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Abstract: Objective: To define, in a real-world population of patients with high-frequency episodic
(HFEM) or chronic migraine (CM), the predictive role of socio-demographic or phenotypic profiling
of responders to fremanezumab. Patients and methods: Two-hundred and four adult fremanezumab-
treated patients with either HFEM or CM, who failed to at least three preventive treatments, provided
data at baseline on several individual socio-demographic and phenotypic variables. These variables
were analyzed for their ability to independently predict the response (50-74% response rates) or
super-response (> 75% response rates) to fremanezumab. Patients were followed from 3-18 months of
fremanezumab exposure. Results: The main finding to emerge from univariate analyses was that three
baseline socio-demographic/clinical variables, i.e., age group 41-70 years (p = 0.02); female gender
(p = 0.03); patients with HFEM (p = 0.001), and three clinical phenotypic variables, i.e., strict unilateral
pain (p = 0.05); pain in the ophthalmic trigeminal branch (p = 0.04); and the “imploding” quality
of pain (p = 0.05), were significantly related to fremanezumab response. However, in multivariate
analysis, only HFEM (p = 0.02), the presence of strict unilateral (p = 0.03), and pain location in the
ophthalmic trigeminal branch (p = 0.036) were independently associated with good fremanezumab
response. Allodynia (p = 0.04) was the only clinical predictive variable of super-responsiveness to
fremanezumab. Conclusions: A precise phenotypic profiling with identification of pain characteristics
consistent with peripheral and/or central sensitization might reliably predict the responsiveness to
fremanezumab in migraine prophylaxis.

Keywords: CGRP; monoclonal antibodies; fremanezumab; phenotypes; predictors; response; episodic
migraine; chronic migraine

1. Introduction

The introduction of monoclonal antibodies (MAbs), specifically targeting the calcitonin
gene-related peptide (CGRP) or its receptor (anti-CGRP MAbs), has revolutionized the
prophylactic treatment of migraine [1]. Their mode of action is based on the ability to
selectively inhibit the activation of the trigeminovascular pain pathway [2,3].

Fremanezumab, a humanized anti-CGRP Mab with abilities to selectively target
the CGRP ligand and to prevent its binding to the receptor in the trigeminal ganglion
and meningeal nociceptors [4], has demonstrated a favorable benefit-risk ratio in large
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regulatory placebo-controlled randomized clinical trials [5] and was approved in 20182019
by international drug agencies for the prophylactic treatment of both episodic (EM) and
chronic migraine (CM). After the release of formal approval, several real-world studies
worldwide validated its excellent safety/tolerability profile [6,7], marking the onset of a
new era in migraine prophylaxis, compared to the usual standard of care with the use of
orally taken beta blockers, antiepileptics and tricyclics [8].

Fremanezumab has been commercially available in Greece for migraine prophylaxis
since 2020, while reimbursement came in 2021 for patients with high frequency EM (HFEM:
8-14 days/month) or CM, having previously failed to at least three preventives, including
OnabotulinumtoxinA (only in CM patients). We have recently reported the outcome of the
first prospective real-world study from Greece on the efficacy/safety of fremanezumab in
difficult-to-treat migraine patients, and demonstrated that it was able to reduce, by at least
50%, the monthly headache days (MHD) in about two-third of the 204 enrolled patients
with either HFEM or CM. As a result of this beneficial effect, patients had less disability
and improved quality of life [9].

Our results are generally in agreement with previous evidence showing that up to
one-third of patients remain unresponsive to preventative therapies with anti-CGRP MAbs,
including fremanezumab [10]. Towards the latter evidence, and also considering the lack
of a reliable disease biomarker, it is important to identify clinical predictors of response
to anti-CGRP MADs in order to guide tailored and personalized therapeutic protocols for
each patient so as to optimize good clinical outcomes as well as resources allocation [11].

Although there is evidence to suggest that some baseline demographic and clinical
characteristics, as well as phenotypic features, might be able to predict the responsiveness
to anti-CGRP MADs, the issue still remains only partly elucidated because of mixed results
and common heterogeneities in findings reported from available studies [12-15]. Another
important aspect that needs to be further addressed is to define the profile of patients who
experience super-response to anti-CGRP MAbs, especially if potential predictors to these
outcomes are to be identified for these individuals.

Therefore, the aim of this post hoc analysis of data extracted from a prospective,
multicenter, Greek registry is to define, in a real-world population of patients with HFEM
or CM, the predictive role of socio-demographic and phenotypic profiling of responders
(> 50% MHD reduction) or super-responders (> 75% MHD reduction) to fremanezumab.

2. Materials and Methods

Two-hundred and four adult patients with a definite diagnosis of either HFEM or
CM [16], who received treatment with at least 3 monthly cycles or 1 per trimester cycle of
fremanezumab at six different Greek hospitals or headache-focused private clinics, took
part in this post hoc analysis. The study protocol was approved by the Institutional Review
Board of “Agios Andreas” Patras General Hospital, and an informed consent was obtained
from each patient before being included into the study, in accordance with the requirements
of the Declaration of Helsinki.

Eligibility was confirmed by a protocol-specific checklist, while the inclusion and
exclusion criteria have been previously described in detail [9]. Briefly, patients had to
suffer from either HFEM or CM with or without aura or medication overuse headache
(MOH) and be scheduled to receive prophylactic treatment with fremanezumab, as per the
approved indication/contraindication [17] and current standard Greek clinical practice and
national reimbursement policies. Anti-CGRP MAbs naive patients received subcutaneous
fremanezumab (Ajovy® 225 mg/pf-syr, Teva Pharma-Hellas) 225 mg monthly (every
28-30 days) or 675 mg quarterly (every 90 days) for at least 3 months (12 weeks) before
establishing the response rates. Hence, patients were followed from 3-18 months of
fremanezumab exposure.

The following socio-demographic, clinical variables, and phenotypic characteristics
were carefully collected at baseline and were then analyzed for their ability to predict the
response to fremanezumab, in line with previous relevant publications [14,18]: gender;
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age groups in years (41-70 vs. 18-40); migraine type (HFEM vs. CM); BMI status (normal
[<24.9] vs. overweight/obese [>25]); number of failed preventives (3-5 vs. 6-7); duration
of migraine diagnosis (2-15 vs. above 15 years), presence (yes/no) of MOH; aura; family
history and comorbidities, the latter either psychiatric or gastrointestinal. Additionally,
patients were asked to report the presence of strict unilateral pain (pain never felt on the
other side of the head) vs. alternating side; allodynia, i.e., pain resulting from application
of a non-noxious stimulus (yes/no); pain in ophthalmic trigeminal branch (yes/no); pro-
dromal dopaminergic symptoms, i.e., mood changes, yawning, somnolence, drowsiness,
food craving (yes/no); unilateral autonomic symptoms, i.e., eye redness, lacrimation, nasal
congestion, rhinorrhea, eyelid edema, facial edema, forehead and facial sweating, miosis,
ptosis (yes/no); quality of pain (imploding vs. exploding pain); response to triptans, de-
fined as headache resolution within 2 h after triptan intake (yes/no); presence of known
migraine triggers, including stress, irregular sleep schedule, specific food/alcohol/caffeine
consumption, weather changes, dehydration, and luminous and olfactory stimuli (yes/no);
and pericranial muscle tenderness (yes/no).

After the first fremanezumab administration, patients completed a daily headache
diary (compliance was set to at least 80% of total monthly days) in paper format, and
based on the corresponding recordings, compared to those obtained pre-treatment, we
divided them in three groups: non-responders (<50% reduction in MHD); responders
(50-74% reduction in MHD) and super-responders (>75% reduction in MHD). Migraine
patients were defined as responders or super-responders if they experience either a >50%
or a >75% decrease, respectively, in MHD or in the monthly number of moderate/severe
headache days during the last 4 weeks of treatment, compared to baseline. Patients who
had a decrease in MHD ranging from 26 to 49%, compared to baseline, are defined as
non-responders, while a full non-responder is a patient who experiences a <25% decrease
in MHD [19]. For the purpose of our study the latter two groups (non-responders and full
non-responders) were merged into one group as “non-responders”.

We then compared the above-mentioned baseline socio-demographic and clinical
characteristics, as well as phenotypic profiling, between non-responders vs. responders
and responders vs. super-responders in order to define the predictors of response at >50%
and at >75% to fremanezumab.

Statistical Analysis

To identify predictors of response to fremanezumab, we performed a univariate
analysis using baseline demographic and clinical characteristics of their migraine. Patients
who responded to fremanezumab, defined as an at least 50% reduction in their MHD, and
non-responders (<50% MHD reduction) were compared using the two-sided chi square
test with Yate’s correction. The same statistical test was performed to compare patients
with response (50-74% MHD reduction) vs. super-response (>75% MHD reduction) to
fremanezumab. To assess independency, all significant variables in univariate analysis
were then entered into a backward multivariate logistic regression analysis. All tests were
two-tailed and statistical significance was set at the p < 0.05 level. Statistical analysis was
performed using SPSS for Windows (release 27.0; SPSS Inc., Chicago, IL, USA).

3. Results

The flow chart, as well as the demographic and baseline clinical migraine characteris-
tics of our study sample included in this post hoc analysis, are described in detail in our
primary publication that contained our results on the efficacy/safety of fremanezumab
in migraine prophylaxis [9]. Briefly, there were 210 patients initially enrolled, with the
majority of them to be able to complete the study. There were 6 cases of early withdrawal
from the study for reasons including, lost to follow-up (n = 3); cases remained in signifi-
cant remission and individually decided not to continue treatment (n = 2), as well as one
case of pregnancy. As such, of a total of 204 fremanezumab-treated patients for either
HFEM (n = 97; 47.5%) or CM (n = 107; 52.4%), after having previously failed a median of
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5 preventives, 171 (83.8%) were females, and they had a median age of 47.5 years. The
majority (n = 131; 64.3%) of them had a normal BMI of <24.9 and were diagnosed with
concurrent MOH (n = 122; 59.8%). Psychiatric comorbidities were also common (n = 121;
59.3%). A total of 148 patients (81/97; 83.5% with HFEM and 67/107; 62.6% CM patients)
obtained an at least 50% reduction in MHD, compared to baseline, and were counted as
treatment responders.

3.1. Comparison of Baseline Demographic and Clinical Characteristics as Well as Phenotypic
Profiling between Responders vs. Non-Responders to Fremanezumab

Concerning the comparison in baseline demographics and clinical features, the re-
sponders were more frequently females (p = 0.03), aged between 41-70 years (p = 0.02),
who received fremanezumab for HFEM (p = 0.001) than non-responders. The rest of the
baseline demographic and clinical data were well balanced between the two groups, as
none of the analyzed variables were found to have a statistically significant association with
occurrence of response vs. non-response to fremanezumab, including the family history of
migraine; BMI status; the number of previously failed preventives; the duration of migraine
diagnosis; and the occurrence of MOH, aura, or other major comorbidities (Table 1).

Table 1. Demographic and baseline disease’s clinical data in responders (at least 50% reduction in
MHD) vs. non-responders (<50% MHD reduction) to fremanezumab. p values in bold indicates
statistical significance.

Responders Non-Responders
n =148 n =56
Predictors N % N % O.R (95% CI) p Value
Age in years
41-70 vs. 18-40 95 64.2 21 37.5 1.2 (0.8-1.6) 0.02
Gender
Females vs. Males 131 88.5 40 71.4 3.2 (1.1-9.5) 0.03
Migraine type
HEEM vs. CM 81 54.7 16 28.6 7.3 (3.1-8.6) 0.001
BMI status
Normal (<24.9) vs.
Overweight/obese (>25) 98 66.2 33 58.9 0.7 (0.4-1.4) 0.332
Failed preventives (n) 65 439 20 35.7 0.8 (0.3-1.5) 0.473
3-5vs. 6-7
Duration in migraine
diagnosis (years) 74 50 21 375 0.9 (0.7-1.2) 0.374
2-15 vs. above 15
MOH
Yes vs. No 90 60.8 32 57.1 0.6 (0.2-1.9) 0.432
Aura
Yes vs. No 19 12.8 10 17.8 0.6 (0.3-1.2) 0.3
Family History 63 05 31 53.5 0.8 (0.7-1.1) 0.12
Yes vs. No
Comorbidities
Yes vs. No
Psychiatric 85 57.4 38 67.8 0.6 (0.3-1.2) 0.151
Gastrointestinal 28 18.9 13 23.2 0.9 (0.8-1.1) 0.513

After univariate analysis, three variables extracted from the phenotypic clinical profile
of patients were related to higher rates of response to fremanezumab and thus to favorable
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outcomes. The responders presented more frequent strict unilateral pain (odds ratio [OR]:
1.8; 95% confidence interval [CI]: 1.2-3.9; p = 0.05) or pain in the ophthalmic trigeminal
branch (OR: 3.6; 95% confidence interval [CI]: 1.9-7.1; p = 0.04), while the quality of
their pain was more frequently described as being “imploding” (OR: 1.7; 95% CI: 0.9-3.1;
p = 0.05), compared to non-responders (Table 2).

Table 2. Incidence of various clinical predictors in migraine patients with response (at least 50%
reduction in MHD) vs. non-response (<50% MHD reduction) to fremanezumab.

