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Abstract

:

Onabotulintoxin A (BontA) is an efficacious preventive treatment for chronic migraine, though the specific mechanism of action is still under discussion. The study aims: (1) To evaluate pain processing modifications in chronic migraine patients (CM) under single BontA administration in pericranial muscles, by means of CO2 Laser Evoked Potentials (LEPs) obtained by the stimulation of the skin over the right frontal and trapezius injection sites and hand dorsum, in a double blind placebo controlled crossover design. (2) To correlate main LEPs findings with clinical outcome after one year of BontA treatment. Twenty refractory CM patients were included in the analysis. The LEPs were recorded in basal conditions and seven days after BontA (PREEMPT protocol) and saline solution injection. The N1, N2 and P2 amplitude and latencies and N2P2 habituation index were evaluated and correlated with the percent change of headache frequency after one year of toxin treatment. After seven days of BontA treatment, a normalization of the trigeminal habituation index was observed, which was correlated with the clinical outcome after one year of BontA therapy. Patients displaying trigeminal LEPs facilitation at T0 time showed a more efficient therapeutic outcome. Neurotoxin may exert a modulating effect on trigeminal nociception, normalizing central neurotransmission.
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1. Introduction


OnabotulintoxinA (BontA) is an efficacious preventive treatment for chronic migraine [1,2,3], though the specific mechanism of action is still under discussion [4,5]. Based on preclinical studies, the well-known action of BontA is the inhibition of the release of excitatory neurotransmitters from both motor and sensory neurons by preventing vesicle fusion to the cell membrane [6]. Apart from the inhibition of the release of acetylcholine, resulting in muscle paralysis, the internalization of the neurotoxin in sensory neurons that innervate the skin and muscles could potentially inhibit the release of pro-inflammatory mediators at several sites within the sensory neuron and suppress neurogenic inflammation near the injection site by preventing the release of the neuropeptides calcitonin gene-related peptide (CGRP) and substance P from free nerve endings [7,8]. In addition, the neurotoxin can exert a modulating effect on central sensitization by blocking the release of CGRP and glutamate from nociceptive nerve fibers terminating in the spinal cord, thus suppressing the stimulation of second-order neurons and glial cells [4,9,10,11]. The role of CGRP and glutamate in chronic migraine pathophysiology and related phenomena of central sensitization is supported by numerous evidences [12]. The observations about the low efficacy of BontA in episodic migraine compared to the good results in chronic forms [13] may suggest that the main action is exerted on the phenomena of central sensitization, which subtend the transition from sporadic to continuous headache, rather than toward factors initiating migraine attacks. Moreover, the inhibitory effects of BontA are also likely to involve the activity of myogenic trigger points, decreasing the persistent nociceptive barrage that promotes and maintains central sensitization [5]. The knowledge of mechanism of BontA in chronic migraine may improve its clinical employment and the individuation of patients with the best therapeutic response. Up to now, central sensitization changes induced by BontA were mainly evaluated by means of clinical questionnaires [14]. Neurophysiological methods may provide for an objective examination of nociceptive pain pathway functions and their modification in chronic pain syndromes. Laser evoked potentials (LEPs) are a useful tool for this purpose [15], and were applied in migraine to detect the abnormal elaboration of painful stimuli under repetitive stimulation and cognitive trials [16]. In particular, reduced habituation to repetitive multimodal stimuli is a well documented inter-critical feature of migraine, which involves pain pathways and may partly explain their persistent activation [17]. In addition, LEPs have been previously employed in episodic migraine to measure the effects of symptomatic and preventive treatments on pain pathways [18,19], while in medication overuse headache, the recovery of reduced habituation indicated a normalization of pain processing after detoxification [20].



In accord with previous studies [21] reporting that the inhibitory effect of the neurotoxin on nociceptive system after seven days of its injection could partly represent the mechanism of long-term clinical efficacy in chronic migraine, we aimed to:

	(1)

	
Evaluate LEPs changes at the main sites of injection, as frontal and trapezius sites, with a control site as the hand dorsum, after seven days of single BontA treatment, according to PREEMPT protocol [1], in a double blind placebo controlled crossover design (first outcome: LEPs modification after seven days of BontA injection)




	(2)

	
Correlate main LEPs findings with clinical outcome after one year of BontA treatment (second outcome: correlation between LEPs changes seven days after single BontA treatment with clinical improvement after one year (four treatment cycles) [1]).










2. Results


The LEPs performed at T0 and T1 before placebo or BontA were almost super-imposable, and statistical analysis of Student’s t-test did not report relevant differences, so we decided to consider the average values across the two recording series. All patients were recorded during or in close relationship with migraine occurrence (mean time from last migraine episode 6 ± 3.4 h; mean time from next migraine attack 5 ± 2.3 h). No patient was recorded during a crystal day.



