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Galcanezumab treatment changes visual related EEG
connectivity patterns in migraine patients
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Background Monoclonal antibodies against calcitonin gene-related peptides (CGRP) are innovative
therapies for migraine treatment. Although they are clinically effective, how anti-CGRP treatment
reduces migraine attacks still remains unclear.

Objective In this observational case—control study, we aimed to apply graph theory to EEG data from 20
migraine patients and 10 controls to investigate the effects of 3 months of galcanezumab on brain
connectivity.

Methods We analyzed EEG rhythms during black-white pattern reversal stimulation with 0.5 cycle per
degree spatial frequency before (TO) galcanezumab injection, as well as after 3 months (T2). EEG
recordings made 1 hour after galcanezumab administration served as the control session (T1). Patients’
connectivity patterns obtained at TO, T1 and T2 were compared with normal controls.

Results We found that galcanezumab increased network integration (with a 5% significance level
corrected with the false discovery rate), changing the intensity of connections between the occipital
through the frontal areas. At 3 months follow up, patients with persistent high headache intensity had a
minor effect on the strength of connections (evaluated using Kendall’s rank correlation test and p <0.05).

Conclusions The potent anti-nociceptive action that galcanezumab exerts at a peripheral level could
restore cortical connections and possibly factors predisposing to attack onset.
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Introduction

In recent years, research on the pathophysiology of migraine has emphasized the importance of calcitonin
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gene-related peptide (CGRP) in activating trigemino-vascular system with the consequent sterile
inflammation and headache. Anti-CGRP agents changed the migraine treatment scenario, giving new
opportunities for resolving this invalidating disorder (1). The anti-CGRP monoclonal antibodies (CGRP-
mABs) act at a peripheral level, directly blocking the CGRP (galcanezumab, fremanezumab and
eptinezumab) or its receptor (erenumab). In previous studies, our group demonstrated that erenumab
exerted an inhibition of A-delta-related cortical responses in the trigeminal district (2). The cortical
regions devoted to trigeminal pain processing are thus modulated by the peripheral block of CGRP with a
possible generalized influence on central abnormalities subtending migraine. Indeed, migraine could be
considered as an ‘oscillopathy’ with different behaviors of cortical rhythms in resting state and under
multimodal stimulation with respect to controls (3,4). The therapeutic modification of migraine outcome
would theoretically change these abnormalities, which could in turn predispose to the triggering
phenomena of the attacks, as cortical spreading depression or hypothalamic activation (5). The occipital
cortex in migraine patients is particularly affected by abnormal reactivity to visual stimuli and abnormal
connectivity patterns (6). In particular, the steady-state visual evoked potentials (SSVEPs) produced by a
checkerboard pattern stimulation at 5 Hz and 0.5 cycle per degree of spatial frequencies were different in
interictal migraine with and without aura compared to controls, as well as the second harmonic power at
10Hz (7). Our group used an analogue type of stimulation and found a different pattern of cortical
connections in migraine compared to controls, confirming abnormal networks within the occipital
network in migraine patients, correlated with increased metabolism of the same areas as evaluated with
functional magnetic resonance imaging (MRI) (8). Recently, we used an electrophysiological and
metabolic analysis integrating high density EEG and functional near infrared spectroscopy. This type of
analysis showed that, in migraine patients treated with galcanezumab, the abnormal SSVEP patterns
recovered within normal ranges after 3 months of galcanezumab treatment. Galcanezumab treatment also
restored the increased metabolic activity of occipital cortex (9). We assumed that the powerful
antinociceptive action exerted by CGRP-mABs, could in some way reset the abnormal multimodal
stimuli reactivity and especially the occipital cortex dysfunction. The evidence is in favor of the visual
cortex as a functional aggregate within the paralimbic network, including the cortical areas activated in
pain processing (10).

Graph theory application to the neuroscience is an innovative procedure that is being used more and
more to quantitatively investigate the brain (11,12). According to this mathematical theory, the brain can
be seen as a network composed of a set of nodes and links and can be investigated through a series of
indicators that make it possible to study both globally and locally different properties of a complex
system as the brain. Graph theory metrics such as strength, clustering coefficient and global efficiency
appear to be suitable for describing the complexity of the migraine brain because they allow scientists to
evaluate the intensity of network connections, the aggregation of network nodes and the network
efficiency in connecting nodes. In the present study, we used EEG data acquired during a visual
stimulation to build, for each subject and for each brain frequency band, a network where the electrodes
represented the network nodes and the magnitude squared coherence was used to define the network
links.

