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Abstract

:

Erenumab showed efficacy in migraine prevention, however we cannot identify which patients to treat by predicting efficacy response. The aim of this study was to compare changes in cerebral blood flow (CBF) reflected by transcranial Doppler (TCD) in erenumab good responders (GR) and non-responders, in order to identify a parameter that could predict the treatment response. In this study, migraineurs treated with erenumab underwent clinical and TCD evaluations before and 6 weeks after the treatment, including data on migraine type, monthly migraine days (MMD), medication overuse headache (MOH) presence, mean blood flow velocity (Vm) and pulsatility index (PI) in cerebral arteries (CA). GR were defined as reporting ≥50% reduction in MMD. Thirty women were enrolled, of mean age 40.53 years, 20 with chronic migraine, 14 with MOH, and 19 were GR. Baseline Vm values in right CA and basilar artery (BA) were significantly lower in GR as compared with non-responders. Vm values in all arteries significantly increased after the treatment as compared with corresponding baseline values, but only in GR. A significant negative correlation was observed between baseline Vm in right CA and treatment effectiveness. Baseline Vm in right CA and basilar artery is reduced in erenumab GR as compared with non-responders. This asymmetry normalizes after the treatment with significant Vm increase in CA which may reflect CBF increase in GR only. Lower baseline Vm in right CA may predict erenumab efficacy; however, these results should be replicated in a larger cohort.
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1. Introduction


Calcitonin gene-related peptide (CGRP) plays an important role in the pathophysiology of migraine and anti-CGRP monoclonal antibodies (mAbs) have been developed and showed efficacy in the prevention of migraine attacks [1]. Among four already available mAbs Erenumab (Novartis/Amgen) was the first in class approved by drug agencies and the only one blocking the CGRP receptors. Erenumab is a fully human monoclonal antibody, administered subcutaneously once monthly and has been shown to be effective for migraine prevention [2,3]. Nevertheless, together with excitement for the clinical trials success, some concerns have been raised for the potential harmful effect of blocking CGRP-mediated vasodilation [4,5]. Up to now, there has been a lack of studies regarding the influence of anti-CGRP mAbs on cerebral blood flow (CBF) while those already published remain conflicting and inconclusive [5,6,7,8,9,10]. Moreover, we are not able to select which patient is a good candidate to treat by predicting efficacy response. Transcranial Doppler ultrasonography (TCD) makes it possible to assess blood flow in the intracranial arteries non-invasively. TCD parameters are influenced both by changes in cerebral vessels diameters and CBF, moreover CBF correlates with the flow velocity in these vessels [11]. Therefore, the question arises as to whether erenumab induce cerebral hemodynamic changes which could be detected by TCD. The aim of this pilot study was to compare changes in CBF reflected by TCD in erenumab good responders and non-responders, in order to identify the parameters that could predict the response to the treatment.




2. Materials and Methods


This observational, retrospective case-control study involved migraineurs treated at our Headache Centre and receiving the clinical indication for migraine prevention with erenumab (Aimovig, Novartis Europharm Limited) according to the available guidelines and who agreed to participate in this study. All patients received the same dose of erenumab (70 mg per month).



The inclusion criteria included migraine with or without aura according to the International Classification of Headache Disorders (ICHD-3), age 18 to 65 years, at least 4 migraine days for a month [12].



The exclusion criteria included inadequate temporal windows, stenosis of the intracranial arteries, hemodynamically significant stenosis of the internal carotid arteries, atrial fibrillation, cardiovascular disease and other serious somatic or psychiatric disorders, treatment with migraine prophylactic drugs when on erebumab treatment and on the day of first TCD assessment. Patients with a headache on the day of examination or patients using painkillers or triptans on the day of examination were asked to reschedule the visit. Coffee, tea, cocoa, cola, energetic drinks and alcohol were not allowed for 6 h before scheduled examination. Patients were taught erenumab self-administration and received erenumab every 4 weeks by subcutaneous injection at the dose of 70 mg. All patients received two erenumab injection during the study period.



All patients underwent the clinical and TCD evaluations at baseline before erenumab injection and between 6 and 7 weeks of treatment (6–7 weeks after the first erenumab injection, 2–3 weeks after second erenumab injection). Data on migraine onset age, migraine type, monthly migraine days (MMD), monthly headache days (MHD), acute medication days (AMD), type of acute medication used, headache intensity using a numerical scale (numeric rating scale, NRS), headache burden using the Headache Impact Scale (HIT-6) were collected before and after the treatment. Early treatment efficacy was assessed based on the patients’ last month of receiving mAbs, between 6 and 7 weeks of treatment. Based on treatment efficacy we divided patients into two groups: good responders and non-responders. Patients, who reported a good effect of treatment (≥50% reduction in MMD), were defined as good responders. The remaining patients were defined as non- responders. Then we compared TCD parameters and clinical data between those two groups.