The N1, N2 and P2 amplitudes and latencies in basal conditions were within normal limits for all the stimulation sites.



2.1. Aim 1


2.1.1. Laser Pain Perception


At T0 time, subjective pain induced by laser stimuli was significantly increased in CM patients compared to healthy controls at trigeminal level (controls trigeminal Visual Analogic Scale (VAS): 41.32 ± 12.2; CM patients 54.78 ± 21.84: ANOVA F 4.90 p = 0.02). The VAS patients’ values are reported in Table 1. At T1 time, BontA injection caused a slight and not significant laser pain perception decrease by the hand, trapezium and frontal levels, and also placebo exerted no relevant effect (Figure 1, Table 1).




2.1.2. LEPs Latencies


At T0 time, latencies were within normal limits. In the T1 BontA condition, a significant prolongation of N2 and P2 latencies was found at the hand level, in respect to T0 and T1 placebo conditions, with a similar though not significant trend for N1 component. When the recordings from the skin over trapezius and frontal muscles were considered, no significant difference was found among the different conditions (Figure 1, Table 2).




2.1.3. LEPs Amplitudes


At T0 time, LEPs amplitudes were not different from the control group. Moreover, the N1 and N2P2 amplitudes were similar between T0, T1 placebo and T1 BontA conditions (Figure 1, Table 3).




2.1.4. N2-P2 Habituation


At T0 time, the vertex complex showed reduced habituation in respect to control group when the face and the hand were considered, while a not significant trend was observed in the skin over the trapezius stimulation (for mean values in CM, see Table 3; in the controls, habituation index for face stimulation was 48.8% ± 22.2% ANOVA F 5.71, p = 0.011; hand stimulation 49.9 ± 27.7 F 4.68, p = 0.023; and trapezius 41.1 ± 21.2 F 3.19, p = 0.065). At trigeminal level, habituation index was significantly increased in T1 BontA condition, while at the hand and shoulder levels, there was a not significant trend toward a habituation index increase after toxin treatment (Table 3). In CM patients, at trigeminal level, BontA restored habituation within normal limits (Figure 2 and Figure 3). In addition, we observed that the effect of BontA of trigeminal habituation prevailed in patients with more evident LEPs abnormalities, as there was a significant correlation between the habituation index at T0 and percent degree of habituation changes induced by BontA in T1 condition (Pearson correlation 5.12, p = 0.01).





2.2. Aim 2: Clinical Outcome and Correlation with LEPs Findings


At T0 LEPs features, including trigeminal habituation, were not correlated with headache frequency, Migraine Disablity Assessment score (MIDAS), allodynia and Total Tenderness Score (TTS), though the negative correlation between allodynia and trigeminal habituation index approached the statistical significance (Pearson correlation = 0.4226, p = 0.051). We found that both allodynia and TTS influenced headache severity (Pearson correlation between allodynia and MIDAS: 0.569 p = 0.004; TTS and MIDAS 0.604 p = 0.001).



Headache frequency, MIDAS score and allodynia were significantly improved at T2 time (Table 4), while pericranial tenderness was only slightly reduced. Four patients reported high headache frequency and only a mild reduction of headache days at T2 time, so they were considered as non-responders. Interestingly, clinical outcome in terms of headache frequency reduction at T2 was significantly correlated with the effect of BontA on trigeminal LEPs habituation at T1 time and trigeminal habituation index recorded at T0 time, so the non-responders were characterized by higher trigeminal habituation index and a consequent reduced effect of toxin on this LEP pattern (Figure 4). Brachial LEPs latency changes were not correlated with modification of headache frequency induced by one year of toxin treatment (Pearson correlation 0.21, not significant—n.s.).





3. Discussion


The results of the study may be summarized as follows: after seven days of BontA treatment, there was no direct inhibitory effect on LEPs responses from the skin sites corresponding to the frontal and trapezius sites of injection, while a modulation of the trigeminal habituation index and its restoration into normal limits was observed. This pattern correlated with the clinical outcome after one year of BontA therapy. The more efficient was the therapeutic action, the more evident appeared the pattern of reduced trigeminal habituation at T0 time.



All the results will be commented on detail in the following sections.