Studies on brain connectivity reported that migraine patients have cortical connection patterns
different from those of healthy controls (13,14). However, this is the first work aiming to examine the
effects of 3 months of treatment with galcanezumab on brain connectivity, applying brain networking
analysis methods to EEG data. We particularly aimed to investigate the changes of the EEG perturbation
under visual stimuli, which could be less influenced by the generic beneficial effect of galcanezumab with



respect to resting state EEG, and rather indicate a possible reset of abnormal sensory reactivity proper of
migraine (4,8). The study is of paramount importance to confirm and better understand the results
obtained with standard analysis in our previous work (15) that we now reproduce in the present work,
including the new subjects enrolled, so that a direct comparison with the connectivity analysis was
possible. In this regard, we used graph theory to perform an explorative and unsupervised analysis aiming
to understand whether graph theory could find connectivity patterns related to some beneficial effect of
the therapy without imposing any constraint such as specific frequencies, time segments or locations.

Methods

Dataset

In this case—control study, performed during the routine clinical practice, we investigated the outcome of
3 months of galcanezumab therapy in drug-resistant migraine patients, comparing migraine cohort with
healthy volunteers. Migraine patients and normal controls were recruited at the tertiary Headache Center
of the Neurophysiopathology Unit of Bari Policlinico General Hospital from December 2020 to
September 2022. Figure 1 shows the flow chart for selection of patients. Migraine patients had clinical
and EEG assessment before the first galcanezumab administration (TO), 1 h after the first galcanezumab
administration (T1) and after 3 months of galcanezumab therapy (T2). The recording session at T1,
serving as the control, tested the effect of suggestion as a result of the drug injection. Indeed, the EEG
study was conducted during routine clinical practice, according to the ethical advise not to change the
therapeutic prescription and avoid placebo use in severe drug-resistant migraine.

december 2020-september 2022

N° patients eligible for
monoclonal antibodies
treatment:

220

patients who agreed to
treatment: 200
e 3 patients were lost to follow up

SeniiLoe 4 patients did not fill diaries

2 patients had migraine attack
in the 24 hours preceding the

recording session

30 patients agreed to the EEG
recording

20 patients finally included

fremanezumab: 60

1 patient reported acute
migraine during the recording
session

Figure 1. Flow chart of patient selection criteria and final inclusion.

According to Italian rules for drugs reimbursement, only patients with high frequency drug-resistant
migraine could have CGRP monoclonal antibodies prescribed. According to the Italian rules for drugs
reimbursement, galcanezumab treatment could be administrated in the presence of a migraine with aura
and one without aura, and also for chronic migraine diagnosis, according to the International Headache
Society criteria (16), at least 8 days/migraine/month in the last 3 months, with previous and not efficacy
use of amitriptyline, antiepilepticts (topiramate and/or valproate) and beta blockers (propranolol and/or
metoprolol). The chronic migraine patients included were using symptomatic drugs-triptans and non-
steroidal anti-inflammatory drugs for more than 10 days/month at the time of recruitment. However, no
patient had been diagnosed with associated medication overuse headache and no patient was found to
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have temporary reduction of symptomatic drugs, therapy modifications for abuse or past detoxification
treatments that could have changed migraine characteristics. Exclusion criteria for galcanezumab
prescription were hypertension, ischemic heart failure, history of stroke or transient ischemic attack,
thromboembolic episodes, aortic bypass or other types of vascular surgery. EEG recordings were carried
out at least 24 h from the last and the next migraine attack, as verified through phone interviews. Longer
migraine free periods would not have been possible in such severe patients. Finally, twenty migraine
patients (11 with chronic migraine) were finally considered for the present study. Demographic and
clinical data of the included patients are reported in Table 1. For each patient, headache daily records
reporting days with headache and its intensity were considered (17). Intensity of headache was assessed
through a numerical rating scale from O to 10, and frequency of headache was the mean number of days
with headache in a month, computed in 3 months. We used the Italian version of MIDAS before and after
3 months of therapy with galcanezumab (18). We decided to consider the net effect of galcanezumab on
migraine features, at the samew time as not considering possible changes of mood as a result of migraine
improvement, detectable in longer perspective observation. We also studied the EEG data of 10 normal
controls, selected among the University and Hospital staff (10% males, mean age 48.8 +9.9 years) who
were matched for sex and age and did not have history of medical and neurological diseases. Special
attention was devoted to ensure that controls subjects were not affected by any form of primary headache.
The local Ethic Committee of Bari Policlinico General Hospital approved the EEG recording performed
during the routine clinical observation.

Table I. Demographic and clinical data of migraine patients at the basal visit (TO) and after 3 months of galcanezumab (240 mg initial
dose, 120mg in the 2nd and 3rd month) (T2) therapy.