Patients were also classified as suffering from chronic (CM) or episodic (EM) migraine according to the ICHD-3 [12]. Patients with all degrees of medication overuse headache (MOH) were included. MOH was defined according to the ICDH-3 [12].



All the procedures were approved by the Local Ethics Committee of the Ludwik Rydygier Collegium Medicum in Bydgoszcz. The subjects gave their informed consent before the start of any procedure.



TCD examinations were performed with a commercially available TCD apparatus: Nicolet Sonara transcranial Doppler system (producer Viasys Healthcare) and a 2 MHz probe. The study was performed in a quiet room with the subjects lying in a comfortable supine position, after 10 min rest. Intracranial arteries were insonated through the temporal and transforaminal windows using standardized protocol, by the technique described by Aaslid [13]. After finding the temporal window, the middle cerebral artery (MCA) was identified, then posterior cerebral artery (PCA). Vertebral arteries (VA) and basilar artery (BA) were assessed using the suboccipital window. Because of the usual anatomic course of anterior cerebral artery, the TCD assessment of this vessel is difficult and accuracy of mean velocity (Vm) measurement is small so we excluded ACA flow parameters from this study [13,14]. The probe was positioned in such a way as to obtain the highest possible velocity of the tested vessel. Vm and Gosling’s pulsatility index (PI) were measured and recorded at a 54–56 mm depth in both MCAs, at 55–65 mm in both PCAs, at 50–70 mm in both VAs, and at 80–100 mm at BA. Gosling’s PI was calculated as the difference between Vmax and Vmin, divided by the mean velocity. Only measurements with the best signal-to-noise ratio were used, and the highest values for CBF velocities were selected for analysis. TCD tests were always performed by the same physician experienced in the field of neurosonology (MN). Before every TCD examination blood pressure and heart rate were measured.



The results are presented as arithmetic means and their standard deviations (SD). To compare TCD parameters between right and left hemisphere arteries, according to variable distribution, either t-test or non-parametric Mann–Whitney U tests were adopted. A paired t-test or Wilcoxon test were used to test the significance of differences between two measurement points in the same group and analysis of variance (ANOVA) for responses between the groups. Correlation between TCD parameters and physiologic variables affecting flow velocities, such as age, duration of migraine, MMD or AMD were tested using Pearson correlation test, while for testing the correlations between TCD parameters and HIT/NRS scores Spearman correlation was used. The Shapiro–Wilk test was used to check for normality. Calculations were performed using Statistica 7 (StatSoft, Kraków, Poland) software. Statistical significance was set at p ≤ 0.05, two-tailed.




3. Results


Thirty three patients were enrolled for this study, all were women. Among them, thirty were finally analyzed after excluding three patients: two with inaccurate temporal bone window, one with MCA stenosis. The mean age was 40.53 ± 11.09 years (range: 20 to 65 years). Ten patients were diagnosed with episodic migraine, while 20 patients with chronic migraine. Five patients were diagnosed with migraine with aura. Fourteen patients were additionally diagnosed with MOH. The duration of migraine was 20.9 years (range 5 and 40 years). 19 patients had >50% responder rate after erenumab treatment. There was a statistically significant decrease in MMDs, MHDs, AMDs, NRS and HIT score after the treatment compared with baseline in both groups. Patients were overusing mostly triptans, combination codeine medicines, paracetamol or ibuprofen. The characteristics of the patients depending on treatment efficiency are presented in Table 1.



There were no significant differences regarding Vm and PI between right and left hemisphere in all examined arteries before the treatment and after the treatment (whole group, good responders and non-responders). Baseline Vm value in MCA R, VA R and BA were significantly lower in the good responders group compared with non-responders group. Vm values in both MCAs, VAs and in BA after the treatment significantly increased as compared with corresponding baseline values, but only in a good responders group. In non-responders, Vm decreased after the treatment, however, this difference was not statistically significant. The Vm in PCAs did not change during the erenumab treatment in both groups. There were no PI differences between groups before and after the treatment. In the non-responders group PI significantly increased in some arteries after the treatment, while there were no changes in good responders group regarding PI (Table 2 and Table 3, Figure 1). Blood pressure and heart rate values did not significantly differ between groups before and after the treatment.