3.1. Aim 1


3.1.1. Main Effects of BontA on Subjective Laser Pain and LEPs Amplitude and Latency


BontA failed to exert any relevant effect on subjective laser pain seven days after injection. In line with laser pain perception, the LEPs amplitudes and latencies evoked by stimuli delivered over the sites of injection, remained quite similar after both BontA and placebo. The LEPs were previously employed to test the possible effect of symptomatic and preventive treatment on nociceptive pathways in episodic migraine. Both triptans and non-steroidal anti-inflammatory drugs reduced the vertex complex amplitude during a migraine attack, which effect was correlated with therapeutic efficacy, probably due to a direct action on trigeminal afferents and cortical sites elaborating the attention and emotional compounds of pain [18]. This evidence in humans is supported by animal experiments where nociceptive evoked response amplitude was sensitive to the pharmacological modulation of trigeminal activation [22,23]. Apart from the well-known direct action of BontA in attenuating nociceptive input from the muscles [24], it has also been proposed that, when injected peripherally, it can access the CNS, decreasing synaptic transmission in pain pathways [10]. It was supposed on the basis of several evidences that internalization of the neurotoxin in the sensory nerves that innervates the muscles and the skin, would result in a central effect by blocking CGRP and Glutamate in the spinal cord, thus inhibiting second order neuron transmission [5]. In this case, the neurotoxin intramuscular injection would have exerted a central inhibiting effect on nociceptive neurons receiving inputs from the skin topographically related to the muscular sites of inoculation, with a reduction of the central transmission of laser stimuli, which was not observed for LEPs evoked by frontal and shoulder stimulation. Moreover, we cannot exclude an analgesic effect on laser pain before and after the seventh day, though we choose this interval, in accord with the current knowledge about the time course of neurotoxin action [25]. We also failed to observe a significant placebo effect on subjective laser pain perception, despite the therapeutic procedure was complex enough to induce suggestion [26] and in previous studies LEPs were found to be sensitive to the placebo effect in migraine patients and healthy subjects [27,28]. Probably the slight muscles discomfort that patients complained in the sites of injection should have reduced the analgesic suggestion; in addition, the placebo effect may be reduced after seven days from the sham procedure. The slight but significant prolongation of vertex wave latencies for hand stimulation is really difficult to be explained, considering that we added the hand as a control site. We can suppose that seven days after BontA injection a weak inhibition of nociceptive transmission to the cortical zones generating the vertex waves [29] may occur only in the case of somatic but not trigemino-cervical stimuli, which cortical processing is facilitated in the acute phase of migraine [30]. Moreover, in our previous studies trigeminal facilitation was never expressed by clear latency reduction, so this result remains partially unexplained and worthy of confirmation by case series enlargement and observation time extending. In any case, the lack of effect of BontA on LEPs evoked by the stimulation of the skin over the sites of injection, seems to be in contrast with a direct inhibitory effect of the neurotoxin on the trigeminal and the cervical nociceptive afferent system, at least seven days after treatment.




3.1.2. Effects of BontA on LEPs Habituation


At T0 time our CM patients showed a tendency toward a progressive vertex complex increase instead of reduction at trigeminal level, which pattern could represent the electrophysiological counterpart of central sensitization of cerebral structures subtending pain processing, probably related to the mechanism of migraine attack and evolution into chronic form [31,32,33,34]. In accord with this hypothesis, our patients showed facilitation instead of habituation of trigeminal LEPs, given that the majority of them were recorded during or in close temporal relationship with migraine, or in any case during non-migraine headache. The trigeminal LEPs habituation was found particularly compromised in our patients, though the phenomenon of reduced habituation interested also the LEPs recorded from the hand dorsum, in accord with previous studies [31] and evidence about the spreading of central sensitization at the somatic level [35]. Though the trigeminal habitual pattern was clearly different from normal controls, it was not significantly correlated with headache severity, which was similar across refractory migraine patients.



Toxin injection showed a clear effect on trigeminal LEPs habituation, which was restored within normal limits, changing from a pattern of slight facilitation to a more physiological pattern of progressive vertex complex amplitude reduction. The effect of the neurotoxin was proportional to the severity of basal habituation impairment, being more effective in patients showing facilitation of trigeminal LEPs. The mechanisms by which neurotoxin could induce a modulation and normalization of trigeminal habituation pattern, may be based on the inhibition of muscle nociceptors, with a normalization of the afferent firing toward trigeminal second-order neurons, receiving inputs from the meninges and vascular structures, responsible for migraine pain. Alternatively, the direct effect on caudal trigeminal nucleus would induce an increase of the inhibitory controls on neuro-transmission, limiting the excess of incoming painful inputs from the trigeminal nociceptors in those patients displaying facilitation instead of habituation of pain stimuli processing. Thus, while a direct neurotransmission block would induce an amplitude reduction of averaged LEPs [36], a modulation of first-second order nociceptor synapses may result in a normalization of abnormal firing of painful inputs through the cortex. Moreover, there was no correspondence between LEPs reduced habituation pattern and LEPs amplitude, which may be explained by the variability of the amplitude of the first LEPs block and the degree of N2P2 facilitation vs. reduction in the course of repetitive stimulation, factors influenced by the temporal proximity of migraine attacks and the effect of preventive and symptomatic treatments [19,20,30,31,32,33]. In previous studies, preventive treatment with topiramate, was also able to modulate the N1 habituation in episodic migraine, with a significant correlation between clinical effects and the normalization of neurophysiological responses [19]. In our study, we decided to analyze only habituation of vertex N2-P2, considering the small amplitude of N1 [15] and the possible further reducing effect caused by symptomatic treatments, which were not discontinued during the observation period. Reduced habituation interested in a slight and not significant way also the LEPs obtained from the skin over the trapezius, corresponding to the superior cervical system, which is in strict functional relationship with the trigeminal caudal nucleus and involved in the migraine central sensitization phenomena [35]. The lack of significance of this pattern with respect to control values could be due to a variety of expression and diffusion of central sensitization and reduced habituation pattern across patients, so this pattern would deserve further confirmation in larger series. Summarizing, BontA seemed to modulate trigeminal habituation in those patients where abnormality of this pattern was more evident, with no effect at trapezius level, where N2-P2 habituation was not clearly modified in respect to controls. The lack of normalizing effect at the hand level may be caused by the distant site of BontA injection from the site of laser stimulation and the less evident pattern of reduced habituation with limited boundaries for BontA action.