Subject Gender Age Duration Diagnosis Drugs TO Days/30 SIM/30 MIDAS NRS T2 Days/30 SIM/30 MIDAS NRS
Al F 29 20 MA AED, AD, BB 13 13 79 10 17 16 13 10
BA F 48 30 MA AED, AD, BB, TB 12 12 26 7 8 8 12 4
DD F 38 22 MA AED, AD, CA 9 9 68 10 4 4 34 10
DE F 47 25 CM AED, AD, CA, TB 17 17 150 9 17 10 70 6
DI F 48 25 MA AED, AD, CA, BB 13 13 26 7 10 10 13 6
DL F 47 24 MA AED, AD 8 12 32 10 3 3 10 6
FA F 57 40 CM AED, AD, CA, TB 20 20 75 7 4 4 12 8
LE F 42 30 CM AED, AD, CA, BB, TB 27 27 30 8 6 6 10 6
MA F 67 50 CM AED, AD, CA, BB, TB I5 4 50 8 15 3 25 5
MO F 47 30 CM AED, AD, TB 25 25 56 8 12 10 25 7
MN F 63 45 MA AED, AD, CA, BB 10 12 30 10 | | 2 6
PN F 58 10 MA AED, BB, AD 13 13 77 7 8 8 33 7
SM M 56 30 CM AED, BB, AD I5 15 108 10 5 5 50 8
PD F 53 33 MA AED, BB 12 12 128 10 | | 3 6
PP F 52 35 CM AED, AD, CA 16 16 78 10 7 7 30 10
MS F 62 50 CM AED, AD, CA 14 14 33 10 5 5 30 8
EC M 22 4 CM AED, AD 30 30 120 10 30 30 60 8
CG F 48 40 CM AED, AD 18 18 201 10 12 12 152 10
AB F 45 20 MA AED, CA, AD 9 9 8l 9 4 4 24 9
Al F 62 50 CM AED, AD, BB 30 30 123 10 10 10 60 9
Mean 16.3 16.1 78.6 9.0 9.0 7.9 384 7.45
SD 6.8 7.1 47.6 1.3 6.9 6.5 38.1 1.8
T 3.3892 3.8194 29464 3.1340

P 0.0016 0.0005 0.0056 0.0035

MA, episodic migraine without aura; CM, chronic migraine; AED, antiepileptics — topiramate and/or valproate; AD, antidepressants — amitriptyline;
BB, beta blockers — propranolol or atenolol; CA, calcium channel blockers — flunarizine; TB, botulin toxin. Frequency was computed as an average over
3 months of the number of headache days per month (days/30); symptomatic drug taking was evaluated as average over 3 months of the number of days
per month with acute therapy (SIM/30). Headache impact on patient’s life was measured by the Migraine Disability Assessment Score (MIDAS).
Headache intensity was expressed with a Numerical Rating Scale (NRS) from 0 no pain to |10 maximal tolerable pain. For each clinical score, the mean
and SD are reported. The last row shows the results of Student’s t-test between TO (basal condition) and T2 (after 3 months of GCA treatment).
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Stimulation and recording

Checkerboard patterns at a frequency of 5Hz (10 reversal/s) were shown on a 17-inch monitor
subtending 21 x 17° at a viewing distance of 90 cm during EEG acquisition. We used a spatial frequency
of 0.5 cycle per degree and mean a luminance of 14 cd/m2. Two consecutive sessions of checkerboard
pattern stimulation were performed, each lasting 60 s, aiming to avoid a long and demanding procedure
that could have caused a migraine attack. EEG data were registered by 64 scalp electrodes, in accordance
with the enlarged 10-20 system, referred to the nasion with the ground at Fpz. We used the EEG
Micromed Brain Quick apparatus (Micromed System Plus; Micromed, Mogliano Veneto, Italy;
http://www.micromed.eu), Impedance was below 5000 €2, two electrodes were located above the right
and left eye to acquire the EOG, and the sampling rate was 256 Hz.

EEG processing

The EEG data were processed with an automatic pipeline based on EEGLAB (v2022) running on
MATLAB (19). The data were filtered between 1 and 30 Hz using a FIR filter. Next, we used the artifact
subspace reconstruction method to correct continuous data and reject bad channels and data segments
(20). Then, we interpolated the bad channels and re-referenced all the data to the average.

SSVEP analysis

The SSVEPs were evaluated blind for the different study phases (TO, T1 and T2). We analyzed the EEGs
with the Letswave matlab tool (https://letswave.cn), removing ocular artifacts recorded on EOG channels
(21), and applying a notch filter at 50 hz. Then, we computed the spectral power using the fast Fourier
transform algorithm, averaging 12 samples of 10s for the two recording sessions, and corrected the
baseline in the frequency domain, using a 2-5 range of surrounding bins and subtraction operation. The
power of fundamental frequency (F) at 5 Hz and double frequency (2F) at 10 Hz and a third frequency at
15 Hz (3F) were studied. We carried out a topographical analysis in the considered frequency bands, and
a statistical analysis using the paired #-test between migraine groups (TO vs. T1 and TO vs. T2) and an
unpaired #-test for controls versus migraine at TO and T2. The unpaired #-test was employed to test
possible differences between responders and non-responders at TO and T2. Taking into consideration the
pilot study and the average change in SSVEP amplitude in the considered frequencies in single channels
(15), a sample size of 20 would be sufficient for 98% power with an alpha value of 0.01. To overcome the
multiple comparisons problem, we performed the statistical analyses with a non-parametric cluster-based
permutation approach, setting the cluster significant threshold to 0.05 and the number of permutations to
2000