Responders Non-Responders
Predictors n =148 n =56 O.R (95% CI) p Value
N % N %
Strict unilateral pain 60 40.5 15 26.8 1.8 (1.2-3.9) 0.05
Allodynia 52 35.1 13 23.2 1.5 (0.6-3.3) 0.071
Pain in ophthalmic trigeminal branch 30 20.3 5 8.9 3.6 (1.9-7.1) 0.04
Prodromal Dopaminergic symptoms 85 57.4 25 44.6 0.6 (0.4-1.2) 0.361
Unilateral Autonomic symptoms 56 37.8 15 26.8 0.8 (0.7-1.5) 0.117
Imploding vs. exploding pain 85 57.4 20 35.7 1.7 (0.9-3.1) 0.05
Response to triptans 102 68.9 36 642 0.9 (0.4-1.9) 0.513
Yes vs. No
Presence of triggers 71 479 24 429 0.7 (0.4-1.2) 0.706
Yes vs. No
Pericranial Muscle tenderness 79 53.4 % 46.4 05 (0.5-1.7) 0.463

Yes vs. No

p values in bold indicates statistical significance.

Notably, the presence of allodynia showed a marked trend to significance towards
association with a clinically meaningful response to fremanezumab (OR: 1.5; 95% CI: 0.6-3.3;
p =0.071).

We finally turned to multivariate analysis to identify the independent predictors of
adequate response to fremanezumab (only significant variables were included), and we
confirmed this independent association only for HFEM (OR of 3.3; 95% CI: 2.3-5.3; p = 0.02)
coupled with the presence of strict unilateral pain (OR of 2.1; 95% CI: 1.5-4.3; p = 0.03) or
pain in the ophthalmic trigeminal branch (OR of 2.6; 95% CI: 1.3-7.3; p = 0.036).

3.2. Phenotypic Characteristics Comparison between Responders vs. Super-Responders
to Fremanezumab

Among a total of 148 responders obtaining an at least 50% reduction in MHD after
fremanezumab therapy, 83 responded at 50-74% and 65 at >75%, compared to base-
line, and were as such classified as either responders or super-responders, respectively.
Super-responders more frequently presented allodynia both in univariate (OR of 2.4;
95% CI: 1.2-4.8; p = 0.022) and multivariate logistic regression (OR of 2.1; 95% CI: 1.4-6.8;
p = 0.04) analyses, compared to responders, while all other associations failed to reach
significance (Table 3).
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Table 3. Incidence of various clinical predictors in migraine patients with response (50-74% reduction
in MHD) vs. super-responders (>75% MHD reduction) to fremanezumab.

Responders Super-Responders
Predictors n=281 n = 67 O.R (95% CI) p Value
N % N %

Strict unilateral pain 32 39.5 28 41.8 0.7 (0.4-1.4) 0.544
Allodynia 21 259 31 46.2 2.4(1.2-4.8) 0.022
Pain in ophthalmic trigeminal branch 18 222 12 17.9 0.8 (0.3-1.7) 0.681
Dopaminergic symptoms 48 59.2 37 55.2 0.5 (0.3-1.4) 0.323
Unilateral Autonomic symptoms 33 40.7 23 34.3 0.6 (0.3-1.5) 0.364
Imploding vs. exploding pain 47 58.1 38 56.7 0.8 (0.4-1.7) 0.733
Response to triptans 59 72.8 13 64.2 1.0 (0.5-2.5) 0.203

Yes vs. No
Presence of triggers 38 46.9 33 49.2 0.8 (0.3-1.4) 0.871

Yes vs. No
Pericranial Muscle tenderness 44 543 35 500 0.8 (0.5-1.7) 0.743

Yes vs. No

p values in bold indicates statistical significance.

4. Discussion

The current post hoc analysis sought to prospectively assess the value of several
baseline socio-demographic/clinical parameters or phenotypic profiling in predicting
the responders (50-74% response rates) or super-responders (> 75% response rates) to
fremanezumab. The main finding to emerge from univariate analyses was that three from
the baseline socio-demographic and clinical variables, i.e., age group 41-70 years (p = 0.02);
female gender (p = 0.03); patients with HFEM (p = 0.001), and three variables extracted
from the phenotypic clinical profile of patients, i.e., strict unilateral pain (p = 0.05); pain in
the ophthalmic trigeminal branch (p = 0.04); and the “imploding” quality of pain (p = 0.05),
were significantly related to fremanezumab response. However, in multivariate analysis,
only HFEM (p = 0.02); the presence of strict unilateral rather than alternating pain (p = 0.03);
and pain location in the ophthalmic trigeminal branch (p = 0.036) were independently
associated with good response to fremanezumab. Moreover, allodynia (p = 0.04) was the
only clinical phenotypic variable that was able to positively and independently predict
super-responsiveness to fremanezumab.

Our findings, overall, bolster the argument that symptoms related to both peripheral
sensitization, i.e., strict unilateral pain and pain location in the ophthalmic trigeminal
branch, and also central sensitization, i.e., allodynia, may be associated with good clinical
response to fremanezumab. As such, we can assume that its preventive effects are conveyed
via the modulation of overactive somatosensory processing and pain thresholds through
activation of the trigeminoautonomic reflex [20], while patients with certain migraine
phenotypes, characterized by location of pain strictly unilaterally or specifically in the V1
dermatome, may mostly benefit even during the phase of migraine chronification [21]. In
addition, it seems that fremanezumab is able to inhibit the sensitization of centrally situated
second-order nociceptive neurons [20], and as such patients with allodynia, a feature
consistent with central sensitization, may indeed super-respond to fremanezumab [22,23].

Our results are in agreement with previous publications demonstrating that the re-
sponsiveness to anti-CGRPs was positively associated with symptoms related to both
peripheral and central sensitization [12-14]. The relevance of migraine type, i.e., HFEM
over CM, in predicting the therapeutic response to anti-CGRP MAbs has been pointed out
also by other research groups, demonstrating that fewer migraine days at baseline was
associated with good response [24]. Our findings also partly support the hypothesis that
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the subjective perception of pain as an “imploding” headache, compared to “exploding”
pain, might be a feature with some ability to predict the response to anti-CGRPS; consistent
with a similar good response which was previously seen with onabotulinumtoxin-A [25].

However, we were unable to confirm findings from other studies, which favor the
role of several other variables in predicting the responsiveness to anti-CGRPs, such as
dopaminergic symptoms; autonomic symptoms; absence of psychiatric comorbidities; good
response to triptans; normal BMI; age at migraine onset; family history of migraine; number
of failed preventive medications; and MIDAS score [12,13,15,24,26-28]. Methodological
differences, including populations investigated, sample sizes, and clinical efficacy outcomes
studied, may account for discrepancies between results of available studies.

Nonetheless, it should be emphasized that our study comprised a homogenous sample
of fremanezumab-treated patients with difficult-to-treat migraine, having at least three
previously failed preventive treatments. The latter, in our opinion, should be counted
among the strengths of our study, as other relevant publications attempted to identify
predictors of response after exposure to mixed antiCGRP MAbs, including erenumab,
fremanezumab, and galcanezumab, according to drug market availability or physician’s
choice [14,29]. In any case, we cannot exclude the presence of other significant predictive
socio-demographic or clinical variables than those included in our analysis, and as such
a more in-depth clinical profiling may discover other strong predictors of response to
fremanezumab.

To explain why we only provide data about predictors of response on no anti-CGRP
MAbs for migraine prophylaxis other than fremanezumab, we should mention that fre-
manezumab was approved first for reimbursement, according to the national policies
concerning reimbursement of expensive therapies for migraine (early access release date
in late 2020 and formal approval in July 2021) in Greece. Erenumab and galcanezumab
received a similar approval quite recently, in February 2022 and in February 2023, respec-
tively. Eptinezumab is currently unavailable in Greece. Both fremanezumab, erenumab
and galcanezumab are currently fully reimbursed by the National Health System and social
services in Greek patients with HFEM or CM who failed at least three preventive treat-
ments, including OnabotulinumtoxinA in patients clinically classified as having CM [30].
Patients with private insurance that covers the cost of anti-CGRP MAbs also have access to
these treatments.

According to international but also national guidelines on the use, monitoring and
discontinuation of anti-CGRP MAbs, it is recommended to treat adult patients with 4 or
more migraine days per month for at least 3 months before establishing efficacy. With
a reduction of >50% in monthly headache days compared to baseline, it is advised to
further continue treatment for up to 12-18 months of therapy [19,30,31], and then pause for
1-2 months to monitor for a migraine relapse; in such cases, re-administration of the discon-
tinued anti-CGRP MADb is recommended [19,30,31]. However, in case of 30% of monthly
headache days, compared to baseline, after 3 months of therapy, it is advised to continue
exposure for another 3 months before concluding on the efficacy of a given anti-CGRP
MAD [19,30] Nonetheless, if a reduction of <30% in monthly headache days occurs after
6 months of continuous treatment with the first-line anti-CGRP MAD, it is recommended
to switch to another anti-CGRP MAb with different target upon CGRP, i.e., CGRP ligand
or CGRP receptor) [32] or to commence dual targeting with onabotulinumtoxinA add-on
to anti-CGRP MAD in these treatment-refractory patients [33,34], as a delayed clinically
meaningful response is unlikely to occur with further (after 6 months) exposure to initial
treatment with the use of either monoclonal antibodies targeting the CGRP ligand or its re-
ceptor [35]. A quite recently published report contradicts the latter view, by demonstrating
that late responses to anti-CGRP MAbs may occur even beyond 12 months of continuous
treatment [36]. Further studies on this clinically important issue are warranted before
definite conclusions can be drawn.
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5. Conclusions

To conclude from a clinical point of view, our results indicate that a precise phenotypic
profiling with identification of pain characteristics consistent with peripheral and/or central
sensitization might be able to predict responsiveness to fremanezumab in migraine pro-
phylaxis. Further larger prospective studies, including genetic sequencing and biomarker
profiling, are warranted to address the important issue concerning a precise prediction of
response to available anti-CGRPs MAbs.
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Abstract: Objective: this post hoc analysis aimed to evaluate the efficacy of fremanezumab in difficult-
to-treat chronic migraine (CM) patients with and without psychiatric comorbidities (PCs), mainly
anxiety and/or depression. Methods: We assessed data from CM patients with and without PCs
who failed at least 3 preventives and eventually received at least 3 consecutive monthly doses
of fremanezumab 225 mg. Outcomes included the crude response (>50% reduction in monthly
headache days (MHDs)) rates to fremanezumab from the baseline to the last clinical follow-up.
The changes in MHDs; MHDs of moderate/greater severity; monthly days with intake of abortive
medication; and the proportion of patients’ changing status from with PCs to decreased /without PCs
were also compared. Disability and quality of life (QOL) outcomes were also assessed. Results: Of
107 patients enrolled, 65 (60.7%) had baseline PCs. The percentage of patients with (n = 38/65; 58.5%)
and without (n = 28/42; 66.6%) PCs that achieved a >50% reduction in MHDs with fremanezumab
was comparable (p = 0.41), whereas MHDs were significantly reduced (difference vs. baseline) in
both patients with PCs (mean —8.9 (standard error: 6.8); p < 0.001) and without PCs (—9.8 (7.5);
p < 0.001). Both groups experienced significant improvements in all other efficacy, disability, and
QOL outcomes at comparable rates, including in MHD reduction. A significant proportion of
fremanezumab-treated patients with baseline PCs de-escalated in corresponding severities or even
reverted to no PCs (28/65; 43.1%) post-fremanezumab. Conclusions: fremanezumab appears to be
effective as a preventive treatment in difficult-to-treat CM patients with and without PCs while also
being beneficial in reducing the severity of comorbid anxiety and/or depression.

Keywords: CGRP; monoclonal antibodies; chronic migraine; fremanezumab; psychiatric comorbidities;
efficacy; response

1. Introduction

Migraine ranks among the most common primary headache disorders. It is char-
acterized by attacks of headache and associated symptoms, including nausea, vomiting,
photophobia, or phonophobia. Most patients suffer from episodic migraine (EM) and expe-
rience migraine attacks on less than 15 days per month. However, up to 6% of individuals
with EM progress to chronic migraine (CM), defined as headaches occurring on 15 or more
days per month, with migrainous features or a response to migraine-specific medications
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for at least 8 days per month. Chronic migraine can be with or without aura, and although
there is a requirement for symptoms to be present for three months in order to diagnose
it, most patients experience it for years before being diagnosed. A sizable proportion
of CM patients experience severe headaches almost daily, resulting in the generation of
considerable disability, a deterioration in their quality of life, and evidence of clinically
significant psychological distress [1].

Migraine and psychiatric disorders, mainly depression and/or anxiety, are frequently
comorbid in CM, with a lifetime prevalence of depression significantly above the cor-
responding prevalence seen in controls without migraine [2] or even in EM patients [3].
Moreover, a bidirectional association between psychiatric comorbidities (PCs) and migraine
has been identified, as the frequency of monthly headache days (MHDs) proportionally
increases with the frequency and severity of PCs. Thus, the comorbid depression and/or
anxiety significantly contributes to increasing the risk of progression from EM to CM [4].

A number of non-specific medications (e.g., beta blockers, anticonvulsants, and antide-
pressants) have long been used for migraine prevention; however, clinical experience has
shown that both the efficacy and safety/tolerability of these medications is rather modest,
and there is a need for optimized and specific migraine-preventive medications, rather than
the current standard of care with the use of oral preventatives, such as topiramate [5,6]. The
recognition of calcitonin gene-related peptide (CGRP) as a neuropeptide critically involved
in both central and peripheral (neuronal, sensitization, vasodilation, inflammation, and
protein extravasation) processes underlying the pathophysiology of migraine has revolu-
tionized the prophylactic treatment of migraine [7]. Several clinical studies have shown that
targeted therapies with the use of anti-CGRP monoclonal antibodies (anti-CGRP MAbs)
were efficacious and safe in the prophylaxis of both EM and CM [8,9].