3.2. Aim 2: Correlation between Effect of Neurotoxin on LEPs Features and Long-Term Clinical Outcome


Our CM patients showed a favorable outcome of their headache frequency and severity at T1 time after one-year follow-up, according to previous studies conducted in large migraine populations [37]. Their improvement consisted of headache days and migraine intensity reduction, limited disability and fewer allodynia symptoms, in accord with previous reports [14]. Our patients were not affected by Medication Overuse Headache (MOH) [38], as we tried preventively to discontinue current symptomatic treatment without success on migraine improvement, so we did not consider the number of analgesics intakes in the clinical outcome, as its reduction was the consequence of CM improvement. Moreover, new evidences are available about the efficacy of BonTa on CM with associated MOH, so in our patients a beneficial effect due to the reduction of analgesic use could not be excluded [38]. At T0 time, central sensitization symptoms influenced the severity of migraine, as shown by the positive correlation between allodynia, pericranial tenderness and MIDAS scores. While allodynia was reduced after four treatment cycles, pericranial tenderness showed a limited improvement, that could suggest only a slight long term effect on muscle nociceptors and the possibility that clinical efficacy is not mediated by pericranial muscle relaxation. The central modulating effect on trigeminal neurotransmission, may explain both the short-term normalization of LEPs habituation and the long-term clinical improvement with allodynia symptom reduction, though a mild effect on muscle nociceptors could not be excluded. In our small CM group, four patients reported a persistent headache frequency >15 days/month and <50% reduction of headache days at T1 time. The case number was limited to characterize the clinical feature of non-responders, but we can try to suggest that the neurophysiological pattern of habituation of trigeminal LEPs, instead of facilitation, could delineate the toxin resistant migraine phenotype. We can in fact advance this risky hypothesis, basing on the positive correlation between the degree of trigeminal LEPs habituation and clinical improvement, as far as patients with less abnormalities in trigeminal habituation and probably sensitization, are not influenced by the modulating effect on central pain transmission exerted by the neurotoxin. Other factors beyond trigeminal central sensitization may cause evolution into chronic migraine in these patients, though at this stage we cannot establish which clinical feature may explain their toxin resistant profile, as well as their trigeminal habituation pattern. In basal conditions, trigeminal LEPs habituation did not correlate with any clinical feature, including allodynia symptoms, though the correlation approached statistical significance. The enlargement of case series, would help us to understand if the trigeminal LEPs habituation index may be a sign of the severity of central sensitization, probably normalized by the neurotoxin, or if other factors, for example psychiatric features, may be the main causes of chronic migraine.




3.3. Study Limitations


Many problems may constitute a limitation for the significance of our result. The small case series reduced the reliability of results, though the neurophysiological procedures request time and collaboration, which is difficultly obtained by patients who complain invalidating migraine. The low compliance in clinical diaries also caused the exclusion of many patients, though we were very rigorous on this matter, in order to report clinical outcome in a reliable way. The placebo-controlled study design caused half patients to be recorded after three months from the first toxin cycle, though neurophysiological pattern was similar to the basal condition for the long time elapsing from the injection. Patients were under symptomatic and preventive therapies, giving that our study was observational under the clinical point of view, so we were not allowed to discontinue treatments. Finally, the seven days after effects of BontA on LEPs could not completely explain the long-term efficacy mechanism in chronic migraine.