Network analysis

In the present study, we built a weighted network for each subject, and this was carried out in each of the
four frequency bands that we considered: delta (0.5-3.5 Hz), theta (4-7 Hz), alpha (8-12 Hz), beta (13—
30 Hz). As reported in the flowchart of the Figure 2, for each processed subject’s data, EEG electrodes
were used to define the network nodes and the magnitude squared coherence computed for each pair of
channels was used to define network links that therefore represented the similarity of the neuronal
oscillatory activity of two electrode signals.
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Network metrics:
Strength

- Global Efficency
Clustering Coefficient

Figure 2. Flowchart of the analysis pipeline. For each EEG processed signal, a weighted network was built. The
electrodes were used to define the network nodes and the magnitude squared coherence was used to define the
network link. Finally, different network metrics were extracted from each network, mathematically represented
with a connectivity matrix.

For each subject’s brain network, mathematically represented with a connectivity matrix, we computed

three different weighted metrics for each node:

» Network strength s; describing the intensity of the node connections;
S = E wij
J

where w;; is weight corresponding to the edge between nodes i and j.

* Global efficiency e; describes network integration that is the ability of the network to transfer
information and communicate between nodes. The length of an edge was defined as the reciprocal
of the edge weight; thus, a high coherence can be considered as a short distance;

1 1

& = ———
N(N 1) & d;

where N is the number of network nodes and d;; is the shortest distance between two nodes.

 Clustering coefficient c¢; describes network segregation that is the degree to which nodes tend to
group together and carry out specialized processes. It was computed according to Barrat definition
(22):

1 Wi + Wsp
C; 5; (kz _ 1) Jg,h 2 1j @ih Qjh

where s; is the strength of node i, a;; are elements of the adjacency matrix that denote whether or not
an edge exists, k; is the node degree (number of edges connected to a node i) and w;; are weights. To
obtain quantities that could describe each network globally, we averaged the values of each specific
metric over the network nodes. Then, performing a Wilcoxon rank-sum test, we evaluated whether these

metrics were significantly different (5% significance level) for the different conditions: TO, T1 and T2
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and normal controls. For each comparison, we corrected for multiple comparison using Benjamini—
Hochberg false discovery rate (FDR) and computed the effect size for non-parametric test given by ZWN
where Z indicates the Z statistic and N is the number of observables. Then, differences in coherence
between conditions greater than the 90th percentile of the distribution of the differences were evaluated.

Finally, we computed strength, clustering coefficient and global efficiency for each subject’s brain
network and, using Kendall’s rank correlation coefficient (t), we evaluated whether these network
properties were correlated with the clinical scores reported in Table 1.

Results
SSVEP results

In migraine patients, SSVEPs amplitude was reduced at T2, in comparison with TO and T1 conditions, for
the considered frequencies (F, 2F and 3F). At TO, there was a significant increase in amplitude in the main
frequencies with respect to normal controls, which reverted at T2. In Figure 3, the significant p-values
emerging from z-tests used to compare the different conditions (TO vs. T2, T1 vs. T2 and TO vs. normal
controls) are shown. The global power of theta and alpha bands followed the same trend, with a
significant reduction at T2 with respect to TO and T1 on parieto-occipital electrodes (P3, P4, Pz, O1, Oz
and O2, p <0.05). In the beta band, the statistical comparison approached the statistical significance.

Figure 3. Significant p-values emerging from ttests (cluster based permutation test) used to compare the
different conditions (TO vs. T2, T1 vs. T2 and TO vs. normal controls) are shown. The brown color expresses the
t-value corresponding to 0.01.

Figure 4 reports the grand average of SSVEPs computed, respectively, in normal controls and migraine
patients on the Oz channel at TO, T1 and T2.
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Figure 4. Grand average of steady-state visual evoked responses in 20 migraine patients in basal (TO) and after
2 hours (T1) and 3 months (T2) of galcanezumab treatment, recorded over the Oz electrode. Spectral power of
10 controls is also reported.

Thirteen patients could be considered responders for a 50% reduction of migraine frequency after 3
months from galcanezumab injection. Hoverer, all except one of them, improved their MIDAS score, and
most of them showed a reduction in headache intensity, migraine frequency and use of rescue drugs.

No significant differences were detectable between responders and non-responders at TO and T2 for
SSVEP amplitude at the considered frequencies.