There was a significant negative correlation between age, migraine duration and baseline Vm in both MCAs. Moreover, a correlation was observed between baseline Vm in right MCA and right VA and treatment effectiveness: with the Vm increase, the chance for >50% responder rate decreased (−0.47, p < 0.009; −0.37, p < 0.046 respectively). No correlation was found between NRS, HIT-6, MMD, MHD, AMD and Vm in any of examined arteries.




4. Discussion


The most important and interesting finding of this study is that erenumab good responders had significantly lower baseline Vm in right brain arteries and BA as compared to non-responders which correlated with treatment effectiveness. Moreover, Vm values significantly increased after the treatment in the good responders group only, remaining unchanged in non-responders. Why do good responders differ from non-responders regarding baseline CBF parameters and what can be responsible for increased flow velocity in brain arteries after erebumab treatment?



To further discuss this phenomenon it should be emphasized that cerebral arteries have their own muscle tone and respond with an active contraction to the increase in transmural pressure, thus differing from arteries of other localisation. It is known that cerebral arteries are in a state of partial contraction, which allows them to change their diameter to regulate CBF. Because blood flow is related to the diameter of the vessel, even a slight increase in the smooth muscle tone of the vessel will reduce its diameter and will lead to flow disturbances [15,16]. Assuming that the diameter of the vessel does not change, velocity correlates with CBF—therefore an increase in CBF increases blood flow velocity. Thus, in our study, an increase in velocity in good responders could be associated with an increase in CBF. However, another explanation could be that there was a change in the MCA, VA and BA diameters in response to erenumab. As CGRP has a direct vasodilatory effect, a part of erenumab’s action could be preventing vasodilation or theoretically even inducing vasoconstriction [17]. This mechanism may lead to arteries shrinkage, which induce an increase in the blood flow velocity in those vessels. Nevertheless, this theory is hard to prove as erenumab showed no direct contractile or relaxant effects in previous studies, so is probably not associated with vasoactive properties [8]. Moreover, even if CGRP dilates cerebral arteries, the effect is so small that it is unlikely to be the only mechanism of CGRP-induced migraine [18]. A number of studies confirmed that erenumab inhibits CGRP-induced vasodilatory responses in human arteries; however, it does not modify cerebral vasomotor reactivity and brachial flow-mediated dilation [6,9]. Assuming that erenumab does not change the cerebral arteries’ diameter, the only possible explanation of Vm increase in good responders group after erenumab treatment in our study could be a CBF increase. A small number of studies accesses CBF after erenumab treatment. Altamura et al. did not find a difference regarding Vm in MCA and PCA 2 weeks after erenumab injection. However, they did not provide information about medication overuse in examined patients [6]. Ziegler et al. in functional magnetic resonance imaging (fMRI) study detected no global alteration of CBF after erenumab treatment, but they observed a decrease in relative CBF in the left frontal white matter [10]. It is important to notice that patients with MOH were excluded from this study. Although little is known about CBF in migraine, there is evidence that CBF changes are associated with the different clinical courses of migraine, especially remission and progression groups [19].



In our study, together with Vm increase after erenumab treatment, we did not observe a change in PI. The value of PI, in some circumstances, illustrates the resistance of a vascular bed (supplied by a given artery) when examined by TCD. There is a linear relationship between changes in PI and intracranial pressure (ICP). A decrease in PI may result both from lowered ICP and from vascular dilatation. However, it must be noted that the usefulness of PI regarding CBF assessment is small as it may be influenced by many other factors [20,21,22]. As our good responders presented only with Vm increase and unchanged PI it may suggest that vessels diameter was also unchanged so the Vm increase reflects CBF increase. Although no PI changes were noted in good responders, we do observed an increase of PI in non-responders after erenumab treatment. As Vm was stable, a PI increase might be a result of increase resistance in microcirculation in this group.



There is another possible explanation for flow velocity increase after erenumab treatment. As this effect was observed in good responders only, it might be linked with reduced acute medication intake after erenumab treatment in this group. For example it is known that CBF decrease significantly after risatriptan administration due to vasoconstriction. However, this effect is short lasting and CBF recovers to baseline after 80 min [23]. Nevertheless, CBF in migraineurs overusing triptans was never studied. One cannot exclude the possibility that increased triptans intake may continuously reduce CBF by vasoconstriction and triptans cessation may inversely increase CBF. The blood flow velocity (BFV) increase was proven after ergotamine overuse—which is an anti-migraine drug similar to the triptans vasoconstricting effect. Savrun at al. measured CBF by means of TCD in patients suffering from probable MOH. They discovered that patients with probable ergotamine overuse had increased BFV in MCA and BA probably via vasoconstriction [24]. Contrary to these findings, patients with probable analgesic-overuse headache had lower mean BFV of all the vessels than control group but no statistical significance was found. They concluded that analgesic overuse results in a functional disorder of neuronal receptor and neurovascular reflexes and may cause a reduction of intracerebral vessel tone, leading to vasodilatation [24].