4. Conclusions


The results of this neurophysiological double blind, placebo controlled trial on main effects of BontA treatment on CM may suggest that the neurotoxin could exert a modulating effect on trigeminal nociception and altered pattern of habituation, normalizing central neurotransmission. Normalization of LEP habituation seven days after BontA injection therapy in CM patient characterized by a pattern of trigeminal LEP facilitation may have predictive value for long-term therapeutic outcome. The challenge for future studies would be the enlargement of case series, and the individuation of clinical phenotype corresponding to the neurophysiological pattern predictive of good therapeutic response.




5. Materials and Methods


5.1. Patients


Cases selection was made from September 2013 to February 2014. Outpatients attending for the first time the tertiary headache Center named “Headache Ambulatory of Neurophysiopathology of Pain Unit of Bari Aldo Moro, University”, were considered for study selection after three months observation, during which they were requested to fill a headache diary and the allodynia questionnaire [39]. Chronic Migraine diagnosis was made, according to the last classification [37]. Patients with probable chronic migraine emerging from the first visit were initially assigned to preventive treatment, depending upon their clinical and pharmacological history, and in accordance with Italian guidelines [40]. Patients with medication over-use, were submitted to detoxification by means of corticosteroids, and assigned to preventive treatment. After three months of observation, patients with refractory Chronic Migraine [41] (as requested by the Italian Government rules on the public access to Neurotoxin treatment) were assigned to BontA protocol, in accord with PREEMPT study design [1]. Exclusion criteria for the study were: concomitant neurological, general medical or psychiatric diseases and a not complete compliance in clinical diaries compilation. All preventive and symptomatic therapies were left unmodified during the neurophysiological study and the clinical observation.



After the first visit, a total of 70 patients was selected for BontA treatment, 40 patients gave the written informed consent before they participated in the study. Twenty patients completed the study, while the others were excluded, 12 for a not complete compliance in diaries completions, and the remainder for not reliable LEPs recordings, most of these for a scarce compliance due to the concomitance of severe migraine and associated symptoms. Eleven excluded patients had been firstly randomized to placebo, the remainder to BontA. Demographic and clinical features of CM patients are summarized in Table 4. All patients were originating and resident in Southern Italy. The LEPs from 20 controls comparable for sex (18 females and 2 males), age (44.9 + 12.1), origin and permanent address on the basis of the absence of neurological, psychiatric, general medical diseases and first degree inheritance for migraine, were also compared with those of patients included. They were volunteers, selected among the Hospital and University staff.




5.2. Study Design


This was a double blind crossover randomized, placebo controlled study on effects of BontA on LEPs (Figure 1), completed by a correlation of main LEPs findings with clinical outcome after one year of treatment. Patients and medical and technical staff were in blind conditions during toxin or placebo injection, clinical and neurophysiological examination and LEPs analysis. Toxin and placebo injection were prepared by an expert nurse, who assigned a code to patients and experimental sessions. The study was approved on 1 July 2013 by the local ethical committee of the Bari Policlinico General Hospital (identification code: 1289), and was entirely conducted in accord with the Declaration of Helsinki of 1975 (http://www.wma.net/en/30publications/10policies/b3/), revised in 2008. Patients signed a written informed consent on a placebo controlled study, limited to neurophysiological examination. After the first visit, a three-month observation was carried out (Figure 1). At this time, patients fulfilling the inclusion/exclusion criteria and assigned to onabotulintoxinA treatment [1] were requested to participate in the neurophysiological study. At the T0 time (Figure 1), patients were randomly assigned to placebo or BontA injection, and LEPs were recorded after seven days (T1 time, Figure 1). We choose this interval, in accord with the current knowledge about the time course of neurotoxin action [25]. Patients assigned to placebo were treated by BontA at this time, and the inverse occurred in toxin group. The placebo treatment consisted of intramuscular injections of a minimum (0.1 cc) of saline solution in 31 pericranial points near those injected with BontA. Patients were advised that the placebo procedure served for the neurophysiological examination, and that the real treatment would be done in any case for therapeutic purpose. Considering the high migraine frequency characterizing our patients, it would be impossible to obtain LEPs during inter-critical phases, so we decided to schedule the recording dates independently from migraine occurrence, checking for headache diaries to establish the interval from the last and the next migraine attack or headache. Three months after the first session, a crossover with placebo or BontA was done, after which LEPs were again recorded as reported above (Figure 1). All patients were then requested to complete two further BontA cycles over a total observational time of one year, in accord with PREEMPT protocol [1]. The final clinical evaluation was carried out after three months of the fourth therapeutic session (T2 time, Figure 1).




5.3. Clinical Assessment


The frequency of headache and allodynia were assessed by the diaries reporting the number of days with headache and its intensity, in a score from 1 (slight) to 3 (maximum intensity), and allodynia questionnaires, which patients were requested to fill for any migraine episode [39]. The MIDAS scale was also employed to evaluate headache-related disability [42] and pericranial tenderness was also detected [43,44].




