as well (e.g., pediatric populations).
Further, this study did not assess variables reflecting central
sensitization (e.g., allodynia), and it did not systematically
assess common comorbidities like depression or anxiety. Future
studies should implement such comorbidities in their study
design. In addition, different classifications of responsiveness
should be considered, for example ≥25% vs. ≥50% response,
excellent responders (56), full-length responders, or wearing-off
responders (57). Moreover, the establishment of standardized
protocols for treatment and for data collection during baseline
and follow-up are necessary for reliable data analysis and bias
exclusion (55, 58). The identification of potential predictors
for the different neurostimulation approaches and for a larger
cohort of patients could enable an individually tailored,
efficacy-predicting tool (score chart) in a multimodal therapy
setting (59).

CONCLUSION

This analysis informs about predictors of treatment response to
rNMS applied to the upper trapezius muscle in a cohort of young
adults affected by episodic migraine. Findings demonstrate that
some clinical headache characteristics at baseline (headache
frequency, headache intensity, and headache diagnosis), the level
of muscular hyperalgesia expressed by PPTs at baseline, as well
as technical aspects during rNMS (stimulation intensity) may
deliver information on how well an individual patient may
respond to rNMS. These factors may allow early identification
of patients who would experience benefits of rNMS based on
their initial clinical presentation. This is important as rNMS
represents an innovative and promising treatment approach that

Frontiers in Neurology | www.frontiersin.org 6 July 2022 | Volume 13 | Article 919623

45

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Börner et al. Response to rNMS in Migraine

is, however, restricted to single headache centers at the current
stage, only. Further, to establish a treatment option like rNMS in a
cost- and time-efficient manner, the individual counseling on the
treatment options in the context of a multimodal regimen should
be based on all evidence available.
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