Fremanezumab is a fully humanized IgG 2 (delta) a/kappa monoclonal antibody
that was approved in September 2018 in the United States and in January 2019 by the
EMA /CHMP for the prophylactic treatment of both EM and CM, based on its ability to
potently and selectively bind to both CGRP isoforms (x- and 3-CGRP), preventing them
from binding to the CGRP receptor in the trigeminal ganglion and meningeal nociceptors
in order to selectively inhibit the activation of the trigeminovascular pain pathway [10-12].
Subsequently, the excellent efficacy/safety profile of fremanezumab in migraine prophy-
laxis was documented in several real-world studies [9,13].

Post hoc analyses of data from the HALO CM study demonstrated significant reduc-
tions in MHDs in patients with comorbid depression, significant reductions in disabil-
ity, and significant improvements in QOL outcomes. Additionally, a significant propor-
tion of patients with evidence of baseline major depressive symptomatology experienced
50% reductions in severities, as assessed by the PHQ-9 scale, over the study period while
treated with fremanezumab, thus providing evidence for the possibility of improvements
in both migraine and depression [14].

Fremanezumab received market authorization in Greece for migraine prevention in
2020 and was granted a positive opinion from the national insurance organization (EOPPY)
in 2021 to be fully reimbursed in patients suffering from high-frequency EM (HFEM:
8-14 days/month) who previously failed to first-line treatments. CM reimbursement
additionally requires failure to onabotulinumtoxinA. We have recently demonstrated in real-
world conditions that fremanezumab was able to be effective and safe when administered
for migraine prophylaxis in difficult-to-treat migraine patients with either HFEM or CM [15].
We subsequently reported that a precise phenotypic profiling with the identification of
pain characteristics consistent with peripheral and/or central sensitization might reliably
predict the responsiveness to fremanezumab [16]. In the latter post hoc analysis, the
baseline occurrence of PCs was not found to be associated with response to fremanezumab,
and patients responded equally regardless of comorbid PCs [16].

To specifically test the latter clinical scenario in a homogenous cohort of CM patients,
the aim of this post hoc analysis of data extracted from a prospective, multicenter, Greek
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registry was to evaluate the efficacy of fremanezumab in difficult-to-treat CM patients with
and without PCs, mainly anxiety and/or depression.

2. Materials and Methods

The study was conducted in accordance with the requirements of the Declaration of
Helsinki, the protocol was approved by the Institutional Review Board of “Agios Andreas”
Patras General Hospital, and each patient provided an informed consent before entering
the study. In this post-hoc analysis of data extracted from a prospective, observational
study, the study population was composed of male or female patients, aged 18 years
and older, diagnosed with CM with or without medication-overuse headache (MOH),
who were prescribed fremanezumab as a treatment decision of their physician before
enrollment in this study. Fremanezumab treatment was commenced strictly in line with the
approved indication as described in the Summary of Product Characteristics (SmPC) [17]
and current national reimbursement policies. These policies dictate that full reimbursement
of fremanezumab is granted in CM patients who inadequately responded or were intolerant
to first-line oral treatments and onabotulinumtoxinA, given quarterly for 3 consecutive
courses [18,19].

Eligibility was confirmed by a protocol-specific checklist. Adult patients were included
in the study only if all of the following criteria were met: (i) the patient had read and signed
the informed consent after receiving all information about the studys; (ii) the patient had
a formal diagnosis of CM, according to the international diagnostic criteria [20]; (iii) the
patient has been prescribed fremanezumab as a treatment decision of their physician,
according to the SmPC [17]; (iv) the patient was naive to prior exposure with anti-CGRP
MAbs; (v) the patient had been maintaining a daily headache diary as part of their routine
disease management and had maintained the diary for at least 21 days in the 28 days
prior to fremanezumab treatment initiation for 2 consecutive months; (vi) the patient’s
headache diary ideally captured information on headache duration, headache severity,
headache characteristics, and days with intake of any acute medication for headache relief;
(vii) the patient was able to understand and was willing to keep records in the paper
headache diary for the course of the study. Exclusion criteria included any contraindication
to fremanezumab, according to the standard clinical practice and the approved SmPC [17].
Patients participating in any interventional clinical trial in CM, patients who were pregnant,
or patients who were nursing females were excluded. Moreover, patients with major
psychiatric disorder, such as autism, uncontrolled bipolar disorder, and schizophrenia,
were also excluded from participating in this study.

Fremanezumab (Ajovy® 225mg/pf-syr, Teva Pharma, Athens-Greece) was prescribed
either as 225 mg monthly (every 28-30 days) or 675 mg quarterly (every 90 days), depending
on the decision of the patient’s physician and standards of care. Patients were guided by
their treating physician to use their fremanezumab solution for self-injection, as described
in the SmPC, for at least 3 months (12 weeks) before establishing efficacy. The end of the
observational period was defined as the last routine clinic visit during the observational
period of each patient. Hence, patients in this group were followed for 3-18 months of
fremanezumab exposure.

Effectiveness data were evaluated using the information recorded by patient-reported
outcome measures in the patients’ diaries in paper format (headache diary compliance
was set to at least 80% of total days) and from validated headache-related disability tools,
including questionnaires, used in real-world clinical practice. The primary endpoint was to
evaluate the mean change from baseline in the monthly average number of migraine days
(MHDs) at the last routine follow-up, whereas the secondary endpoints for effectiveness
were the following: (i) the proportion of patients reaching at least 50% reduction in the
mean MHDs during the clinical follow-up period (>3 months) after the first dose of fre-
manezumab; (ii) the change in mean MHDs with peak moderate/severe headache intensity,
i.e., more than 4 out of 10 on a 0-10 numerical scale; (iii) the change in mean monthly
days with consumption of any abortive headache medications; (iv) the documentation of

13



J. Clin. Med. 2023, 12, 4526

changes in disability score, as measured by the Migraine Disability Assessment (MIDAS)
questionnaire [21], and also in the headache-related disability score, as measured by the
6-item headache impact test (HIT-6) [22] and quality of life assessment, as assessed by the
EQ-5D questionnaire [23]. EQ-5D is composed of a “self-classifier” part and a thermometer-
like vertical Visual Analog Scale (VAS), by which respondents can self-rate their perceived
health status with a grade ranging from 0 to 100, with higher scores indicative of higher
health status [23]. The incidence and severity of psychological distress at baseline to doc-
ument PCs was assessed using the HADS [24] scale, consisting of 14 items: 7 for anxiety
(HADS-A) and 7 for depression (HADS-D). All items are based solely on the psychological
symptoms of mood and anxiety disorders to the exclusion of somatic symptoms. Each
subscale is scored from 0 to 21, with scores of 0-7 representing a non-case of anxiety and
depression, 8-10 a doubtful or borderline case, and 11-21 a definite case.

Finally, the patients’ perception of the impact of fremanezumab treatment on disease
management and satisfaction was evaluated with the use of the 7-point (1 stands for “no
change” and 7 for “considerable improvement”) self-report “Patient Global Impression
of Change” (PGIC) questionnaire [25]. The cut-off score to define a “clinically significant
benefit” was set to a PGIC score of >5, according to the IMMPACT recommendations [26].

Statistical Analysis

Descriptive statistics were generated for all variables. Two-sided chi-squared tests
were used to compare categorical data between patients with baseline PCs vs. those without
PCs. For within-group comparisons, the paired-samples t-test was used to reveal any
potential changes in mean headache outcome scores from baseline to post-fremanezumab
follow-up. For between-group comparisons, the changes in mean headache outcome scores
were evaluated by subtracting each patient’s baseline value from her/his last value and
were calculated with the use of the independent-sample ¢-tests. Unless otherwise stated,
all tests were two-sided, and significance was set at p < 0.05. Statistics were performed by
employing the SPSS for Windows (release 27.0; SPSS Inc., Chicago, IL, USA).

3. Results

The study sample consisted of 14 males (13.1%) and 93 females (86.9%) with a mean
age of 49.8 £ 10.7 (range: 23-70) years. Of 107 patients enrolled, 65 (60.7%) had baseline
PCs. The majority of them (n = 37; 56.9%) had a normal BMI of <24.9 and were diagnosed
with concurrent MOH (n = 61; 93.8%). Among PCs, mixed anxiety and depression disorders
were most commonly seen (1 = 26; 40%), followed by anxiety disorders (1 = 24; 36.9%),
depression (1 = 13; 20%), and bipolar disorders (n = 2; 3.1%). These patients were treated
with venlafaxine (n = 22), duloxetine (1 = 10), amitriptyline (n = 24), and other SSRIs (1 = 9).
The overall baseline epidemiological and clinical characteristics of participants, according
to whether they had PCs or not at baseline, are described in Table 1.

3.1. Within-Group Comparison of Fremanezumab-Related Efficacy Headache Outcomes, according
to Baseline Evidence or Lack of Psychiatric Comorbidities

3.1.1. Fremanezumab-Treated Patients without Baseline PCs (n = 42)

MHDs were significantly reduced (difference vs. baseline) in patients without PCs
(22.4 £5.0vs. 12.6 £ 7.6; p < 0.001). Likewise, there was a significant decrease in MHDs
with moderate/severe headache (more than 4/10 in VAS) compared with the baseline
(16.8 £ 6.5 vs. 9.7 £ 7.7, p < 0.001), whereas the number of monthly days with intake
of acute headache medications was also significantly lower (18.9 & 6.6 vs. 10.5 £ 7.3;
p <0.001).

A total of 28/42 (66.6%) patients had >50% reduction in MHDs with fremanezumab
and were as such defined as treatment responders. Among them, 17 and 11 patients success-
fully achieved response at 50% and 75%, respectively, after treatment with fremanezumab.
As expected, the efficacy to therapy influenced the disability and QOL outcomes. MIDAS
(113.4 £ 69.3 vs. 54.6 + 52.6; p = 0.018) and HIT-6 (67.4 & 8.4 vs. 59.5 £ 10.5; p = 0.025)
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scores decreased, and the EQ5D scores (46.6 = 19.3 vs. 68.5 & 20.3; p = 0.05) increased. All
28 treatment responders in this group remained satisfied to score >5 on PGIC; specifically,
7 scored 5, 18 scored 6, and 3 scored 7 on PGIC.

Table 1. Demographic and clinical characteristics of fremanezumab-treated CM patients with and

without PCs.
Variable Patients without PCs Patients with PCs
Participants n=42 n=65
n =107 n % n%
Gender
Females 34 80.9 5990.8
Males 819.1 69.2
Age + SD (range) 49.6 £+ 10.1 (26-70) 50.1 £+ 11.1 (23-70)
Number of previously used preventative medications
Median value (range) 5(3-7) 5 (3-8)
Years & SD (range) with chronic migraine 29.8 +£ 9.9 (1241) 28.0 £ 9.6 (7-45)
Body mass index status
Normal (18-24.9) 22524 37 56.9
Overweight (25-29.9) 17 40.5 1827.7
Obese (>30) 371 10154
Psychiatric comorbidities 00 65 100
Anxiety disorder 0 24
Depression 0 13
Mixed anxiety and depression disorder 0 26
Bipolar disorder (stable—in remission) 0 2
Medication-overuse headache
Yes 3788.1 6193.8
No 5119 462

3.1.2. Fremanezumab-Treated Patients with Baseline PCs (1 = 65)

Comparably to patients without PCs, participants with evidence of psychopathol-

ogy experienced a significant decrease in MHDs between the baseline and last efficacy
follow-up (23.9 £ 5.0 vs. 14.1 £ 7.8; p < 0.001). Likewise, there was a significant decrease
in the number of MHDs with peak headache intensity of >5 (17.3 & 5.1 vs. 10.4 + 6.4;
p < 0.001) and also in monthly days with intake of acute headache medications (21.8 £ 6.1
vs.
12.8 £ 7.9; p < 0.001). A total of 38/65 (58.5%) patients were classified as responders
as they achieved a >50% decrease in MHDs with fremanezumab: 23 at 50% and 15 at 75%.
The changes in disability and QOL outcomes clearly favored fremanezumab treatment,
which was demonstrated by the reduced MIDAS (111.4 & 58.7 vs. 67.5 & 54.4; p = 0.002)
and HIT-6 (70.0 & 7.4 vs. 61.6 £ 11.2; p < 0.001) scores and a strong tendency of significantly
higher EQ5D scores (45.9 £ 20.5 vs. 62.9 £ 22.7; p = 0.08). All 38 treatment responders in
this group were satisfied with fremanezumab treatment and scored >5 on PGIC; specifi-
cally, 12 scored 5, 24 scored 6, and 2 scored 7 on PGIC. Finally, a significant proportion of
fremanezumab-treated patients with baseline PCs de-escalated in corresponding severities
or even reverted to no PCs (28/65; 43.1%) post-fremanezumab. In support of the latter
finding, there were improvements in both HADS-A (13.4 4.1 vs. 11.1 £ 4.1; p < 0.001) and
HADS-D scores (11.9 4= 4.6 vs. 10.2 £ 3.5; p < 0.001) post-fremanezumab, compared with
the baseline. The improvements in PC severities persisted throughout the study period.