5.4. Aim 1


5.4.1. Laser Evoked Potentials Examination−Stimulation Procedure


The pain stimulus consisted of laser pulses (wavelength 7.6 lm) that were generated by a CO2 laser (Neurolas Electronic Engineering, Florence, Italy). The stimulation site was visualized using a He–Ne laser beam. After each stimulation, the laser beam was slightly shifted to a nearby site to avoid nociceptor sensitization and skin damage.



The diameter of the laser beam was 2.5 mm, and the duration of the stimulus pulse was 30 ms. To define the pain threshold, single stimulus pulses were presented in a random order at 4–5 different intensities at 1.5 W intervals. The subjects were requested to report the quality of sensation and the pain threshold, which was expressed as the laser intensity (expressed in Watts) that produced a pinprick sensation followed by a burning sensation. Thirty consecutive laser stimuli were then delivered to any stimulation site at an intensity level set one step (1.5 W) above the pain threshold at an inter-stimulus interval of 7 s. We evaluated LEP habituation within single trials, to minimize exam duration and distress. The dorsum of the right hand, the right supraorbital zone and the skin over the right trapezius were stimulated. The order of site stimulation was randomized across sessions. The patients were requested to rate the laser pain intensity at the end of the stimulation series, according to a 0–100 visual analogical scale in which 100 represented maximal pain, shown in intense red color.




5.4.2. Recording Procedure


Each subject was seated in a comfortable position in a quiet room with an ambient temperature of 21–23 °C in an awake and relaxed state with eyes open. All subjects and observers wore protective goggles during data acquisition. In addition to the 19 standard positions of the international 10–20 system, 37 electrodes were placed on the x, y, and z coordinates provided by Advanced Source Analysis (ASA) software (ASA version 4.7; ANT Software, Enschede, The Netherlands, 2014 http://www.antneuro.com). The reference electrode was placed on the nose, the ground electrode was in Fpz, and 1 electrode was placed above the right eyebrow for electro-oculographic (EOG) recording. The impedance was maintained at 7 kΩ or less. The EEG and EOG signals were amplified using a bandpass filter of 0.5–80 Hz, digitized at 250 Hz, and stored on a biopotential analyzer (Micromed System Plus, Micromed, Mogliano Veneto, Italy; www.micromed-it.com).



In the present study, we examined the waves obtained from the CZ position for the 10–20 International System (impedance below 5000 Ω), referred to the nasion, and those obtained from T3 derivation, referred to the Fz position, with the ground electrode at Fpz.




5.4.3. Laser-Evoked Potential Analysis


An investigator who was blinded to the treatment analyzed the LEP recordings of 1 s, including 100 ms of pre-stimulus time, at a sampling rate of 256 Hz. All LEP recordings containing transient signals that exceeded 65 mV in any channel were excluded from the average by an automatic artifact rejection algorithm. Other artifacts were visually inspected. For each stimulation site, we evaluated the averages of at least 21 valid (artifact-free) responses, divided in blocks of at least seven artifact-free responses. The N1 component was analyzed at T3-Fz, and the N2 and P2 components were analyzed at the vertex (CZ-nasion) [15]. The absolute latencies of the scalp potentials were measured at the highest peak of each response component. The amplitude of each wave was measured from the baseline, in an automatic way of calculating the average signal on the entire sweep and subtracting this average signal from the trace (ASA version 4.7 by ANT software; Advanced Neuro Technology, Enschede, The Netherlands, 2014). The peak-to-peak amplitude was taken into consideration for the vertex biphasic LEP component (N2-P2). To assess N2-P2 habituation, we decided to consider only the initial and final block of single responses, considering that in migraine the trend of LEPs amplitude changes is quite irregular in the course of the stimulation, while reduced habituation is expressed by the lack of significant amplitude modification between the first and the last responses [45]. We simplified the habituation pattern computing the percent difference between the LEP amplitudes obtained in the first and third blocks of the averaged responses relative to the first block (first response-third response × 100/first response). This value was defined as the habituation index (HI). Positive values corresponded to a reduction of the N2-P2 amplitudes from the first to the third stimulation series, negative values expressed N2-P2 facilitation [46].





5.5. Statistical Analysis


We preliminary evaluated a sample size of minimum 20 patients for the first outcome, considering the single LEPs variables, with an expected 30% effect of placebo [17] and 60% effect of real treatment, with 20% of SD for a significance level of 5% and a power of 90%. For the second outcome, we considered proceeding with correlation, even though our sample size was far from the optimal one for reliable measures, to indicate a preliminary trend and directions for future studies.



The repeated measures ANOVA was carried out taking the VAS values, the N1 and N2P2 amplitude and the N1, N2 and P2 latencies as variables and the condition (a) basal vs. (b) seven days after BontA and (c) seven days after placebo as factors. A post-hoc Bonferroni test was also employed between the different conditions for single variables.