Another question to answer is why we observed baseline Vm asymmetry in right arteries between GR and NR as well as why Vm was associated with outcome only in the right cerebral arteries and BA? Is it only a matter of small study group size? Interestingly, in a functional imaging study, Ziegler et al. found that erenumab leads to a decrease in activation in the right thalamus, right middle temporal gyrus, right lingual gyrus and left operculum. However, when contrasting responders and non-responders they found a significant reduction of hypothalamic activation after erenumab injection in responders only suggesting that erenumab may have an additional central effect. They suggested that erenumab may cross the blood–brain barrier in very small, but effective concentrations in some patients with a direct hypothalamus activation [10]. A number of other authors reported asymmetry in CBF between hemispheres during migraine attack as well as in the interictal period [25,26,27,28,29]. However, it should be noted that studies assessing cerebral hemodynamics in migraine reported inconsistent findings. In a MRI study, Coppola at al. found a correlation between changes in the right thalamus and the days from the last attack, also higher thalamic fractional anisotropy values were noted during the interictal period and were normalized during an attack [30]. In a SPECT (Single Photon Emission Computer Tomography) study Mirza et al. revealed interhemispheric asymmetry of the brain during headache-free intervals in migraineurs suggesting an impaired regional cerebral vascular autoregulation [31]. Another study assessing CBF in migraine patients found that headache frequency was positively correlated to CBF in the right anterior inferior temporal gyrus [32]. Lee at al. found that side-to-side asymmetry of CBF velocity is not constant but a dynamic factor throughout the course of the migraine. They hypothesized that the side with higher CBF velocities may indicate regional neurovascular activation in migraineurs. Further investigation of the clinical significance of asymmetric CBF may be warranted [19]. In our study, good responders had significantly lower Vm in right arteries and BA before erenumab treatment as compared with non-responders group, which was reversed after erenumab treatment. This findings may suggest lower baseline CBF in good responders group. Additionally, we observed a negative correlation between baseline Vm in right MCA and right VA and treatment effectiveness: with the Vm increase, the chance for >50% responder rate decreased. It suggest that reduced Vm in right cerebral arteries before starting erenumab treatment might be a good parameter to predict the outcome, however this finding needs future studies with larger cohorts.



Surprisingly, we found no differences regarding CBF between migraineurs with or without MOH, as well as between episodic and chronic migraine before and after erenumab treatment. One of the possible explanation may be a fact that we included patients with high-frequency episodic migraine.



It is worth noting that contrary to Vm increase in good responders, a Vm decrease was observed in non-responders after the treatment as compared with baseline parameters. This Vm decrease, although not statistically significant, seems interesting and needs to be deepened in larger studies.



The main limitation of this study is the small group of patients. Another may be a too early time point for the efficacy evaluation, as some patients may have responded to the treatment later. Besides, it should be remembered that TCD measures only the flow velocity and not the absolute CBF value. The correlation between CBF and flow velocity is variable. Cerebral blood velocity is an adequate surrogate of absolute flow only if the insonated vessel maintains constant vessel diameter across time and experimental conditions. Blood flow velocity is further influenced by several factors, including arterial blood pressure, ICP, hematocrit, PaCO2 and the status of autoregulation, thus making a direct comparison of flow velocity and CBF difficult. Another limitation of any migraine study is that in high-frequency episodic or chronic migraine, even when the examinations are performed outside the headache phase, it cannot be excluded that patients are in the early prodromal or late postictal phases.




5. Conclusions


Baseline Vm in right MCA, VA and BA is reduced in erenumab good responders as compared with non-responders. This interhemispheric asymmetry normalizes after the treatment as a result of Vm increase in the good responders group only. Whether it is an effect of acute medication cessation or erenumab itself remains unknown. Lower baseline Vm in right cerebral arteries and BA may predict erenumab efficacy; however, due to small numbers of patients, these results need to be replicated in larger cohorts.