Network analysis results

Network metrics showed significant differences only in the theta and alpha frequency bands. Figure 5
reports strength, clustering coefficient and global efficiency for the different conditions in these two
bands.
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Figure 5. Mean strength, mean clustering coefficient and mean global efficiency for the different conditions, TO,
T1, T2 and normal controls (C), in the theta and alpha frequency bands. *Results of the Wilcoxon rank-sum test
(Table 2).

For both frequency bands, strength and clustering coefficient are significantly lower for migraine patients
at T2, and global efficiency is significantly greater for controls and migraine patients at T2 (5%
significance level). In other words, for both frequency bands, galcanezumab has the effect of increasing
network integration and decreasing node coherence and network segregation. Figure 6 shows the
differences in coherence between TO and T2, T1 and T2, and TO and T1 in the theta and alpha frequency
bands. The differences between TO and T2 and T1 and T2 tend to be more intense and more numerous
and, for these differences, the more intense links tend to connect the frontal and the occipital cortex.

- Theta band (4-7 Hz)

Alpha band (8-12 Hz)

Network

TTEE

Frontal
® Umbic
® Occipital
® Pariotal

T0-T2 T1-T2 T0-T1

Figure 6. Differences in coherence between conditions (TO-T2, T1—T2 and TO-T1) greater than the 90th
percentile of the distribution of the differences for theta band (top row) and alpha band (bottom row).

Statistical analysis

Table 2 shows the p-values of the significant results obtained with the Wilcoxon rank-sum test. For the
different comparisons, we found an effect size greater than 0.75. We used Benjamini—Hochberg FDR as
correction for multiple comparisons and found that the significant results obtained, before the FDR
correction, are also maintained after FDR correction (p <rank #N—1 * o, where N is the number of
multiple comparisons, o =0.05 is the threshold for the overall discovery rate, and rank is the index from
1 to N indicating the position of the p-values ordered from the smallest to the largest).
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Table 2. Wilcoxon rank-sum test results obtained for the
metrics that were significantly different between two conditions.

Frequency
band Metric Comparison p-value
Theta Strength T2 vs. TO 0.0178
T2 vs. Tl 0.0004
T2 vs. C 0.0065
Theta Clustering T2 vs. TO 0.0307
coefficient T2 vs. Tl 0.0004
T2 vs. C 0.0003
Theta Global efficiency T2 vs. Tl 0.0003
T2 vs. TO 0.0031
Cvs. TO 0.0005
Cvs. Tl 1.372 e-07
Alpha Strength T2 vs. TO 0.0353
T2 vs. Tl 0.0206
T2 vs. C 0.0420
Alpha Clustering T2 vs. TO 0.0373
coefficient T2 vs. Tl 0.0307
T2 vs. C 3.965 e-11
Alpha Global efficiency T2 vs. Tl 0.0148
T2 vs. TO 0.0013
Cvs. TO 0.0098
Cvs. Tl 22 e-16

Correlations between network analysis results and clinical data. We found no significant differences in
network matrices between responders and non-responders. From Kendall’s rank correlation tests between

network metrics and the clinical scores, we found that, at T2, the strength is correlated with the
Numerical Rating Scale for both frequency bands (theta band: p =0.0363, T=0.5360; alpha band: p =
0.0444,1=0.4690) and, at TO, the global efficiency is anti-correlated with SIM/30 only for the theta band

(p=0.0363,t=04767).
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Discussion

In the present study, we utilized graph theory metrics to investigate the effects of 3 months of therapy
with galcanezumab on migraine patients’ brain connectivity and to compare this with normal controls’
brain connectivity. The basal EEG analysis confirmed an increased visual reactivity in migraine patients
in basal condition, which reverted after 3 months of galcanezumab therapy. In the theta and alpha bands,
including the critical frequencies 5 and 10 Hz, we found that, after 3 months of treatment, network
integration significantly increases, and node coherence and network segregation significantly decrease (p
<0.05). The main results are discussed below.

Basal effect of galcanezumab on SSVEPs

In accordance with our pilot study (15), the enlargement of the study group confirmed that 3 months of
CGRP inhibition resolved the abnormal visual reactivity in migraine patients. This is not directly linked
to the antinociceptive effect of galcanezumab at peripheral level, but the hypothesis about a reset of
abnormal brain oscillations as a result of a potent inhibition of cortical areas receiving signals from the
trigeminal afferents could be confirmed, also in accordance with functional MRI data (23).

Studies about an effect of mABS on central symptoms of migraine have been recently published
(24,25), all suggesting that a proficient and specific trigeminal inhibition could in turn reset the abnormal
reactivity of cortical areas potentially implicated in prodromal phenomena.