Clinical variables at T0 and T2 [1] were compared by means of Student’s t-test for paired data. The clinical scores obtained in the three months preceding the randomization and following the fourth treatment cycle were considered. The p-values used for statistical significance in this analysis was a one-sided alpha of 0.05, without adjustment for multiplicity. We considered as non-responder patients with a persistent headache frequency >15 days/month and <50% reduction of headache days in the last clinical control.



For correlations between LEPs and clinical features, the Pearson correlation test was carried out.
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Figure 1. Main steps of experimental procedure are summarized. * Clinical assessment was based on frequency of headaches, as average number of headaches/day in one month, averaged over three months, allodynia questionnaire, Total Tenderness Score (TTS), Migraine Disability Assessment (MIDAS) score, headache intensity from 1 (slight) to 3 (maximum pain). 
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Figure 2. An example of N2P2 laser evoked responses by frontal stimulation in basal conditions (T0) and seven days after neurotoxin injection (T1 BontA), according to PREEPMT protocol [1] in a representative patient, who passed from a clear pattern of dis-habituation and facilitation to a more physiological habituation. 1°, first block of responses; 3°, third blocks of responses. Each trace is the average of seven artifact-free responses. 
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Figure 3. Trigeminal Laser Evoked Potemtials (LEPs) habituation index mean values and standard deviation in Chronic Migraine (CM) patients (n = 20) before T0 and seven days after BontA injection (T1 BontA), compared to controls (n = 20). The Bonferroni test showed that in CM group, trigeminal habituation was similar to controls after toxin treatment, while it was significantly reduced in basal conditions. Bonferroni test: T0 vs. T1 BontA and controls * p < 0.05. 
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Figure 4. X-Y scatterplots to show correlations between trigeminal LEPs habituation at T0 and changes induced by toxin injection as well as clinical outcome after one year of BontA treatment: (a) Pearson correlation = 0.512, p = 0.011; and (b) Pearson correlation = 0.569, p = 0.004. 
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Table 1. Mean values ± SD of 0–100 Visual Analogic Scale (VAS) values by laser stimuli. Results of ANOVA for repeated measures are reported. For experimental design, please refer to Figure 1.
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Site

	
T0

	
T1 BontA

	
T1 Placebo






	
Hand

	
47.43

	
44.61

	
48.39




	
17.13

	
20.53

	
19.31




	
ANOVA

	
-

	
-

	
-




	
F 0.66

	
-

	
-

	
-




	
P 0.53

	
-

	
-

	
-




	
Face

	
54.78

	
50.22

	
55.08




	
21.84

	
17.99

	
19.53




	
ANOVA

	
-

	
-

	
-




	
F 1.76

	
-

	
-

	
-




	
P 0.2

	
-

	
-

	
-




	
Trapezius

	
54.45

	
51.41

	
55.32




	
16.04

	
14.55

	
19.71




	
ANOVA

	
-

	
-

	
-




	
F 0.83

	
-

	
-

	
-




	
P 0.83

	
-

	
-

	
-
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Table 2. Mean values ± SD of Laser Evoked Potentials (LEPs) latencies in the different conditions. Results of ANOVA for repeated measures and Bonferroni test are reported. The significant results are in bold. For experimental design, please refer to Figure 1.







Table 2. Mean values ± SD of Laser Evoked Potentials (LEPs) latencies in the different conditions. Results of ANOVA for repeated measures and Bonferroni test are reported. The significant results are in bold. For experimental design, please refer to Figure 1.







	
Site

	
N1 T0

	
N1 T1 BontA

	
N1 T1 Placebo

	
N2 T0

	
N2 T1 BontA

	
N2 T1 Placebo

	
P2 T0

	
P2 T1 BontA

	
P2 T1 Placebo






	
Hand (msec)

	
159.11

	
169.54

	
159.23

	
206.1.2

	
228.45

	
200.18

	
339.34

	
362.45

	
325.29




	
21.8

	
26.4

	
29.23

	
27.6

	
26.5

	
25.5

	
9.41

	
10.18

	
9.9




	
ANOVA

	
F 0.83

	
-

	
-

	
F 4.97

	
-

	
-

	
F 3.94

	
-

	
-




	
P 0.45

	
-

	
-

	
P 0.019

	
-

	
-

	
P 0.038

	
-

	
-




	
-

	
-

	
-

	
Bonferroni T1 BontA vs T0 and T1 placebo p < 0.05

	
-

	
-

	
Bonferroni T1 BontA vs T0 and T1 placebo p < 0.05

	
-

	
-




	
Face (msec)