Author Contributions


Conceptualization, M.N.; methodology, M.N.; validation, G.M., M.S.; formal analysis, M.N.; investigation, M.N.; resources, M.N., M.S.; data curation, M.N.; W.K., writing—original draft preparation, M.N. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Institutional Ethics Committee-Local Ethics Committee of the Ludwik Rydygier Collegium Medicum in Bydgoszcz (approval number KB 223/2020).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to privacy restrictions.




Conflicts of Interest


M. Nowaczewska has received honoraria as a speaker for Novartis and Teva.




References


	



Drellia, K.; Kokoti, L.; Deligianni, C.I.; Papadopoulos, D.; Mitsikostas, D.D. Anti-CGRP monoclonal antibodies for migraine prevention: A systematic review and likelihood to help or harm analysis. Cephalalgia 2021, 41, 333102421989601. [Google Scholar] [CrossRef]

	



Ashina, M.; Goadsby, P.J.; Reuter, U.; Silberstein, S.; Dodick, D.; Rippon, G.A.; Klatt, J.; Xue, F.; Chia, V.; Zhang, F.; et al. Long-term safety and tolerability of erenumab: Three-plus year results from a five-year open-label extension study in episodic migraine. Cephalalgia 2019, 39, 1455–1464. [Google Scholar] [CrossRef]

	



Ashina, M.; Tepper, S.; Brandes, J.L.; Reuter, U.; Boudreau, G.; Dolezil, D.; Cheng, S.; Zhang, F.; Lenz, R.; Klatt, J.; et al. Efficacy and safety of erenumab (AMG334) in chronic migraine patients with prior preventive treatment failure: A subgroup analysis of a randomized, double-blind, placebo-controlled study. Cephalalgia 2018, 38, 1611–1621. [Google Scholar] [CrossRef] [PubMed]

	



Kudrow, D.; Pascual, J.; Winner, P.K.; Dodick, D.W.; Tepper, S.J.; Reuter, U.; Hong, F.; Klatt, J.; Zhang, F.; Cheng, S.; et al. Vascular safety of erenumab for migraine prevention. Neurology 2020, 94, e497–e510. [Google Scholar] [CrossRef]

	



Messlinger, K.; MaassenVanDenBrink, A. Cardio- and cerebrovascular safety of erenumab, a monoclonal antibody targeting CGRP receptors—Important studies on human isolated arteries. Cephalalgia 2019, 39, 1731–1734. [Google Scholar] [CrossRef]

	



Altamura, C.; Viticchi, G.; Fallacara, A.; Costa, C.M.; Brunelli, N.; Fiori, C.; Silvestrini, M.; Vernieri, F. Erenumab does not alter cerebral hemodynamics and endothelial function in migraine without aura. Cephalalgia 2021, 41, 90–98. [Google Scholar] [CrossRef] [PubMed]

	



Coccia, A.; Lapucci, C.; Di Poggio, M.B.; Grazzini, M.; Inglese, M.; Finocchi, C. A longitudinal clinical and MRI evaluation of the treatment with erenumab. Neurol. Sci. 2020, 41, 463–464. [Google Scholar] [CrossRef] [PubMed]

	



Ohlsson, L.; Haanes, K.A.; Kronvall, E.; Xu, C.; Snellman, J.; Edvinsson, L. Erenumab (AMG 334), a monoclonal antagonist antibody against the canonical CGRP receptor, does not impair vasodilatory or contractile responses to other vasoactive agents in human isolated cranial arteries. Cephalalgia 2019, 39, 1745–1752. [Google Scholar] [CrossRef] [PubMed]

	



Rubio-Beltrán, E.; Labastida-Ramírez, A.; Haanes, K.A.; Bogaerdt, A.V.D.; Bogers, A.J.; Dirven, C.; Danser, A.J.; Xu, C.; Snellman, J.; MaassenVanDenBrink, A. Characterisation of vasodilatory responses in the presence of the CGRP receptor antibody erenumab in human isolated arteries. Cephalalgia 2019, 39, 1735–1744. [Google Scholar] [CrossRef] [PubMed]

	



Ziegeler, C.; Mehnert, J.; Asmussen, K.; May, A. Central effects of erenumab in migraine patients: An event-related functional imaging study. Neurology 2020, 95, e2794–e2802. [Google Scholar] [CrossRef] [PubMed]

	



Sorond, F.A.; Hollenberg, N.K.; Panych, L.P.; Fisher, N.D. Brain blood flow and velocity: Correlations between magnetic resonance imaging and transcranial Doppler sonography. J. Ultrasound Med. 2010, 29, 1017–1022. [Google Scholar] [CrossRef] [PubMed]