3.2. Between-Group Comparison of Fremanezumab-Related Efficacy Headache Outcomes,
according to Baseline Evidence or Lack of Psychiatric Comorbidities

Both groups experienced significant improvements in all efficacy, disability, and QOL
outcomes at comparable rates, including in MHD reduction. Figure 1 shows the between-
group changes in all fremanezumab-related efficacy headache outcomes, compared with
the baseline, in CM patients with and without PCs.
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Between-group comparison of fremanezumab-treated patients with and without
psychiatric comorbidities

DAYS/MONTH WITH PEAK HEADACHE DAYS/MONTH WITH INTAKE OF ACUTE
HEADACHE DAYS/MONTH INTENSITY OF AT LEAST 5 IN VAS HEADACHE MEDICATION

®m With Psychiatric
Comorbidities

= Without Psychiatric
Comorbidities

B \—Y—} p=0.697 \_Y_}

12
p=0.154 p=0.160
13
‘-14
Figure 1. Changes in mean fremanezumab-related headache efficacy scores from baseline to the last
follow-up between treatment groups.
Likewise, as depicted in Figure 2, the number of treatment responders with a
>50% reduction in MHDs with fremanezumab was similar (p = 0.41) between patients with
(n = 38/65; 58.5%) and without (n = 28/42; 66.6%) PCs.
Between-group comparison in responders to fremanezumab 225 mg after
commencing at least 3 monthly treatment courses
FREMANEZUMAB RESPONDERS
FREMANEZUMAB NON-RESPONDERS (OVERALL) 50% RESPONSE TO FREMANEZUMAB 75% RESPONSE TO FREMANEZUMAB
50
45 D= 0.41 ® With Psychiatric
Comorbidities
u Without Psychiatric
40 ‘ \ Comorbidities

o 38/65

30
25
20
15

10

Figure 2. Differences in the number of fremanezumab responders at the last follow-up compared
with baseline MHDs between patients with vs. without PCs.

4. Discussion

The current post hoc analysis sought to prospectively assess the efficacy of fre-
manezumab in CM patients with and without PCs in order to guide better treatment
decisions by providing real-world evidence of outcomes with fremanezumab treatment
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in a homogenous cohort of CM patients with and without PCs, mainly anxiety and/or
depression. Our main finding to emerge was that both CM patients with and without PCs
comparably benefited from fremanezumab with significant reductions in MHDs and dis-
ability and an improvement in their QOL, while improvements in the severities of baseline
PCs can also be anticipated during the course of treatment in about 45% of patients.

Our results are in agreement with previous findings from real-world studies demon-
strating that fremanezumab was able to exert sustained reductions in MHDs across sub-
groups of migraine patients with comorbid anxiety and/or depression, whereas improve-
ments in the severities of PCs might also occur in up to 50% of treated patients [27], with
reductions in the number of patients who were prescribed antidepressants or anxiolytic
medications [28]. These real-world data taken together, including ours, are supportive of
the findings from post hoc analyses of data from the HALO CM study demonstrating that
CM patients with comorbid depression and a baseline PHQ-9 score of 10 to 19, consistent
with moderate-to-severe depression, experienced reductions in PHQ-9 of 9.5 to 10.5 points
on average over the 12 weeks of the study when treated with fremanezumab [14]. Moreover,
the results of a post hoc analysis pooling the results of two phase-three EM studies on the
efficacy of another anti-CGRP MAD, i.e., galcanezumab, targeting the CGRP ligand (same
as fremanezumab) for the prevention of migraine in patients with and without comorbid
anxiety and/or depression showed that a comorbid medical history of anxiety and/or
depression at baseline does not seem to interfere with the response to galcanezumab, and
patients comparably respond regardless of their psychiatric history [29].

A possible shared pathogenesis of migraine and PCs with distinct pathophysiological
mechanisms, overlapping or interacting with each other, has been previously suggested.
However, it remains unclear whether migraine is caused by or is the cause of PCs. Hence,
anxiety and/or depression may be able to trigger migraine attacks, while patients with
frequent and severe MHDs, such as those suffering from CM, have increased susceptibility
to be psychologically distressed. Shared genetic factors with evidence of a significant
genetic overlap in identified loci (three SNPs: rs146377178, rs672931, and rs11858956 and
two genes: ANKDD1B and KCNKS5) for migraine and major depressive disorder might also
cause the response in the bidirectional association between these medical conditions [30,31].

Nonetheless, neurochemical alterations—consisting of altered endocannabinoid and
serum serotonin levels, which increase during migraine attacks and decrease in between
them [32-34], coupled with decreased GABA cerebrospinal fluid levels in CM patients with
comorbid depression [35]—may play a key role in the pathophysiology of such a psychi-
atric bidirectional comorbidity with migraine. Specifically, this serotoninergic imbalance
has been suggested to alter the activity of the brainstem nuclei; enhance the activation
of the trigeminovascular nociceptive pathway; and possibly also facilitate the generation
of cortical spreading depression [36]. In accordance with the latter theory, medications
acting on the serotoninergic system, including tricyclic antidepressants, and selective sero-
tonin noradrenaline reuptake inhibitors are prescribed to patients for both EM and CM
prophylaxis [37]. Moreover, dysregulation (hyperactivation) of the hypothalamic—pituitary—
adrenal axis; estrogen and progesterone influence affecting the vascular endothelium and
pain processing systems; neuroinflammation with elevated serum levels of inflammatory
markers; and psychological factors, such as stress and sleep deprivation have been sug-
gested to be involved in the intrinsic relationships between migraine and PCs [38-40].
Shared environmental factors and obesity might also contribute to the development of both
migraine and comorbid depression and/or anxiety [41].

Finally, CGRP receptors are also implicated in the neurochemical alterations underly-
ing a shared pathophysiology between migraine and PCs via their activation in the bed
nucleus of the stria terminalis, strongly suggesting that the inhibition of CGRP receptors
with the use of anti-CGRP MAbs may be a clinically useful strategy to achieve likely reduc-
tions in both migraine and PC severities [42]. From a clinical point of view, the involvement
of CGRP in the pathophysiology of generalized anxiety disorder and possibly in depression
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might explain the dual beneficial effect of fremanezumab in reducing the severities of both
migraine and PCs, as thoroughly demonstrated in this study.

It should be noted that our study, being a post hoc analysis, was not specifically
designed to compare the two groups, namely, those with and without PCs, and this should
be acknowledged as a limitation preventing the generalizability of our findings. In addition,
our sample size was not very large, and this fact should also be noted as a limitation of
the study. Nonetheless, our study included a homogenous sample of 107 fremanezumab-
treated CM patients with difficult-to-treat migraine, who were studied with quantitative
efficacy outcomes and with qualitative patient-reported tools for disability and QOL, and
this thorough assessment should be counted among its strengths. Lastly, HADS represents
an internationally acceptable instrument for rating psychological morbidity in migraine
patients [43-45].

5. Conclusions

To conclude from a clinical point of view, our results indicate that fremanezumab
appears to be effective as a preventive treatment in difficult-to-treat CM patients with or
without PCs while also being beneficial in reducing the severity of comorbid anxiety and/or
depression. The demonstrated efficacy, favorable safety, and tolerability of fremanezumab
indicate its substantial therapeutic potential for patients with CM and comorbid PCs.
Further studies specifically designed to compare PC subgroups and assess the changes
in the severities of psychiatric symptoms over time with fremanezumab treatment are
warranted. Towards meeting the latter need, the results of the ongoing UNITE study are
anticipated [46] to further shed light on this clinically important issue.
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Abstract: One major innovation, a result of the coronavirus pandemic, has been the proliferation of
telemedicine. Telehealth can help solve the access problems that plague headache medicine, allowing
patients in areas with no headache expertise to consult and work with a headache specialist. This is a
retrospective chart review of patients seen by Neura Health, a comprehensive app-based telehealth
headache center. Patients are seen by a specialist and, in addition to any medical recommendations,
are given care plans individualized to their condition and recommendations at the end of their
clinical appointments. The primary outcome of this study is a decrease in monthly headache days
after 90 days; secondary outcomes include disability as determined by MIDAS score, depression
determined by PHQ-9, patients” utilization of emergency department or urgent care resources, as
well as their global impression of improvement. The deidentified outcomes of consecutive patients of
Neura Health were evaluated from March 2022-March 2023. Subjects were excluded if they did not
complete all forms, or if they did not receive a clinical or coaching follow-up appointment within
90 days. A total of 186 consecutive patients at Neura Health were identified during the review
period. The median decrease in monthly headache days was 55.0% after a 90 day period, headache
severity was decreased by 16.7%, global impression of improvement increased by 60.9%, disability
decreased by 38.7%, depression decreased by 12.5% and ER/urgent care visits were decreased by
66.1%. A comprehensive, telehealth-based virtual headache-care model significantly decreased
migraine frequency, severity and disability, and is able to decrease ER or urgent care visits.

Keywords: headache; migraine; telehealth; virtual care; coaching

1. Introduction

Migraine is a leading cause of disability; headache disorders, according to the World
Health Organization, are some of the most common disease conditions worldwide [1].
Headache affects nearly everyone at some point in their lives and migraine, specifically, is
estimated to affect over 1 billion people globally [2]. The understanding and treatment of
headache disorders has improved significantly over the past few decades, with disease-
specific preventive and acute treatments now available.

Although our understanding of headache conditions has improved, and we are now
able to treat them on a molecular level, the evaluation of headache disorders remains
unchanged for the past 40 years. Most people with headache are not evaluated by a
neurologist or headache specialist. They are often misunderstood or misdiagnosed by a
primary care provider or emergency care provider. Those without access to specialty care
often end up self-medicating with over-the-counter treatments that not only do not prevent
the attacks from happening, but often worsen the underlying condition due to medication
adaptation and overuse.

Access to specialists is mainly determined by a person’s geographic location [3]. It
is much more difficult, if not near impossible, for people from rural locations, or even
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larger cities that do not have a headache specialist, to be seen by someone with expertise in
headache conditions. Prior studies have shown significant improvement in the outcomes of
patients followed by neurologists or headache specialists versus primary care physicians.

The recent COVID-19 pandemic resulted in the proliferation of virtual medical care.
The use of telehealth was estimated to have grown by 15 times from 2019 to 2021. Prior to
2019, telehealth was used primarily as a means of access by patients in remote locations [4].
During the height of the pandemic, many physicians and patients used telehealth for
continuity of care.

Some medical subspecialties are more appropriate for virtual care. Psychiatry has
flourished in this virtual world, with many psychiatrists not planning to return to in-
person visits [5,6]. Within neurology, headache medicine, and the treatment of migraine
specifically is well suited for virtual care [7]. The typical age of patients with migraine
and other headache conditions is the second to fourth decade, a population that is more
technically savvy. This population generally consists of people that are otherwise healthy
and generally have normal neurological exam findings. The majority of people with
headache conditions do not require interventional therapies such as in-office injections.
Telehealth can also solve the access problems that plague headache medicine and other
neurological subspecialties, allowing patients in areas without a headache specialist to now
have this option.

Telehealth allows a more comprehensive approach to the treatment of headache
disorders. In a traditional setting, when a patient sees their doctor intermittently, the focus
of the appointment is the diagnosis and medical treatment of their headache disorder.
Despite the best intentions of the physician, and due to constraints beyond their control, the
appointments often feel rushed, and it is more difficult to comprehensively treat patients,
to fully educate them on their condition, including the appropriate non-medical options
that are available for them. In a virtual setting, patient appointments are on time more
often and patients can more easily be sent additional education material; in addition to
their medications, patients are given an app-based, comprehensive curriculum focused
on their needs. These can include neck and shoulder exercises, stress management if
appropriate, relaxation strategies, and vestibular exercises. Telehealth can also improve
access, as rural areas were some of the earliest adopters of telehealth appointments, well
before the pandemic [4].

Despite these advantages, telehealth is not an option for all patients. Photophobia is
the most common migraine-associated sensitivity, and often screen use can be a triggering
activity for people with migraine. People with secondary headache disorders necessarily
need further interventions including urgent imaging and a hands-on, in-person evaluation.
These can often be accounted for by giving patients instructions on how to make their
screens less triggering (dimming the lights, using “nightshift” mode) and by implement-
ing strict guidelines to quickly recognize secondary headache conditions and refer them
appropriately for in-person interventions.

Neura Health was founded in 2020 as the first ever comprehensive headache center
that is virtual and based on telehealth. Providers are UCNS-certified or fellowship-trained
MDs, or physician assistants that have extensive training and work experience at headache
centers. Physicians are licensed in most states of the United States; they can offer “educa-
tional appointments” to patients located outside of those states and Neura Health providers
can work together with the patient’s local physicians to provide them their prescriptions
and evidenced-based recommendations. Neura’s providers follow strict protocols that are
based on the American Academy of Neurology and American Headache Society’s best
practice guidelines.

Few outcome studies exist for telehealth with respect to headache. This retrospective
chart review is intended to help determine the effectiveness of a comprehensive approach
to headache care, provided via telehealth.
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2. Materials and Methods
2.1. Virtual Comprehensive Headache Center

Neura Health is a telehealth-based model of neurological care. Similar to an in-person
evaluation, headache patients can make an appointment to see a neurologist or headache
specialist that is either licensed in their state or that can work with the patient’s local
doctors. During their virtual patient encounter, they are given a standardized virtual
neurological exam, testing eye movement, facial symmetry, tongue and palate movement,
drift, fine finger movement, coordination, upper and lower extremity strength, balance and
gait. Medication, laboratory testing and imaging recommendations are also standardized
as per the American Headache Society and American Academy of Neurology guidelines
and best practices.

All patients are given care plans individualized to their unique needs at the end of
their clinical appointments. These include information regarding starting or adjusting med-
ications, and information about any prescribed medications and the underlying headache
condition with which they are being diagnosed. Patients are provided with an individu-
alized 90-day educational curriculum focusing on symptom tracking/calendaring via a
proprietary headache calendar, biofeedback, physical therapy exercises specific for their
specific headache condition (such as migraine, tension type or cervicogenic headache) or
diet-based recommendations.

In addition, each patient is assigned a certified health coach that they can meet with
on a twice-monthly basis. All Neura Health coaches are NBC-HWC trained and certified,
and undergo a headache-specific training process to learn evidence-based, non-medical
recommendations for headache conditions. Patients meet with their coaches for 20-30 min
via video conference twice monthly, for supportive care, accountability regarding their care
plans, and for goal setting based on the patients’ specific needs for the next 2 weeks. Care
teams are alerted if the patient reports worsening when tracking their headaches, and work
with their patients to determine what potential non-medical options may be helpful.