Effect on connectivity patterns

The beneficial effect of galcanezumab appears to be a result of the increase in the global efficiency of the
network because it is the only metric at T2 that is significantly different from T1 and TO and is very
similar to the normal controls. The fact that the theta and alpha bands include, respectively, the
stimulation frequency (5 Hz) and its double (10 Hz) explains why we obtained significance only for these.
The beta band did not show relevant changes in EEG connectivity, in accordance with the lack of
significant effect on total spectral power. The differences in coherence between TO and T2 and T1 and T2
tend to be more intense and more numerous than the differences between TO and T1, in agreement with
our previous work (15). We observed that the main effect of galcanezumab consisted of an enrichment of
communication and coherence between the occipital and the frontal and partly the limbic networks,
which could be involved in the processing of trigeminal noxious signals. In a previous study, we observed
that migraine patients had different connectivity patterns within the cortical networks receiving painful
stimuli compared to normal controls (26). Patients with migraine had more active communications among
cortical regions involved in painful stimuli processing, and the strength of cortical connections
corresponded to the pattern of reduced habituation to repetitive stimuli (14,26). The same network
analysis obtained during the same visual stimulation as that used for the present study confirmed
increased information transfer from the occipital cortex toward the fronto-central regions (8). We can
assume that the reduced activation of cortical areas involved in pain processing could also reset the
abnormal communications with the occipital cortex, for an indirect effect of galcanezumab, as a result of
its potent anti-nociceptive effect. We cannot determine whether this effect was caused by a generic
improvement of the clinical condition and consequent brain wellbeing, or by the beneficial effect of the
antinociceptive action of galcanezumab, with a change in connectivity within the so called pain matrix
and its connections with other brain regions having a potential role in migraine generation. Recent MRI



studies on resting-state functional connectivity and BOLD (i.e. blood-oxygen-level-dependent)
measurements in response to moderately painful heat stimulation in patients treated with erenumab,
showed that, in responders, there was a different response within the network elaborating pain stimuli
(27). These studies are in favor of connectivity changes within the pain-related cortical areas, coherent
with the therapeutic response. Unfortunately, to the best of our knowledge, no study has examined the
changes induced by other preventive drugs on connectivity patterns in migraine, and so we cannot
establish whether the beneficial effects of the CGRP antagonists are generic modifications as a result of
the improvement of the disease or a specific action linked to the specific antinociceptive properties.

We found that network strength (S), which is the intensity of the node connections, and the clustering
coefficient, which is the degree to which nodes tend to cluster together and perform specialized processes,
clearly changed 3 months after galcanezumab therapy, differently from the basal and T1 conditions, as
well as from controls. We can assume that the intensity and modality of node connections would change
for the effect of therapy in a way that favored the restoration of global efficiency, with a reorganization of
networks functional to a global improvement of communication among cortical areas.

We also observed a light short-term effect of galcanezumab, evaluated in the T1 condition, with
respect to improving the coherence within the frontal networks. We used the EEG evaluation after 1 hour
of galcanezumab injection, to test the effect of the suggestion. Indeed, this was an observational study
conducted within the clinical practice, and so we were not allowed to use placebo. The mild improvement
of coherence within the frontal regions at T1 would be the result of a psychological and cognitive
reaction to the drug effect expectation because studies indicate that the time to reach maximum serum
concentration of galcanezumab is 5 days (from 7—14 days) (28), with clinical effects after at least 1 month
of therapy (29).

Correlation with clinical efficacy

Although we had seven patients with less than 50% reduction of headache frequency, all patients except
one had on average an improvement of migraine disability and headache intensity, in agreement with the
efficacy of galcanezumab after 3 months of first injection (30).

The quite uniform efficacy of galcanezumab among patients could justify the lack of correlation
between the improvement of global efficiency and most of the migraine scores, as well as the lack of
differences in connectivity and SSVEP amplitude between responders and non-responders. However, the
only correlation that we found between the strength of connections and headache intensity at T2 might
indicate that a minor anti-nociceptive effect could also reduce the influence that cortical areas receiving
noxious trigeminal stimuli were able to exert on the connections network. Accordingly, patients with less
frequent use of symptomatics after galcanezumab therapy improved more evidently in global efficiency.
These correlations, although not exhaustive regarding a direct effect of CGRP inhibition in normalizing
cortical networking, could support the hypothesis that an efficient and specific antinociception, whenever
wielded in the periphery, could potentially act on the complex brain dysfunctions predisposing to attack
onset (4,31).

Limitations

As also specified in our pilot study (15), we did not have ethical permission for a placebo because of the
severe form of migraine that affected patients. The test after 1 hour could detect the influence of
suggestion on EEG features, and certainly not the clinical placebo effect, which could help to determine
whether the subjective improvement could contribute at least in part to restoring the abnormal EEG



patterns

Conclusions

In the present study, we provide evidence about a normalizing effect on index of brain connectivity and
modality of cortical network in migraine patients after 3 months of galcanezumab therapy.