	



Headache Classification Committee of the International Headache Society (IHS). The International Classification of Headache Disorders, 3rd edition. Cephalalgia 2018, 38, 1–211. [Google Scholar] [CrossRef]

	



Aaslid, R.; Markwalder, T.-M.; Nornes, H. Noninvasive transcranial Doppler ultrasound recording of flow velocity in basal cerebral arteries. J. Neurosurg. 1982, 57, 769–774. [Google Scholar] [CrossRef] [PubMed]

	



Lennihan, L.; Petty, G.W.; Fink, M.E.; Solomon, R.A.; Mohr, J.P. Transcranial Doppler detection of anterior cerebral artery vasospasm. J. Neurol. Neurosurg. Psychiatry 1993, 56, 906–909. [Google Scholar] [CrossRef]

	



Faraci, F.M.; Heistad, D.D. Regulation of large cerebral arteries and cerebral microvascular pressure. Circ. Res. 1990, 66, 8–17. [Google Scholar] [CrossRef] [PubMed]

	



Faraci, F.M.; Heistad, D.D. Regulation of cerebral blood vessels by humoral and endothelium-dependent mechanisms. Update on humoral regulation of vascular tone. Hypertension 1991, 17, 917–922. [Google Scholar] [CrossRef] [PubMed]

	



Edvinsson, L.; Sams, A.; Jansen-Olesen, I.; Tajti, J.; Kane, S.A.; Rutledge, R.Z.; Koblan, K.S.; Hill, R.G.; Longmore, J. Characterisation of the effects of a non-peptide CGRP receptor antagonist in SK-N-MC cells and isolated human cerebral arteries. Eur. J. Pharmacol. 2001, 415, 39–44. [Google Scholar] [CrossRef]

	



Lassen, L.H.; Jacobsen, V.B.; Haderslev, P.A.; Sperling, B.; Iversen, H.K.; Olesen, J.; Tfelt-Hansen, P. Involvement of calcitonin gene-related peptide in migraine: Regional cerebral blood flow and blood flow velocity in migraine patients. J. Headache Pain 2008, 9, 151–157. [Google Scholar] [CrossRef]

	



Lee, M.J.; Chu, M.K.; Choi, H.; Choi, H.A.; Lee, C.; Chung, C.-S. Longitudinal changes in cerebral blood flow velocities in different clinical courses of migraine. Cephalalgia 2016, 37, 927–937. [Google Scholar] [CrossRef] [PubMed]

	



Bellner, J.; Romner, B.; Reinstrup, P.; Kristiansson, K.-A.; Ryding, E.; Brandt, L. Transcranial Doppler sonography pulsatility index (PI) reflects intracranial pressure (ICP). Surg. Neurol. 2004, 62, 45–51. [Google Scholar] [CrossRef]

	



Czosnyka, M.; Richards, H.K.; Whitehouse, H.E.; Pickard, J.D. Relationship between transcranial Doppler-determined pulsatility index and cerebrovascular resistance: An experimental study. J. Neurosurg. 1996, 84, 79–84. [Google Scholar] [CrossRef]

	



de Riva, N.; Budohoski, K.P.; Smielewski, P.; Kasprowicz, M.; Zweifel, C.; Steiner, L.A.; Reinhard, M.; Fábregas, N.; Pickard, J.D.; Czosnyka, M. Transcranial Doppler pulsatility index: What it is and what it isn’t. Neurocrit. Care 2012, 17, 58–66. [Google Scholar] [CrossRef] [PubMed]

	



Okazawa, H.; Tsuchida, T.; Pagani, M.; Mori, T.; Kobayashi, M.; Tanaka, F.; Yonekura, Y. Effects of 5-HT1B/1D Receptor Agonist Rizatriptan on Cerebral Blood Flow and Blood Volume in Normal Circulation. Br. J. Pharmacol. 2005, 26, 92–98. [Google Scholar] [CrossRef] [PubMed]

	



Savrun, F.K.; Goksan, B.; Savrun, M.; Sahin, R.; Sahin, S. Cerebral blood flow changes in patients with probable medication-overuse headache. Funct. Neurol. 2008, 23, 83–86. [Google Scholar]

	



Kassab, M.Y.; Majid, A.; Bakhtar, O.; Farooq, M.U.; Patel, K.; Bednarczyk, E.M. Transcranial Doppler measurements in migraine and nitroglycerin headache. J. Headache Pain 2007, 8, 289–293. [Google Scholar] [CrossRef]