2.2. Clinical Trial
Subject Identification

The deidentified outcomes of consecutive patients of Neura Health were evaluated
from March 2022-March 2023. Subjects with all headache disorders were included in this
evaluation. An intake questionnaire is given to all patients prior to their first appointment,
and patients also receive a weekly check-in questionnaire and a 90-day questionnaire. Sub-
jects also included if they had an undifferentiated headache disorder awaiting a diagnostic
test or treatment to determine their headache diagnosis.

Subjects were excluded if they did not complete all forms, or if they did not receive
a clinical or coaching follow-up appointment within 90 days. An interim evaluation was
performed to determine if any subject’s data were 2 standard deviations outside the mean;
these subjects were excluded as well.

During their initial questionnaire, patients are asked to self-identify their current
baseline frequency of headache days, severity based on a visual analogue scale, as well as
the number of emergency department or urgent care visits over the past 90 days. Patients
were also asked their global impression of improvement (“How close do you feel to finding
relief?”). They are also given a MIDAS and PHQ-9 questionnaire to determine their baseline
level of migraine associated disability and depression. Patients are asked weekly if they
feel that their symptoms are improving or worsening, how severe and frequent they were
on average that past week, and if they went to an emergency room or urgent care center.
At 90 days, patients are asked again for their frequency of monthly headache days, average
severity, global impression of improvement, MIDAS and PHQ-9.

Patients of all headache conditions and diagnoses were included, including undiffer-
entiated headache conditions that required a confirmatory test or referral to an outside
provider. These referrals were expeditiously made to local in-person providers, including
ophthalmologists, endocrinologists, orthopedic or neurological spine surgeons or, if urgent,
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to a local emergency department. Imaging was ordered following the American Headache
Society 2019 Neuroimaging Guidelines [8].

2.3. Outcomes Evaluation

The primary outcome for this study was mean decrease in monthly headache days
after 90 days. Secondary outcomes were mean decrease in headache-related disability as
determined by MIDAS score, mean decrease in headache severity, decrease in depression as
determined by PHQ-9 score and decrease in emergency room or urgent care visits also after
90 days. Demographic information was evaluated including age, gender and ethnicity.

2.4. Statistical Evaluation

A two-tailed t-test was performed for all variables as noted above. The significance of
alpha was determined at p < 0.01 with 95% confidence intervals (CI). Data analysis was
performed using Big Query v3.14.0. Three predetermined interval statistical reviews were
performed to recognize significant outliers, defined as outcomes more than 2 standard
deviations outside of the mean.

2.5. Ethics Statement

This study was determined to have a D4-IRB exemption as per the WCG IRB Affairs
Department. This exemption is under 45 CFR § 46.104(d)(4), “because the research involves
the use of identifiable private information/biospecimens; and information, which may
include information about biospecimens, is recorded by the investigator in such a manner
that the identity of the human subjects cannot readily by ascertained directly or through
identifiers linked to the subjects, the investigator does not contact the subjects, and the
investigator will not re-identify subjects.”

3. Results
3.1. Study Design and Participants

A total of 186 consecutive Neura Health patients were identified during the review
period. The data of 117 subjects were included. Exclusions were primarily due to incom-
plete forms at intake or after 90 days, or lack of a follow-up appointment within 90 days.
Patients with secondary headaches were included after confirmation from an in-person
specialist when appropriate.

3.2. Statistical Review

Three interim reviews were performed by a third-party data analyst. These were
performed at predetermined intervals—at 50%, 75% and 90% of data collection. The
purpose of the interim reviews was to exclude very significant data errors, defined as
outliers 2 standard deviations outside of the mean. A total of four subjects were excluded
after these analyses (Table 1).

Table 1. Demographics.

Sex Female Non-Binary
le (%
(%) (%) Male (%) (%)
101 (86.3) 15 (12.8) 1(0.9)
Race Caucasian  Black/African Asian (%) Native Other
(%) American (%) ° American (%) (%)
92 (78.6) 3(2.6) 9(7.7) 1(0.9) 11 (94)
51-60
Age 0-20 (0/0) 21-30 (0/0) 31-40 (O/o) 41-50 (OA)) (0/) 65+ (0/0)
4(3.4) 23 (19.7) 34 (29.1) 25 (21.4) 19 (16.2) 12(10.3)
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3.3. Demographics

An overview of the demographics of this population can be found in Table 1. This
study population had 101 females (86.3%, 12.8% male and 0.9% nonbinary individuals),
and a median age of 42.0 years (14-93). An amount of 78.6% identified as Caucasian, 2.6%
African American, 7.7% Asian, 0/9% Native American and 9.4% other.

3.4. Baseline Headache Data

The mean frequency of this study population was significantly higher than expected
(18 monthly headache days). The mean attack severity was 6.5 out of 10, mean MIDAS was
62.0 and PHQ-9 was 8.0. There was an average of 0.5 ER or urgent care visits in the past
90 days, and the global impression of improvement at baseline (“Relief”) was 3.0 out of 10.

3.5. Primary and Secondary Outcomes

Mean decrease in monthly headache days was 29.0%, and median decrease was 55.0%
after 90 days (p = 0, 95%CI), from 18 to 9 days per month (Table 2). Mean severity decreased
15.3%, median severity decreased by 16.7% (p = 0.01, 95% CI) and global impression of
improvement increased an average of 60.9%; the median improvement was 100% (p = 0,
95% CI).

Table 2. Headache frequency, severity, disability, relief and depression.

Frequency (Monthly Median % Decrease (Range Mean % Decrease (Range from _
Headache Days) from Baseline) Baseline) P=
55.0 (20-9) 29.0 (17.6-12.5) 0.00
Severit Median % decrease (range Mean % decrease (range from _
y from baseline) baseline) r=
16.7 (6-5) 15.3 (6.1-5.2) 0.01
MIDAS Median % decrea.se (range Mean % decreas.e (range from p=
from baseline) baseline)
38.7 (62-38) 12.8 (89.5-78.1) 0.00
Global Impression of Median % change (range from  Mean % decrease (range from _
improvement baseline) baseline) r=
100 (3-6) 60.9 (3.4-5.5) 0.00
PHQ-9 Median % decrease (range Mean % decrease (range from _
from baseline) baseline) r=
12.5 (8-7) 8.7 (8.4-7.6) 0.01

3.6. Other Secondary Outcomes

Mean PHQ-9 score decreased by 8.7%, the median decrease was 12.5% (p = 0.01, 95%
CI), disability as measured by MIDAS decreased by an average of 12.8%, and the median’s
decrease was 38.7% (p = 0.01, 95% CI). ER and urgent care visits were decreased by 66.1%
(p=0,95% CI).

4. Discussion

Telehealth is widely used in some neurological subspecialties such as stroke to provide
specialty expertise in remote settings. Over the course of the COVID pandemic, telehealth

was relied upon out of necessity in many clinical settings where it was not previously used.

The American Academy of Neurology has provided a position statement strongly in favor
of utilizing and expanding virtual care.

Prior outcomes regarding telehealth have been rare, but positive (See Table 3). During
the COVID-19 pandemic, telehealth was in its infancy, and could be optimized further with
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future innovations. We believe that the comprehensive nature of our care model is part of

the future of headache care.

Table 3. Publications on telehealth.

Publication, Author Year Title Outcome
Telemedicine facilitated headache care for
Patient experience of telemedicine ngzfritilcellsssll:;nﬂh; ChO \2[]12;?
Chiang, Halker Singh 2021 for headache care during the satipsfaction r;tes andi desi;ge t(E) continue
etal. [7] COVID-19 pandemic: An American !

Migraine Foundation survey study

to use telemedicine for future headache
care among those who completed the
online survey.

Grinberg, Fenton et al.

Telehealth perceptions and
utilization for the delivery of

Patients and providers were amenable to

[9] 2022 headache care before and during utilizing telehealth, yet also experienced
the COVID-19 pandemic: A technological barriers
mixed-methods study
Noutsi Telemedicine Applications for the High satisfaction rates have been
outsios, . . . .
Boisvert-Plante et al. 2021 Evaluation of Patients with . reported for ylrtual headache
[10] Non-Acute Headache: A Narrative management which were shown to be
Review equal to in-person consults.
Minen, Szperka et al Telehealth as a new care delivery R;ZEZE’ieVr:ftistl:vrf\ri;f;rr?efc:;i?l’s;fegszlt’z}r:g
’ ’ 2021 model: The headache provider '

(1]

experience

They note positive attributes for patients
and how access may be improved.

We present the first outcomes data specifically reviewing headache telehealth. This
trial included patients with any headache disorder or diagnosis (migraine, tension type
headache, as well as SUNCT and intracranial hypotension), all primary and secondary
headache conditions. “Red flags” of headache were screened for during the virtual appoint-
ment, and any concerning finding was referred for appropriate in-person intervention or
evaluation. The decision to recommend imaging was based on the American Headache
Society Imaging Guidelines, in order to not over utilize imaging modalities.

This study population had a very high baseline monthly headache frequency and
severity, similar to a tertiary headache center. Despite the severity of this population, there
was a significant improvement in all outcomes measured. We feel that, in particular, a high
severity population can benefit more from a virtual platform due to the comprehensive
nature of the treatment, and the ability to avoid triggering commutes to in-person doctor’s
appointments which are often triggering with bright lights, loud noises and smells.

This comprehensive approach to headache disorders has revealed statistically signifi-
cant and beneficial outcomes with a decreases in monthly headache days, migraine-related
disability, depression, and ER/urgent care visitation. Statistically significant, but less ro-
bust, was the decrease in overall headache intensity. We believe that this is most likely
due to our inclusion of a number of refractory chronic headache disorders such as chronic
migraine and intracranial hypotension. The focus when treating these chronic disorders is
primarily on decreasing monthly headache days, more than improvement in the severity of
each attack.

We believe that there are many significant advantages to a virtual approach to
headache disorders. Many patients started seeing their medical professionals virtually over
this period of time, and they appreciated avoiding the time and cost of commuting to the
doctor’s office. Recent studies have highlighted the fact that most patients prefer many
aspects of telehealth visits over in-person visits.

In addition to convenience, we have been able to develop a more comprehensive
approach to headache care via telehealth. Patients receive a comprehensive educational
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curriculum, specific care plans related to their own unique issues, and individualized
coaching. Although it is possible to develop similar protocols in a traditional office set-
ting, telehealth has allowed this to be performed in a very efficient, comprehensive, and
convenient process.

There are limiting factors to telehealth for headache conditions. In-person procedures
and infusions must be referred to a local physician or center. Licensing across state lines can
be expensive or time consuming, and state and federal regulations regarding virtual medical
care are frequently changing. Providers may be concerned that although reimbursements
of virtual care are currently the same as in-person appointments, this may change in
the future.

Not all patients are appropriate for telehealth as well, as noted above. Patients with
severe photophobia may not be able to tolerate screens at all, even with adjustments to the
brightness or blue-light filtering. Patients with concern for secondary headache conditions
will still need to be evaluated in person, and with appropriate referrals and imaging.
Depending on the secondary etiology, they may not be appropriate to be followed long
term virtually and may need an in-person specialist.

Technology is innovating much of what we do on a new daily basis. As we look to
the future of medical care, we must consider ways to excel and give our patients the best
likelihood for better outcomes. Leveraging telehealth’s opportunities for comprehensive
and individualized care is one important step in this direction.
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Abstract: Background: Migraine is a prevalent episodic brain disorder known for recurrent attacks
of unilateral headaches, accompanied by complaints of photophobia, phonophobia, nausea, and
vomiting. Two main categories of migraine are migraine with aura (MA) and migraine without aura
(MO). Main body: Early twin and population studies have shown a genetic basis for these disorders,
and efforts have been invested since to discern the genes involved. Many techniques, including
candidate-gene association studies, loci linkage studies, genome-wide association, and transcription
studies, have been used for this goal. As a result, several genes were pinned with concurrent and
conflicting data among studies. It is important to understand the evolution of techniques and
their findings. Conclusions: This review provides a chronological understanding of the different
techniques used from the dawn of migraine genetic investigations and the genes linked with the
migraine subtypes.

Keywords: migraine; migraine with aura (MA); migraine without aura (MO); familial hemiplegic
migraine (FHM); genetics

1. Introduction

Migraine is a common episodic brain disorder known for its attacks of severe unilat-
eral headaches, accompanied by photophobia, phonophobia, nausea, and vomiting [1-3].
According to the Global Burden of Disease Study in 2020, migraine remains second among
the etiologies of disability [4,5], affecting 18% of women and 6% of men. Two prevalent
types of migraine are migraine with aura (MA) and migraine without aura (MO). MA is a
severe headache preceded by transient neurologic symptoms such as visual, sensory, and
speech disturbances, which are not found in MO [6]. In addition, in the latest International
Headache Society (IHS) criteria, MA includes motor and brainstem symptoms [1] (Table 1).
The possible underlying mechanism of the aura is a brief wave of nervous system cell
depolarization, propagating to the zones in the occipital lobe (cortical spreading depolar-
ization), including the visual cortex, leading to the suppression of brain activity [7]. The
exact relationship between cortical spreading depression (CSD) and headache is unknown,
but there is evidence that CSD activates trigeminal nociceptors in rats [8,9].