Although we cannot exclude that this return to normal visual response and normal cortical
connections among visual areas and fronto-central areas could be an effect of global clinical
improvement, the hypothesis that a potent and specific anti-nociceptive action could restore the abnormal
brain oscillations and connectivity further supports the potential disease-modifying properties of CGRP
antagonists.

Clinical implications

* Galcanezumab reverted abnormal visual evoked responses and brain networking among occipital and
frontal regions.

* The evidence that an effective and specific anti-nociceptive action could restore the abnormal brain
oscillations and connectivity further supports the potential disease-modifying action of CGRP
antagonists.

Data availability

EEG data and analysis are accessible from the corresponding author upon reasonable request.

Declaration of conflicting interests

The authors declared that there are no potential conflicts of interest with respect to the research, authorship, and/or
publication of this article.

Ethical statement

The Ethic Committee of Bari Policlinico General Hospital approved the EEG recording performed during the routine
clinical observation.

Funding

This work was supported by #NEXTGENERATIONEU (NGEU) and funded by the Ministry of University and
Research (MUR), National Recovery and Resilience Plan (NRRP), project MNESYS (PE0000006) — A Multiscale
integrated approach to the study of the nervous system in health and disease (DN. 1553 11.10.2022).

ORCID iD
Marina de Tommaso https://orcid.org/0000-0001-6567-5373

References

1. Edvinsson L, Haanes KA, Warfvinge K, Krause DN. CGRP as the target of new migraine therapies — successful
translation from bench to clinic. Nat Rev Neurol. 2018; 14(6): 338-350.

2. de Tommaso M, Delussi M, Gentile E, Ricci K, Quitadamo SG, Libro G. Effect of single dose Erenumab on
cortical responses evoked by cutaneous a-delta fibers: A pilot study in migraine patients. Cephalalgia. 2021;
41(9): 1004-1014.


https://orcid.org/0000-0001-6567-5373

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

Peng KP, Basedau H, Oppermann T, May A. Trigeminal sensory modulatory effects of galcanezumab and
clinical response prediction. Pain. 2022; 163(11): 2194-2199.

. de Tommaso M, Vecchio E, Quitadamo SG, Coppola G, Di Renzo A, Parisi V, Silvestro M, Russo A, Tedeschi

G. Pain-Related Brain Connectivity Changes in Migraine: A Narrative Review and Proof of Concept about
Possible Novel Treatments Interference. Brain Sci 2021; 11(2): 234.

May A, Schulte LH. Chronic migraine: risk factors, mechanisms and treatment. Nat Rev Neurol.2016; 455-64.

. Dai W, Liu RH, Qiu E, Liu Y, Chen Z, Chen X, Ao R, Zhuo M, Yu S. Cortical mechanisms in migraine. Mol

Pain. 2021; 17: 17448069211050246.

. Shibata K, Yamane K, Otuka K, Iwata M. Abnormal visual processing in migraine with aura: a study of steady-

state visual evoked potentials. J Neurol Sci. 2008; 271(1-2): 119-26.

. de Tommaso M, Trotta G, Vecchio E, Ricci K, Siugzdaite R, Stramaglia S. Brain networking analysis in

migraine with and without aura. J Headache Pain.2017; 18(1): 98.

. de Tommaso M, La Rocca M, Quitadamo SG, Ricci K, Tancredi G, Clemente L, Gentile E, Ammendola E,

Delussi M. Central effects of galcanezumab in migraine: a pilot study on Steady State Visual Evoked Potentials
and occipital hemodynamic response in migraine patients. J Headache Pain.2022; 23(1): 52.

Hadjikhani N, Ward N, Boshyan J, Napadow V, Maeda Y, Truini A, Caramia F, Tinelli E, Mainero C. The
missing link: enhanced functional connectivity between amygdala and visceroceptive cortex in migraine.
Cephalalgia. 2013; 33(15): 1264-8.

La Rocca M, Amoroso N, Monaco A, Bellotti R, Tangaro S. A novel approach to brain connectivity reveals early
structural changes in Alzheimer's disease. Physiol Meas. 2018; 39(7): 074005.

Rasero J, Amoroso N, La Rocca M, Tangaro S, Bellotti R, Stramaglia S; Alzheimer’s Disease Neuroimaging
Initiative. Multivariate regression analysis of structural MRI connectivity matrices in Alzheimer's disease. PLoS
One.2017; 12(11): e0187281.

de Tommaso M. An update on EEG in migraine. Expert Rev Neurother.2019 19(8): 729-737.