	



Levine, S.R.; Welch, K.M.A.; Ewing, J.R.; Robertson, W.M. Asymmetric Cerebral Blood Flow Patterns in Migraine. Cephalalgia 1987, 7, 245–248. [Google Scholar] [CrossRef]

	



Zaproudina, N.; Teplov, V.; Nippolainen, E.; Lipponen, J.A.; Kamshilin, A.A.; Närhi, M.; Karjalainen, P.A.; Giniatullin, R. Asynchronicity of Facial Blood Perfusion in Migraine. PLoS ONE 2013, 8, e80189. [Google Scholar] [CrossRef] [PubMed]

	



Michels, L.; Villanueva, J.; O’Gorman, R.; Muthuraman, M.; Koirala, N.; Büchler, R.; Gantenbein, A.R.; Sandor, P.S.; Luechinger, R.; Kollias, S.; et al. Interictal Hyperperfusion in the Higher Visual Cortex in Patients with Episodic Migraine. Headache J. Head Face Pain 2019, 59, 1808–1820. [Google Scholar] [CrossRef]

	



Coppola, G.; Di Renzo, A.; Tinelli, E.; Iacovelli, E.; Lepre, C.; Di Lorenzo, C.; Di Lorenzo, G.; Di Lenola, D.; Parisi, V.; Serrao, M.; et al. Evidence for brain morphometric changes during the migraine cycle: A magnetic resonance-based morphometry study. Cephalalgia 2014, 35, 783–791. [Google Scholar] [CrossRef]

	



Coppola, G.; Tinelli, E.; Lepre, C.; Iacovelli, E.; Di Lorenzo, G.; Serrao, M.; Pauri, F.; Fiermonte, G.; Bianco, F.; Pierelli, F. Dynamic changes in thalamic microstructure of migraine without aura patients: A diffusion tensor magnetic resonance imaging study. Eur. J. Neurol. 2013, 21, 287-e13. [Google Scholar] [CrossRef]

	



Mirza, M.; Tutuş, A.; Erdoğan, F.; Kula, M.; Tomar, A.; Silov, G.; Köseoğlu, E. Interictal SPECT with Tc-99m HMPAO studies in migraine patients. Acta Neurol. Belg. 1998, 98, 190–194. [Google Scholar] [PubMed]

	



Giani, L.; Lovati, C.; Corno, S.; Laganà, M.M.; Baglio, F.; Mariani, C. Cerebral blood flow in migraine without aura: ASL-MRI case control study. Neurol. Sci. 2019, 40, 183–184. [Google Scholar] [CrossRef] [PubMed]








[image: Jcm 10 02523 g001 550] 





Figure 1. Vm changes after erenumab treatment in brain arteries. Abbreviations: Vm—mean flow velocity, MCA—middle cerebral artery, ACA—anterior cerebral artery, BA—basilar artery, R—right, L—left. 
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Table 1. Clinical characteristics of migraine patients treated with erenumab depending on treatment efficacy.
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Parameter

	
Good Responders

≥50% RR

	
Non-Responders

<50% RR

	
p-Value




	
N = 19

	
N = 11






	
Age (mean ± SD)

	
42.05 ± 13.18

	
37.91 ± 5.70

	
0.24




	
BMI, kg/m2

	
23.6

	
22.5

	
0.314




	
Duration of migraine (years)(mean ± SD)

	
21.84 ± 10.51

	
19.27 ± 7.24

	
0.44




	
Type of migraine:

Episodic

Chronic

	


7 (36.84)

12 (63.16)

	


3 (27.27)

8 (72.73)

	
0.7




	
Migraine with aura, n (%)

	
3 (15.79)

	
2 (18.18)

	
1




	
MOH, n (%)

	
8 (42.11)

	
6 (54.55)

	
0.78




	
MMD-Baseline

MMD-Post-treatment

	
11.26 ± 5.19

3.21 ± 2.86

	
11.91 ± 4.11

9.91 ± 5.05

	
0.56

0.001




	
p-value

	
0.0001

	
0.009

	




	
MHD-Baseline

MHD-Post-treatment

	
18.32 ± 7.93

5.74 ± 4.76

	
20.18 ± 7.24

15.73 ± 6.51

	
0.52

0.0004




	
p-value

	
0.00005

	
0.006

	




	
AMD-Baseline

AMD-Post-treatment

	
13.42 ± 6.27

3.68 ± 2.98

	
16.18 ± 7.48

10.18 ± 4.73

	
0.32

0.001




	
p-value

	
0.0001

	
0.02

	