Clinically, MA and MO are two different diagnosable entities, with the latter being
more prevalent [10]. The international classification of headache disorder (ICHD-3) criteria
for the diagnosis of the mentioned types of migraine are shown in Table 1 [11]. However,
there is a historical unsettled debate on whether MO and MA are different disease entities
or different manifestations of the same disease. This debate, while not directly related to
the genetic basis of migraine, is an important aspect of the overall understanding of the
condition and its subtypes.
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Table 1. a. ICHD-3 criteria for migraine with aura diagnosis [11]. b. ICHD-3 criteria for migraine
without aura diagnosis.

A. At least 2 attacks fulfilling criteria B and C

B. One or more of the following fully reversible aura symptoms:
1. Visual
2. Sensory
3. Speech and/or language
4. Motor
5. Brainstem
6. Retinal

C. At least 2 of the following 4 characteristics:
1. At least 1 aura symptom spreads gradually over greater than or equal to 5 m, and/or more symptoms occur in succession
2. Each individual aura symptom lasts 5-60 m
3. Atleast 1 aura symptom is unilateral
4. The aura is accompanied, or followed within 60 m, by a headache

D. Not better accounted for by another ICHD-3 diagnosis, and transient ischemic attack has been excluded

b

A. At least 5 attacks fulfilling criteria B-D

B. Headache attacks lasting 4-72 h (when untreated or unsuccessfully treated)

C. Headache has at 2 two of the following 4 characteristics:

1. Unilateral location

2. Pulsating quality

3. Moderate or severe pain intensity

4. Aggravation by or causing avoidance of routine physical activity (e.g., walking or climbing stairs)

D. During headache at least one of the following occurs:

1. Nausea and/or vomiting

2. Photophobia and phonophobia

E. Not better accounted for by another ICHD-3 diagnosis

Note 1: When, for example, 3 symptoms occur during an aura, the acceptable maximal duration is 3 x 60 m.
Motor symptoms may last up to 72 h. Aphasia is always regarded as a unilateral symptom, dysarthria may or
may not be. Note 2: One or a few migraine attacks may be difficult to distinguish from symptomatic migraine-like
attacks. Furthermore, the nature of a single or a few attacks may be difficult to understand. Therefore, at least five
attacks are required. Individuals who otherwise meet the criteria for 1.1 Migraine without aura but have had fewer
than five attacks should be coded 1.5.1 Probable migraine without aura. When the patient falls asleep during a
migraine attack and wakes up without it, the duration of the attack is reckoned until the time of awakening. In
children and adolescents (aged under 18 years), attacks may last 2-72 h (the evidence for untreated durations of
less than two hours in children has not been substantiated).

Hemiplegic migraine, a debilitating chronic disorder diagnosed as familial (FHM) or
sporadic (SHM), is a rare condition that comprises an aura and migraine stage. Affected
individuals usually experience reversible neurological symptoms [12], such as hemiplegia
or motor impairment, in the aura phase before the onset of migraine headaches [1,11].
The familial variant, an inherited autosomal dominant channelopathy [13], affects an
individual’s first- or second-degree relatives [14], and can be divided into three unique
types as follows [15]:

(1) FHM1 defined by mutations in the CACNA1A gene in chromosome 19,
(2) FHM2 with a mutant ATP1A2 gene in chromosome 1,
(3) FHM3 with SCN1A mutations in chromosome 2.

Although the genes implicated in the familial form are quite well understood [16,17],
their role in conjunction with other unknown genes in the sporadic form is relatively
obscure [18]. Sporadic hemiplegic migraine is akin to the familial version in that both share
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clinical commonalities and, in some cases, genetic causes [19]. To illustrate, a 57-year-old
women, who displayed an array of symptoms, such as hemiparesis, had a genetic mutation
(T1174s) in the sodium voltage-gated channel gene (SCN1A), which led to a sporadic hemi-
plegic migraine diagnosis; the aforementioned gene is also implicated in familial hemiplegic
migraine, which suggests a genetic overlap between the two hemiplegic migraine vari-
ants [20]. Although many studies have found analogies between the two variants [21,22],
the full extent of the genetic basis for the sporadic version remains contentious [23].

In this article, we aim to review the literature on the genetics of migraine. The goal of
this review is to provide a chronological perspective on the advancements in the genetics
of MO and MA since their first investigation. In addition, we aim to discuss the current
knowledge of familial hemiplegic migraine.

2. Migraine without Aura and Migraine with Aura

The first population study on MO/MA genetics was published by Rasmussen et al. in
1992 [24], and the first twin study was published in 1998 by Ziegler et al. [25]. In 1995, the
first candidate-gene association study (CGAS) was conducted by Frosst et al. [26]; however,
the bulk of CGAS migraine research was published after the year 2004 [27-36]. Then, linkage
studies, latent class analyses, and trait component analyses were adapted [37-39]. Finally,
genome-wide association studies (GWAS), RNA sequencing, and exome/genome sequencing
studies were applied to migraine genetics in 2010, 2016, and 2019 by Anttila et al. [40],
Perry et al. [41], and Williams et al. [42], respectively. In this section, we will delve deeper into
the findings of every research technique in migraine genetics. Figure 1 displays the chronology
of MO/MA genetics research.

First
Latent First Trait
Class Component
Analysis Analysis _
(LCA) (TCA) First RNA
First population First twin sequencing
study study study
1 7995 l 2000 2070 1 2079
1992 T 7998 T 2005 2006 I 2016 T
First Candidate-Gene First First Genome-Wide First exome/
Association Study Linkage Assocation Study genome
(CGAS) Study (GWAS) sequencing

study

Figure 1. Chronology of techniques used to investigate migraine genetics.

2.1. Genetic Load of MO and MA

Migraine has long been observed to cluster in families, with several patients having their
first-degree relatives affected by the condition [43]. Starting in the 1990s, migraine and its
genetic mechanism has been demonstrated by twin, family, and population studies [25,43-48].
Population-based studies have shown an increase in familial migraine risk [24,44-46,49].
Indeed, the risk of migraine was 50% higher in relatives of migraine probands [46]. Russel et al.
showed that first-degree relatives of patients with MO had approximately a two-fold
increased risk for MO, and 1.4 times the risk of having MA. In contrast, they showed
that first-degree relatives of patients with MA had a four-fold increase in MA risk, but no
increased risk for MO [44]. In addition, another study found a three-fold increase in the
risk of MO and a two-fold increase in the risk of MA among first-degree relatives [24,43,49].
Additionally, twin studies provided a great insight into the heritability of migraine. For
instance, Gervil et al. and Ulrich et al. analyzed Danish twin populations for the inheritance
of MO and MA, respectively [48,50]. The results showed a higher pairwise concordance
rate in monozygotic twins (MZ) when compared to dizygotic twins (DZ) (MA p < 0.001 and
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MO p < 0.05) (Table 2) [47,48,50-52]. In addition, pro-band-wise concordance was shown
to be higher in MZ when compared to DZ in both MO and MA, as well as in different
genders. Furthermore, a study of 30,000 twin pairs showed that genetic factors contribute
equally to migraine phenotype as compared to the environment [53]. Finally, a recent
study published in 2015 showed a heritability rate for migraine of 42% [54]. All of these
published data lead to the conclusion that both MO and MA are a combination of genetics
and environmental factors (e.g., stress and bright light) [54,55]. In addition, heritability was
seen to be higher in migraine with aura than migraine without aura, leading to a higher
genetic susceptibility [56-58].

Table 2. Pairwise concordance rate and proband-wise concordance rate in monozygotic (MZ) and
dizygotic (DZ) twins, reported by [47,48,50-52]. (Inspired from Russel et al., 2001).

Men Women Overall

Mz DZ MZ DZ MZ DZ
Migraine with aura
Pairwise concordance rate 36% 17% 32% 8% 34% 12%
Proband-wise concordance rate 53% 29% 48% 15% 50% 21%
Migraine without aura
Pairwise concordance rate 17% 8% 33% 23% 28% 18%
Proband-wise concordance rate 29% 15% 50% 37% 43% 31%

Initially, due to the assumption that a migraine trait is a simple Mendelian transmis-
sion, several studies have been conducted, but have failed to clearly discern the mode of
inheritance [59-61]. For instance, a study suggested a “sex-limited” inheritance of MO [62].
Another study suggested an autosomal recessive inheritance for MO and MA [60]. Several
transmission patterns were hypothesized, but it is widely accepted nowadays that migraine
is a genetic multifactorial trait [43,45,63]. Several genes have been correlated to MO and/or
MA, which will be discussed below.

2.2. Are MO and MA Different Diseases?

Some clinicians might argue that MA and MO are different manifestations of the same
disease [64,65]. Indeed, headache symptoms are virtually identical and might co-occur in
the same patient [66], and the type of migraine can change over the years (aura attacks may
develop in the elderly) [67]. The same prophylactic and treatment drugs are also effective
in both [66]. However, each MO and MA has its own diagnostic criteria in the ICHD-3 [11],
and genetic studies have shown different genetic loads for both [68,69].

Some studies have shown a common genetic basis for MA and MO. The international
Brainstorm consortium, which compared genetic information between 265,218 patients and
784,643 controls, showed a significant genetic correlation between MO and MA [70]. In
addition, the analysis of 23,000 single nucleotide polymorphisms (SNPs) showed that the
majority of those analyzed were standard in MO and MA patients [71]; recently, Zhao et al.
showed similar results by taking into account all available genetic information [72]. Con-
versely, several studies showed different genetic components for MO and MA [40,73].
Recently, a study analyzed the polygenic risk score of 21 migraine-associated SNPs and
showed their association with MO only. However, many argue that research techniques
such as genome-wide association studies (GWAS) particularly identify MO genes, as GWAS
detects only top potential SNPs [2,3]. This study involved 152 MA patients compared to
the 295 MO cases, which might lead to diminished statistical power when detecting MA
genes [2]. In conclusion, with the available evidence, MO and MA are more alike than
different; however, further studies are needed to discover the causal genes.
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3. Various Techniques Unveiling the Genetic Basis of MO and MA

Several techniques have been used to characterize the genetic basis of MO and MA,
starting with the population studies described above. The main methods used to reach this
goal were as follows:

(1) candidate-gene association studies (CGAS),
(2) linkage studies,

(3) genome-wide association studies (GWAS),
(4) exome/genome sequencing,

(5) RNA and transcriptome sequencing.

3.1. Candidate-Gene Association Studies (CGAS)

For several years, the genetic basis of migraine was analyzed via focusing on hypoth-
esized candidate genes from hypothesized migraine pathophysiological pathways. For
instance, migraine has been linked to neurological, vascular, hormonal, and inflammatory
pathways [74]. Using CGAS, approximately 100 genes were correlated with migraine [6].

Homocysteine is an excitatory amino acid that plays a role in the pathophysiology
of cerebrovascular diseases [75]. Knowing that migraine has a cerebrovascular basis [27],
researchers hypothesized that the genes responsible for homocysteine metabolism might be
involved in the etiology of migraine. For example, the methylenetetrahydrofolate reductase
gene (MTHFR), which is involved in the metabolism of folate, catalyzes the formation of
5-methylenetetrahydrofolate from 5,10-methylenetetrahydrofolate. The latter is the active
form of folate and donates a carbon molecule for homocysteine for it to be converted into
methionine [76]. A mutation in MTHFR was hypothesized to cause hyperhomocysteinemia
and, consequently, migraine. Indeed, Frosst et al. reported an association between the
homozygous C667T mutation of MTHFR and hyperhomocysteinemia [26]. Most studies
identified the T-allele of the MTHFR C677T polymorphism to correlate with migraine,
specifically MA (but no MO) [27-36]. Scher et al. studied 187 MA and 226 MO patients,
in addition to 1212 control non-migraineurs. The group showed that the T/T MTHFR
genotype was associated with increased odds of MA when compared to controls (odds
ratio [OR], 2.05; 95% confidence interval; p < 0.006) [32]. Additionally, Lea et al. studied
652 Caucasian migraineurs and showed that the T/ T genotype confers an increased risk
for MA (OR: 2.0-2.5), but no increased risk for MO (p > 0.05) [29]. Conversely, a study by
Todt et al. showed no association between the C667T genotype and MA (OR: 0.61-1.25
and p = 0.45) [77]. A possible explanation for their results was that their study’s sam-
ple sizes was composed of migraineurs with severe symptoms, and, thus, the MTHFR
C667T allele could be found only in patients with mild to moderate MA [77]. Also, the
International Headache Genetics Consortium (IGHC) data showed no clear evidence of
MTHER correlation in the 5175 migraineurs studied using genome-wide association studies
(GWAS) [78].

The dopamine system has been hypothesized to be involved in the pathophysiology
of migraine [79]. Studies have shown that D1 and D2 dopamine receptors exist in mice’s
and rats’ trigeminal ganglion and trigeminal nucleus [80-82]. Additionally, studies have
shown that administering apomorphine or piribedil (dopamine agonists) increases the
cerebral blood flow [83,84]. Other animal studies have shown vasodilation in response to
low dopamine doses and vasoconstriction with high doses [85]. As a result, researchers
investigated the correlation between the genes involved in the dopaminergic pathway
and migraine. The dopamine system is a series of steps, starting from phenylalanine
and ending with norepinephrine and epinephrine [79]. Within these steps, dopamine is
converted to norepinephrine by dopamine--hydroxylase (DBH), and norepinephrine is
converted to epinephrine by catechol-O-methyltransferase (COMT) [79]. Finally, upon the
release of dopamine in the synaptic cleft, a reuptake mechanism is mediated by presynaptic
transporters called dopamine transporters (DAT1 and DAT?2) [79]. As such, a mutation in
any of the above genes would increase dopamine, and scientists hypothesized a potential
increased migraine susceptibility. Two case—control studies have found an increased
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frequency of migraine in individuals with a homozygous COMT c.472 A > G (Vall58Met)
when compared to those with the Val/Val genotype [86,87]. However, Hagen et al. showed
no association between the Val158Met polymorphism and migraine [88]. In addition, a
study investigated the correlation of two SNPs, one within the promoter (—1021C—T) and
another (+1603C—T) in exon 11 of the DBH gene in two different cohorts [89]. Results
showed an association between the allelic and genotypic frequency distribution of DBH
SNPs and migraine in both investigated cohorts [89].