Bassez I, Van de Steen F, Ricci K, Vecchio E, Gentile E, Marinazzo D, de Tommaso M. Dynamic Causal
Modelling of the Reduced Habituation to Painful Stimuli in Migraine: An EEG Study. Brain Sci. 2020; 10(10):
712.

de Tommaso M, La Rocca M, Quitadamo SG, Ricci K, Tancredi G, Clemente L, Gentile E, Ammendola E,
Delussi M. Central effects of galcanezumab in migraine: a pilot study on Steady State Visual Evoked Potentials
and occipital hemodynamic response in migraine patients. J Headache Pain. 2022; 23(1): 52.

Headache Classification Committee of the International Headache Society (IHS) The International Classification
of Headache Disorders, 3rd edition. Cephalalgia. 2018; 38(1): 1-211.

de Tommaso M, Delussi M. Circadian rhythms of migraine attacks in episodic and chronic patients: a cross
sectional study in a headache center population. BMC Neurol.2018; 18(1): 94.

D'Amico D, Mosconi P, Genco S, Usai S, Prudenzano AM, Grazzi L, Leone M, Puca FM, Bussone G. The
Migraine Disability Assessment (MIDAS) questionnaire: translation and reliability of the Italian version.
Cephalalgia. 2001(10): 947-52.

Delorme A, Makeig S. EEGLAB: an open source toolbox for analysis of single-trial EEG dynamics including
independent component analysis. J Neurosci Methods. 2004; 134(1): 9-21.

Chang CY, Hsu SH, Pion-Tonachini L, Jung TP. Evaluation of Artifact Subspace Reconstruction for Automatic
Artifact Components Removal in Multi-Channel EEG Recordings. IEEE Trans Biomed Eng. 2020 67(4): 1114-
1121.

Gratton G, Coles MG, Donchin E. A new method for off-line removal of ocular artifact. Electroencephalogr Clin



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Neurophysiol 1983; 55(4): 468-484

Barrat A, Barthélemy M, Pastor-Satorras R, Vespignani A. The architecture of complex weighted networks. Proc
Natl Acad Sci U S A.2004; 101(11): 3747-52.

Russo A, Tessitore A, Silvestro M, Di Nardo F, Trojsi F, Del Santo T, De Micco R, Esposito F, Tedeschi G.
Advanced visual network and cerebellar hyperresponsiveness to trigeminal nociception in migraine with aura. J
Headache Pain. 2019; 20(1): 46.

Albanese M, Mercuri NB. Could the New Anti-CGRP Monoclonal Antibodies Be Effective in Migraine Aura?
Case Reports and Literature Review. J Clin Med. 2022; 11(5): 1228.

Iannone LF, De Cesaris F, Ferrari A, Benemei S, Fattori D, Chiarugi A. Effectiveness of anti-CGRP monoclonal
antibodies on central symptoms of migraine. Cephalalgia. 2022; 42(13): 1323-1330.

de Tommaso M, Trotta G, Vecchio E, Ricci K, Van de Steen F, Montemurno A, Lorenzo M, Marinazzo D,
Bellotti R, Stramaglia S. Functional Connectivity of EEG Signals Under Laser Stimulation in Migraine. Front
Hum Neurosci.2015; 24( 9): 640.

Schwedt TJ, Nikolova S, Dumkrieger G, Li J, Wu T, Chong CD. Longitudinal changes in functional connectivity
and pain-induced brain activations in patients with migraine: a functional MRI study pre- and post- treatment
with Erenumab. J Headache Pain. 2022; 23(1): 159.

Szkutnik-Fiedler D. Pharmacokinetics, Pharmacodynamics and Drug-Drug Interactions of New Anti-Migraine
Drugs-Lasmiditan, Gepants, and Calcitonin-Gene-Related Peptide (CGRP) Receptor Monoclonal Antibodies.
Pharmaceutics. 2020; 12(12): 1180.

Skljarevski V, Oakes TM, Zhang Q, Ferguson MB, Martinez J, Camporeale A, Johnson KW, Shan Q, Carter J,
Schacht A, Goadsby PJ, Dodick DW. Effect of Different Doses of Galcanezumab vs Placebo for Episodic
Migraine Prevention: A Randomized Clinical Trial. JAMA Neurol. 2018; 75(2): 187-193. Erratum in: JAMA
Neurol. 2018; 75(2): 260.

Haghdoost F, Puledda F, Garcia-Azorin D, Huessler EM, Messina R, Pozo-Rosich P. Evaluating the efficacy of
CGRP mAbs and gepants for the preventive treatment of migraine: A systematic review and network meta-
analysis of phase 3 randomised controlled trials. Cephalalgia. 2023; 43(4):
3331024231159366.03331024231159366.

Schramm S, Borner C, Reichert M, Baum T, Zimmer C, Heinen F, Bonfert MV, Sollmann N. Functional
magnetic resonance imaging in migraine: A systematic review. Cephalalgia. 2023; 43(2): 3331024221128278.