	
NRS-Baseline

NRS-Post-treatment

	
8.32 ± 1.06

5.37 ± 2.93

	
8.55 ± 1.21

7.36 ± 1.12

	
0.61

0.02




	
p-value

	
0.0004

	
0.01

	




	
HIT-6-Baseline

HIT-6-Post-treatment

	
62.53 ± 5.31

46.63 ± 8.39

	
63.45 ± 5.01

59.00 ± 7.14

	
0.81

0.0009




	
p-value

	
0.0001

	
0.04

	




	
Mood disorders, n (%)

	
5 (26.32)

	
5 (45.45)

	
0.43




	
Thyroid disease, n (%)

	
4 (21.05)

	
3 (27.27)

	
1




	
Oral contraceptives, n (%)

	
3 (15.79)

	
2 (18.18)

	
1




	
Acute medication used

Triptans

Codeine

Ibuprofen or paracetamol

	
9 (70.9)

7 (36.8)

1 (5.3)

	
6 (54.5)

2 (18.18)

3 (27.3)

	
0.82

0.06

0.11








Abbreviations—SD = standard deviation, BMI = body mass index, NRS—numeric rate scale, HIT-6 = headache impact test-6, MOH—medication overuse headache, MMD—monthly migraine days, MHD—monthly headache days, AMD—monthly medication days.
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Table 2. The mean velocity (Vm) values before and after erenumab treatment depending on treatment efficacy.
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Parameters

	
Good Responders

(≥50% RR)

	
Non-Responders

(<50%RR)

	
p-Value




	
N = 19

	
N = 11






	
Baseline Vm, MCA R (cm/s)

	
57.8

	
73.45

	
0.008




	
Post-treatment Vm, MCA R (cm/s)

	
69.93

	
68.56

	
0.83




	
p-value

	
0.0003

	
0.18

	




	
Baseline Vm, MCA L (cm/s)

	
662.6

	
68.5

	
0.17




	
Post-treatment Vm, MCA L (cm/s)

	
69.11

	
63.67

	
0.11




	
p-value

	
0.016

	
0.27

	




	
Baseline Vm, VA R

	
37.5

	
46.05

	
0.02




	
Post-treatment Vm, VA R

	
44.61

	
39.94

	
0.17




	
p-value

	
0.02

	
0.07

	




	
Baseline Vm, VA L

	
39.3

	
41.58

	
0.55




	
Post-treatment Vm, VA L

	
46.21

	
45.16

	
0.82




	
p-value

	
0.002

	
0.4

	




	
Baseline Vm, BA

	
38.93

	
44.42

	
0.04




	
Post-treatment Vm, BA

	
47

	
44.95

	
0.3




	
p-value

	
0.0002

	
0.85

	








Abbreviations: RR—responders rate, Vm—mean velocity, MCA—middle cerebral artery, VA—vertebral artery, BA—basilar artery, R—right, L—left.
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Table 3. The PI values before and after erenumab treatment depending on treatment efficacy.
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Parameters

	
Good Responders

(≥50% RR)

	
Non-Responders

(<50%RR)

	
p-Value




	
N = 19

	
N = 11






	
Baseline PI, MCA R

	
0.78

	
0.84

	
0.18




	
Post-treatment PI, MCA R

	
0.5

	
0.87

	
0.62




	
p-value

	
0.32

	
0.35

	




	
Baseline PI, MCA L

	
0.78

	
0.78

	
0.48




	
Post-treatment PI, MCA L

	
0.8

	
0.87

	
0.17




	
p-value

	
0.58

	
0.04

	




	
Baseline PI, VA R

	
0.81

	
0.76

	
0.31




	
Post-treatment PI, VA R

	
0.83

	
0.86

	
0.64




	
p-value

	
0.64

	
0.002

	




	
Baseline PI, VA L

	
0.78

	
0.76

	
0.73




	
Post-treatment PI, VA L

	
0.78

	
0.82

	
0.46




	
p-value

	
0.81

	
0.23

	




	
Baseline PI, BA

	
0.8

	
0.76

	
0.41




	
Post-treatment PI, BA

	
0.85

	
0.88

	
0.58




	
p-value

	
0.17

	
0.01

	








Abbreviations: PI—Gosling’s pulsatility index, RR—responders rate, Vm—mean velocity, MCA—middle cerebral artery, VA—vertebral artery, BA—basilar artery, R—right, L—left.
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