Other genes of the serotonergic system, GABA-A receptor system, insulin receptors,
estrogen receptors, LDL receptors, and ion transporters correlated with migraine due
to their potential role in its pathophysiology and positive study results [66]. However,
similarly to the case of MTHFR and COMT, most of the associations were not replicated and
were subsequently disproven. For example, the study of 841 MA patients and 884 controls
for thousands of genetic markers in 155 ion transport genes by Nyholt et al. was positive
initially, but replication in an independent data set was negative [90]. In addition, 21 genes
were associated with MA in another study, but the results could not be replicated in a larger
data set [2,78]. Two other genes worth mentioning are the insulin receptor gene (INSR,
chromosome 19p13) and the LDL receptor gene (19p13.2). These genes were associated
with migraine, but were later disproven. The INSR gene was disproven in a sequencing
study, and the LDL receptor gene was disproven because it could not be replicated in
another study [91-94]. These disappointing results are due to small sample sizes (less than
a few hundred cases), a lack of matching the samples for gender, age, and background, and
diagnosis issues [2]. The lack of replication of most CGAS studies raises suspicion that
other studies may be false positives; thus, other techniques were used to study the genetics
of migraine.

3.2. Loci Linkage Studies
3.2.1. Traditional Linkage Studies

Historically, linkage studies have contributed valuable inputs to the genetics of mi-
graine by pinpointing chromosomal loci in families with migraine [66]. Initially, genotyping
was achieved using microsatellite markers or genome-wide scans. For example, Russo et al.
analyzed the genetics of 10 Italian families with MA and linked the loci 15q11-q13 with
their MA diagnosis using regional microsatellite markers [95]. This locus represents the
genomic region of three GABA-A receptor genes. Additionally, a study of a migraine
family of 106 individuals from northern Sweden linked the 6p12.2-p21 locus with MO and
MA through the use of genome-wide scanning [96]. Replication success for these linkage
studies has been scarce, except for a few loci [66]. Wessman et al. and Bjornsson et al.
pinned the 4q locus in studies involving Finnish and Icelandic families, respectively [97,98].
The Finnish study revealed locus 4q24 and the Icelandic study revealed locus 4q21 (Table 3).
However, many unanswered questions remain concerning these loci; it is unclear whether
they contain genes for MO, MA, or both. For these reasons, the validity of the traditional
linkage studies results is questionable [66]. Other concerns include a high migraine preva-
lence and the subjective diagnosis of migraine, which can lead to difficulty in obtaining
accurate pedigrees that can link migraine genes.

As a result, alternative linkage studies were used to eliminate this controversy, and two
prominent alternatives were the latent class analysis (LCA) and trait component analysis
(TCA). Using these methods, researchers can identify loci that could explain an underlying
pathophysiological mechanism of a specific symptom [66].
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Table 3. Summary of traditional linkage studies results (following the International Headache
Classification (IHS) classification guidelines).

Articles Country Migraine Type = Genotyping Method Chromosomal Locus
Nyholt et al., 2000 [37] Australia MA /MO Regional microsatellite markers Xq25-q28
Jones et al., 2001 [99] USA MA Regional microsatellite markers 19p13
Carlsson et al., 2002 [96] Sweden MA/MO Genome-wide scan 6p12.2-p21
Lea et al., 2002 [100] Australia MA/MO Regional microsatellite markers ~ 1q31
Wessman et al., 2002 [97] Finland MA Genome-wide scan 4q24
Bjornsson et al., 2003 [98] Iceland MO Genome-wide scan 4q21

Cader, Noble-Topham et al., 2003 [101]  England MA Genome-wide scan 11q24
Soragna et al., 2003 [102] Italy MO Genome-wide scan 14q21.2-q22.3
Russo et al., 2005 [95] Italy MA Regional microsatellite markers ~ 15q11-q13
Anttila et al., 2008 [103] Australia and Finland MA Genome-wide scan 10q22-q23

3.2.2. Latent Class Analysis (LCA)

Latent class analysis was introduced to eliminate the dichotomy of migraine diagnosis.
This method focuses on multiple factors of migraine, including symptom severity, leading
to a spectrum of clinical presentations. For example, Nyholt et al. [38] (frontrunners of LCA)
and Ligthart et al. [104] clustered their patients based on migraine severity and associated
symptoms. For instance, Nyholt et al. included pulsation in their classification, and
classified their sample into four categories as follows: (1) asymptomatic individuals (CLO0),
(2) patients with a mild form of recurrent non-migrainous headaches (CL1), (3) patients with
a moderately severe form of migraine, often without visual aura (CL2), and (4) patients with
a severe form of migraine, often with aura (CL3) [38,64]. As expected, more individuals
were labeled using the LCA approach, and none that were diagnosed using the IHS
classification were missed [66]. Both of these studies pinned the 5q21 locus. The study by
Ligthart et al. also reports the 10g22-q23 locus, in addition to another LCA study on the
Australian and Finnish population [103]. This locus was reported using traditional linkage
studies and TCA studies (Table 3).

3.2.3. Trait Component Analysis (TCA)

As part of the effort to eliminate the diagnostic bias, researchers adopted the TCA
method (starting with Palotie et al.) [103]. Similarly, TCA eliminates the dichotomous diag-
nostic approach of the IHS and uses the questionnaire information more optimally [103].
More specifically, researchers focus on specific trait components, or, in other words, in-
dividual clinical symptoms of migraine, and link chromosomal loci to this phenotypic
group [39]. This could eliminate clinical heterogeneity and diagnostic issues. Loci 4q24,
17p13, and 10g22-q23 were linked to different migraine phenotypes using the TCA method
(Table 4). Interestingly, 4q24 and 10q22-q23 were reported in Finnish and Australian linkage
studies, respectively, using the IHS MA classification [97,103]. The latter mutation is the
most significant, as it was replicated in Australian and Dutch studies [104]. The remaining
gap unfilled by these new phenotyping methods is the identification of gene variants from
the loci, which would give insight into the pathophysiology of specific symptoms and
migraine in general.
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Table 4. Summary of linkage studies performed with latent class analysis (LCA) and trait component

analysis (TCA).
. Phenotypic
Article Country Classification Chromosome Locus
Latent Class Analysis
Nyholt et al., 2005/ . .
Anttila et al., 2006 [38,39] Australia Pulsation 5q21
Anttila et al., 2006/ Australia and .
Anttila etal,, 2008 [39,103]  Finland Migrainous headache 10922-423
Anttila et al., 2008/ Netherlands Migrainous headache 10g22-q23

Ligthart et al., 2008 [103,104]

Trait Component

Analysis

Age at onset, photophobia,

Nyholt et al., 2005/ . phonophobia, pain

Anttila et al., 2006 [38,39] Finland intensity, laterality, 4q24
pulsation

Anttila et al., 2006/ . .

Anttila et al, 2008 [39,103] [ niand Pulsation 17p13
Laterality, pain intensity,

Anttila et al., 2008/ Australia and phonophobia, 10022-423

Ligthart et al., 2008 [103,104] = Finland photophobia, pulsation, Eaul!

nausea/vomiting

3.3. Genome-Wide Association Studies

In the last decade, genome-wide association studies (GWAS) contributed significantly
to our knowledge of the genetic basis of migraine. Unlike the other techniques, GWAS
requires no prior hypothesis about the role of a DNA variant [105]. Instead, hundreds
of thousands to millions of SNPs that are roughly equally dispersed in the genome are
analyzed for association with a phenotype, and that is by comparing the results to the
controls. The association is considered significant if the p-value is <5 x 1078, according to
the GWAS catalog [106]. This method has been effective in gene associations where other
studies did not show results [105].

Ten migraine GWAS studies were conducted in the last decade, which were listed with
their findings in Table 5 [40,63,73,74,107-112]. The first study was conducted by Anttila
et al. in 2010 [40], and it consisted of 2748 patients with MA and 10,747 matched controls
obtained from Finland, Germany, and the Netherlands. A single SNP reached genome-wide
significance, which was the rs835740 on chromosome 8q22.1 (p = 5.38 x 10~?, OR = 1.23).
This finding was replicated in a meta-analysis showing p = 1.69 x 10~!!. This SNP is lo-
cated between two genes implicated in glutamate homeostasis, which are MTDH (astrocyte
elevated gene 1, AEG-1) and PGCP (plasma glutamate carboxypeptidase gene). MTDH has
been shown to downregulate SLC1A2 (also known as GLT-1 and EAAT?) in cultured astro-
cytes; the latter gene encodes for the major glutamate transporters in the brain [113,114]. As
such, a decrease in the activity of MTDH and/or PGCP (which metabolizes glutamate) will
increase glutamate in the synaptic clefts. This was a plausible hypothesis for researchers
as this neurotransmitter has been linked to the pathophysiology of migraine [40]. It is
important to note that the relationship between MTDH and migraine remains controversial,
as the correlation did not reach significance in subsequent studies [63,107]. Additionally,
Gupta et al. [109] showed that the variant rs934937 on chromosome 6p24 increases the risk
for migraine. This locus encodes for the PHACTR1 gene, which renders carriers susceptible
to other vascular diseases, including coronary artery disease, cervical artery dissection, and
hypertension. This gene was also suggested by Freilinger et al. [73] to correlate with MO.
This gene was thought to affect the vascular system, and further studies have been com-
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pleted to characterize its pathophysiological mechanism (check the fine mapping section

below) [115].

Table 5. Summary of genome-wide association study (GWAS) results.

Article Phenotype Genes Pathway
Anttila et al., 2010 [40] MA MTDH Glutamate transport
PGCP Glutamate metabolism
Chasman et al., 2011 [108] Migraine TRPMS8 Pain related
LRP1 Neurotransmission
PRDM16 Tissue structure and function [116]
Freilinger et al., 2012 [73] MO MEF2D Neurotransmission
ASTN2 TGF-beta signaling
TGFBR2 TGF-beta signaling
PHACTRI1 Vascular endothelial function
Anttila et al., 2013 [107] MA /MO AJAP1 Metalloproteinase — tumor invasion
TSPAN2 Metalloproteinase — tumor invasion
FHL5 cAMP regulation
MO MMP6 Neurotransmission
C70ORF10 Glutaric acid excretion
Gormley et al., 2016 [63] MA /MO SLC24A3
ITPK1 Ton homeostasis
GJA1
Gupta etal,, .2016 [109] Migraine PHACTRI1 Vascular endothelial function
(phenome-wide AS)
Gerring et al., 2018 [111] Migraine NFKBIZ
TNFSF10
TNFAIP3 Immune system and inflammation
CXCR4 y
ABCB1
NFIL3
Guo et al., 2020 [109] ..
(GWAS + transcriptome wide AS) Migraine ITGB5
SMG6 Neurogenic inflammation, endothelial
ADRA2B function, and calcium homeostasis
ANKDD1B
KIAA0040
Hautakangas et al., 2021 [112] MA HMOX2 Inflammation (vascular)
CACNAIA Voltage—de.pendent calcium channel
(neurogenic)
MPPED2 Metalloproteinase
MO SPINK2 Protease inhibitor
FECH Ferrochelatase

Finally, the largest and most recent meta-analysis on migraine was conducted by Hau-
takangas et al. [112] in 2022, which included 102,084 migraine cases and 771,257 controls.
The team identified three variants associated with MA as follows: (1) rs12598836 in HMOX2,
(2) rs10405121 in CACNAT1A, and (3) rs11031122 in MPPED2. HMOX2 is a constitutive
gene that plays a role in heme catabolism, leading to antioxidant and anti-inflammatory
effects [117]. CACNA1A encodes the alpha-la subunit of the voltage-dependent P/Q
calcium channel, and has been linked repeatedly to familial hemiplegic migraine (FHM), a
subtype of MA [118]. Finally, MPPED?2 is a metallophosphoesterase domain-containing
protein which has been linked to various functions, including tumor suppression [119]. On
the other hand, the meta-analysis suggested two variants associated with MO as follows:
(1) rs7684253 in the locus near SPINK?2, a serine peptidase inhibitor, and (2) rs8087942 in
the locus near FECH, responsible for the synthesis of ferrochelatase.
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At first, GWAS results seemed paradoxical, mainly because the results of these studies
showed a more robust genetic association in MO [107], which is contradictory to the results
from twin studies and population studies (showing that migraine with aura is more genetic).
One possible explanation is that GWAS detects mainly variants with moderate or high
allele frequencies (>0.05); thus, relatively rarer alleles cannot be detected. Consequently,
experts hypothesize that these rare alleles could be responsible for the genetic susceptibility
of MA. As a result, researchers adopted RNA and exome/genome sequencing approaches
to assess the contribution of such variants [3].

3.4. Fine Mapping of Potential Migraine Susceptible SNPs

Research was not limited to identifying possible SNPs using GWAS or other techniques.
Instead, these potential loci were studied further using various methods. It is important to
know that many of the SNPs correlated to migraine have unclear mechanisms of action.
Thus, the fine mapping of these potential loci is of great value for understanding the genet-
ics and pathophysiology of migraine. This approach occurs as follows: (1) association-test
statistics are used to prioritize a set of SNPs that would likely contain disease-causing
SNPs, (2) connecting these variants with genes using resources such as the Encyclopedia
of DNA Elements (ENCODE), NIH Roadmap Epigenomics, and FANTOMS, and (3) con-
ducting functional experiments to discern the exact pathophysiological mechanism of this
variant/allele [6]. For example, the relationship of PHACTRI to migraine has been inves-
tigated, and the pathophysiological mechanism has been suggested. After rs9349379 has
been correlated to migraine (step 1), it was found to be on intron 3 of the PHACTR1 gene
(step 2) [109]. Using the CRISPR-edited stem cell-derived endothelial cells, they demon-
strated that this SNP regulates the endothelin 1 gene (EDN1), which is located 600 kb
upstream of PHACTR1 and encodes a protein that promotes vasoconstriction, extracellular
matrix production, fibrosis, and vascular smooth muscle cell proliferation (step 3) [120].