	
135.23

	
137.43

	
138.96

	
185.34

	
187.18

	
190.38

	
304.44

	
307.14

	
309.41




	
32.12

	
29.9

	
32.12

	
35.5

	
15.5

	
24.7

	
29.1

	
30.2

	
45.3




	
ANOVA

	
F 0.25

	
-

	
-

	
F 0.69

	
-

	
-

	
F 0.1

	
-

	
-




	
P 0.78

	
-

	
-

	
P 0.37

	
-

	
-

	
P 0.9

	
-

	
-




	
Trapezius (msec)

	
155.11

	
160.23

	
156.43

	
202.34

	
203.21

	
208.37

	
335.34

	
344.23

	
337.16




	
22.3

	
25.7

	
15.8

	
32.12

	
37.45

	
30.17

	
32.4

	
36.2

	
41.1




	
ANOVA

	
F 0.39

	
-

	
-

	
F 0.20

	
-

	
-

	
F 0.33

	
-

	
-




	
P 0.68

	
-

	
-

	
P 0.82

	
-

	
-

	
P 0.72

	
-

	
-
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Table 3. Mean values ± SD of LEPs amplitudes and habituation index of vertex complex in the different conditions. Results of ANOVA for repeated measures and Bonferroni test are reported. No significant result was found for amplitudes, while the significant increment of habituation index is in bold. For experimental design, please refer to Figure 1.
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Site

	
N1 T0 (uV)

	
N1 T1 BontA (uV)

	
N1 T1 Placebo (uV)

	
N2-P2 T0 (uV)

	
N2-P2 T1 BontA (uV)

	
N2-P2 T1 Placebo (uV)

	
HAB-n2p2 T0%

	
HAB-n2p2 T1 BontA%

	
HAB-n2p2 T1 Placebo%






	
Hand

	
5.5

	
4.1

	
4.5

	
13.86

	
15.32

	
13.42

	
1.60

	
18.1

	
8.2




	
3.9

	
4

	
2.9

	
9.92

	
11.25

	
11.39

	
-

	
-

	
-




	
ANOVA

	
F 0.23

	
-

	
-

	
F 0.32

	
-

	
-

	
F 132

	
-

	
-




	
P 0.79

	
-

	
-

	
P 0.72

	
-

	
-

	
P 0.29

	
-

	
-




	
Face

	
7.26

	
8.28

	
6.91

	
16

	
22.77

	
20.13

	
−13.12

	
42.1

	
−2.81




	
5.1

	
4.2

	
4.5

	
12.21

	
18.12

	
15.13

	
6.7

	
23.3

	
4.5




	
ANOVA

	
F 0.63

	
-

	
-

	
F 0.91

	
-

	
-

	
F 5.58

	
-

	
-




	
P 0.54

	
-

	
-

	
P 0.43

	
-

	
-

	
P 0.03

	
-

	
-




	
-

	
-

	
-

	
-

	
-

	
-

	
Bonferroni T1 BontA vs. T0 p < 0.002 T1

BontA vs. T1 placebo p < 0.01

	
-

	
-




	
Trapezius

	
4.88

	
6.32

	
5.79

	
13.12

	
15.13

	
13.67

	
16.4

	
12.8

	
14.8




	
4.1

	
5.5

	
3.9

	
9.12

	
9.8

	
7.8

	
11.5

	
12.1

	
12.1




	
ANOVA

	
F 0.65

	
-

	
-

	
F 0.23

	
-

	
-

	
F 0.40

	
-

	
-




	
P 0.53

	
-

	
-

	
P 0.69

	
-

	
-

	
P 0.67

	
-

	
-
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Table 4. Demographic and clinical features of Chronic Migraine (CM patients). The results of Student’s t-test for paired data are reported. Significant results are in bold.
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Chronic Migraine Patients N° 20

	
Age

	
Sex

	
Preventive Concomitant Treatments

	
Headache Frequency

	
Allodynia

	
Total Tenderness Score

	
MIDAS

	
Headache Intensity






	
basal

	
45.45 ± 11.7

	
18 f 2 m

	
10 topiramate (75–100 mg/die)

6 amitriptiline 10–25 mg/die

4 sodium vaproate (500–1000/die)

	
25.7 ± 3.7

	
3.65 ± 2.83

	
17.5 ± 4.94

	
79.4 ± 25.5

	
2.9 ± 0.14




	
one year observation (BontA treatment)

	
-

	
-

	
-

	
10.5 ± 7.3

	
2.25 ± 1.97

	
15.5 ± 8.7

	
29.55 ± 30.3

	
1.2 ± 0.5




	
t-test

	
-

	
-

	
-

	
7.97

	
3.39

	
1.72

	
3.85

	
7.96




	
p

	
-

	
-

	
-

	
0.0001

	
0.003

	
0.1

	
0.001

	
0.0001
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