3.5. RNA Sequencing and Transcriptomic Studies

As discussed, GWAS detects high-frequency alleles exclusively, thus, rare variations
that give insight into the genetics of migraine are not pinned by these studies. This problem
was solved by using more specific techniques such as RNA sequencing and transcriptomic
studies. To prevent the capturing bias, researchers have adopted RNA sequencing as a
method to investigate migraine genetics. This technique allows investigators to identify
novel transcripts, research the role of alternative splicing and gene fusion, and quantify
the gene expression level related to migraine [121]. The final goal was also met using
transcriptomic methods [41]. Table 6 summarizes studies in which RNA sequencing or
transcriptomic studies were adapted.

Table 6. Summary of studies using RNA sequencing and transcriptomic studies.

Phenotype Genes Pathways

Perry et al., 2016 [41]
(Transcriptomic study)

Migraine IL6

SOCS3

IFNB Inflammatory pathway
CXCR4

CCL2

NFKBIA

Renthal et al., 2018 [122] Migraine CACNA1A

SCN1A Ion channels
NOTCH3

Starobova et al., 2018 [123] Pain Neuropeptide Y

SCN9A Ion ch 1
SNC10A on channels

SCN11A
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Table 6. Cont.

Articles Phenotype Genes Pathways

Perry et al., 2016 [41] ..
(Transcriptomic study) Migraine IL6
SOCS3
IFNB Inflammatory pathway
CXCR4
CCL2

NFKBIA

Renthal et al., 2018 [122] Migraine CACNA1A

SCN1A Ton channels
NOTCH3

Starobova et al., 2018 [123] Pain Neuropeptide Y

SCN9A Ion ch )
SNC10A on channels

SCN11A

Jeong et al., 2018 [124] Migraine LRRC8 Immune response, glutamate signaling pathway, and
WSCD1 reactive oxygen species regulation

Kogelman et al., 2019 [125] MA NMNAT2 Unknown
RETN

Vgontzas et al., 2020 [126] MA, MO HCK Central Nervous System
ARHGEF26
WSCD1
TSPAN2
NEGR1
SLC24A3
GPR182 Neurovascular cells
NOTCH4
MYO1A Peripheral Nervous System
HELLS

Kogelman et al., 2021 [127] MA, MO CPT1A Fatty acid oxidation
SLC25A20
ETFDH
MAML2
ADAM15
ADAM17
CARD9 Immune-related pathways
SH2D2A
CD300C

Notch signaling pathways

Renthal et al. (2018) [122] studied single-brain cell RNA sequencing data from cortical
cells (neurons, oligodendrocytes, astrocytes, microglia, and endothelial cells). The anal-
ysis indicated that 70% and 30% of neuronal migraine-associated genes are significantly
enriched in inhibitory and excitatory neurons, respectively, considering that many genes
(such as SCN1A and CACNA1A) are found in both neuron types. Additionally, the study
showed that 40% of known migraine-associated genes are enriched in a specific brain cell
type. Vgontzas et al. (2020) [126] studied single-cell RNA sequencing data from the central
and peripheral nervous system (neurons, glial cells, neurovascular cells). They showed
that 11.1% of migraine-associated genes were selectively enriched in the central nervous
system (HCK, ARHGEF26, WSCD1, TSPAN2, NEGR1, SLC24A3), 5.5% in neurovascu-
lar cells (i.e., GPR182, NOTCH4), and 3.7% in the peripheral nervous system (MYO1A,
HELLS). Kogelman et al. performed RNA sequencing from the venous blood of MO and
MA patients [125]. In 2019, the group compared 17 MO and 9 MA female patients to 20
female controls, and they showed that the genes NMNAT2 and RETN are differentially
expressed in MA patients when compared to the controls; however, these results were
not replicated in an independent cohort. In 2021 [127], the group compared the gene
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expression in MA and MO patients during the attack and after treatment. Results showed
that 33 genes are differentially expressed between the two phases of migraine; most of these
genes play a role in fatty acid oxidation (CPT1A, SLC25A20, and ETFDH), immune-related
pathways (CARD9, SH2D2A, CD300C), and notch signaling pathways (MAML2, ADAM15,
and ADAM17). Perry et al. [41] conducted a transcriptomic study of the expression of
inflammation and immune response genes in chronic migraine patients’ calvarial perios-
teum. They found that 26 genes were upregulated and 11 genes were downregulated. The
upregulated genes were associated with the activation of leukocytes, the production of
cytokines, and the inhibition of NF-kB, while the downregulated genes were associated
with the prevention of macrophage activation and cell lysis. The genes correlated to the
pathophysiology of the periosteum are IL6, SOCS3, IFNB, CXCR4, CCL2, and NFKBIA.

3.6. Whole Exome or Whole Genome Sequencing (WES or WGS)

WES reveals nucleotide sequences in the coding region of the DNA, or the exon. WGS
is more inclusive as it detects nucleotide sequences in both the coding and non-coding re-
gions of the DNA (exons and introns). Applying the latter technique is important to identify
the polymorphisms in the introns that might be responsible for migraine manifestation.

Ibrahim et al. completed whole exome sequencing on 16 individuals with no mutations
in the FHM gene [128]. They associated ATP10A (p.Ala881Val) and ATP7B (p. Leu795Phe)
variants with migraine. ATP10A encodes an ATPase with flippase activity on plasma
membrane lipids, and ATP7B encodes transmembrane copper transporters. Interestingly,
the ATP10A is found on locus 15q11-q13, which was pinned in 2005 by Russo et al. [95]
using linkage studies (described previously). Additionally, the team suggested the pos-
sibility of CACNA1C (p.Ile662Leu) and CACNA11 (p.Argl11Gly) influence [128]. These
genes encode voltage-gated calcium channels, similar to CACN1A1, which was pinned
in FHM and MA (using GWAS). Another project detected the genes ATXN1 (contributes
to glutamate signaling), FAM153B, and CACNA1B (voltage-gated calcium channels) in a
population of 620 migraineurs [129,130]. This study was also replicated in 1930 migraine
patients, and the same genes were detected. This work represents a combination of GWAS
and RNA sequencing. However, it is important to mention that WES or WGS are expensive
techniques that come with the burden of increased cost. They also impose some storage
burden, which might affect the data quality [74]. In addition, these techniques might result
in a capturing bias. For instance, WES is ineffective in capturing all mutations, particularly
structural variants such as repetitive regions [131]. Also, migraine susceptibility loci are
not limited to coding regions; many loci are in non-coding genomic regions that regulate
splicing patterns or downstream genes [132]. Table 7 shows the genes hypothesized to be
associated with migraine using WES/WGS.

Table 7. Summary of whole exome and whole genome sequencing studies (WES and WGS).

Article Phenotype Genes Pathway

Williams et al., 2019 [42] (WES and WGS) Migraine ALPK1 Centrosome cilia functions
Immune response and inflammation

Rasmussen et al., 2020 [129,130] (WGS and

RNA seq) MA/MO ATXN1 Glutamate signaling
Eﬁl\éll\?i?]g Voltage-gated calcium channel
Ibrahim et al., 2020 [128] (WES) Migraine i%r;;gA .
gigﬁihc Voltage-gated calcium channel

40



J. Clin. Med. 2024, 13, 2701

3.7. Other Techniques

RT-PCR has been used on animal and cell models by Royal et al. [133] to study migraine
genetics. The team studied two variants of the TRESK protein, a K+ channel encoded by
the KCNK18 gene. These two variants are TRESK-MT and TRESK-C110R, which are
non-functional variants of the potassium channel. Both were associated with migraine;
however, only the TRESK-MT variant was shown to correlate with the MA phenotype,
leading to the hyperexcitability of trigeminal neurons. The reason for this association is that
TRESK-MT produces another variant, the TRESK-MT2, which co-assembles with TREK1
and TREK2, two other K+ channels, and inhibits them. Additionally, miRNA has been
demonstrated to play a role in migraine pathophysiology [134,135]. miR-34a-5p and miR-
382-5p have been shown to upregulate acutely during migraine attacks (both MO and MA);
these markers were found in the blood and in cerebrospinal fluid (CSF), respectively [134].
Similarly, Tafuri et al. [135] showed that miRNA-27b was upregulated and miRNA-181a,
miRNA-let-7b, and miRNA-22 were downregulated in MO patients when compared to
healthy controls.

4. Monogenic Syndromes

The largest effect of migraine genetics was implied from rare monogenic syndromes
with migraine symptoms. Such syndromes present as a set of symptoms, including mi-
graine. As such, researchers correlated the genes mutated in those monogenic syndromes
to migraine, which helped investigate the pathophysiological mechanism behind different
types of migraine. Examples of these monogenic syndromes are included below.

4.1. CADASIL

Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoen-
cephalopathy (CADASIL) is an inherited disease caused by a mutation in the NOTCH3
gene found on chromosome 19. This gene encodes for a transmembrane receptor exclu-
sively restricted to human vascular myocytes [136]. Histopathological studies of vascular
tissue in CADASIL patients suggest the thickening and alteration of standard physiologic
structure throughout the body [137]; however, the cerebral vasculature seems to be respon-
sible for the majority of the disorder’s symptoms, usually including migraine, as the first
presenting sign of the disease [136]. Interestingly, a study conducted by Tan et al. [138]
showed that more than 75% of 300 symptomatic CADASIL patients experienced migraine,
which were accompanied by auras approximately 90% of the time. However, other studies
indicate different numbers.

Nevertheless, taking all of the results together, migraine prevalence in CADASIL
patients would be around 38%, which is still higher than the general population [138].
Several mechanisms have been proposed to explain the increased prevalence of migraine
with auras in CADASIL patients as compared to the general population. One such mech-
anism centers around the idea that episodic ischemia generated by the vascular changes
in the disease could be responsible for a more pronounced cerebral hypoperfusion phase,
leading to cerebral blood flow changes similar to those observed in CSD [139], and thereby
accounting for more severe auras [140]. Other plausible mechanisms include the possibility
that the vascular abnormalities in CADASIL patients could decrease the threshold for CSD,
as demonstrated in mice with mutated or deleted NOTCH3 genes [141], that the brainstem
involvement in the disease process in CADASIL patients increases their susceptibility for
migraine with auras, or that the NOTCH3 gene is involved in the pathway of migraine
auras, since genetic studies have shown that family members of migraine patients have an
increased risk of experiencing migraine themselves [44,142].

4.2. D-CAA

Cerebral amyloid angiopathy (CAA) is a cerebrovascular disease characterized by
the accumulation of 3-amyloid molecules in the leptomeninges of the central nervous
system and the cerebral vessels [143]. This disease can lead to a severe intracerebral
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hemorrhage (ICH) in elderly patients [144]. However, preceding the ICH symptom:s,
migraine with aura often manifests as a presenting sign and an early marker of hereditary
cases of CAA, especially Dutch-type CAA (D-CAA). This was seen in a study conducted by
Koemans et al. [145], which found a 56% prevalence of migraine with aura in 86 recruited
D-CAA patients. Interestingly, migraine was the initial symptom in approximately 80% of
the cases [145]. As is the case with other cerebrovascular angiopathies, the exact mechanism
behind the onset of migraine in this type of disease is not very well understood. However,
several similar theories to the ones mentioned previously have also been suggested.

4.3. COL4A1-Related Disorders

COLA4AL is a gene located on chromosome 13 that encodes for the «-1 subunit of type
IV collagen. This subunit plays an important role in the basement membrane of several
different tissues in the body, especially the vascular tissue surrounding the blood vessels.
Mutations of this gene cause a COL4Al-related brain small-vessel disease, which targets
fragile vessels; this leads to hereditary infantile hemiparesis, retinal arteriolar tortuosity
and leukoencephalopathy, and familial porencephaly [146,147]. Several studies show
that migraine with aura may be a symptom of this mutation, as presented in a study of
six affected family members, where 50% presented with auras [148]. This is also seen in
a systematic review conducted by Lanfranconi et al. [149], in which 10 out of 52 carrier
subjects had experienced migraine.

4.4. FASPS

Familial advanced sleep-phase syndrome (FASPS) is an autosomal dominant disor-
der caused by a missense mutation in the CSNK1D gene, which encodes for the Casein
Kinase 16 (CK16) [150], a serine/threonine kinase which phosphorylates several important
target proteins in order to regulate the cell cycle, cell differentiation, proliferation, and the
circadian clock [151,152]. Patients usually experience an earlier sleep onset and morning
awakening, often described as “morning larks” [153]. Interestingly, in two different muta-
tions (T44A and H46R) of the CSNK1D gene in transgenic mice, a co-segregation was also
found with MA [150,154,155]. In essence, sensitization to pain resulting from nitroglycerin-
triggered migraine reduced the threshold for CSD, and increased calcium signaling were
detected in the T44A transgenic mice [150,155], thus explaining the co-presence of MA with
the disease. Involved in migraine pathogenesis, the CSNK1D gene provides evidence for
the involvement of the hypothalamus in the development of and susceptibility to migraine.

4.5. KCNK18

The TWIK-related spinal cord potassium channel (TRESK) is a member of the two-
pore domain potassium (K2P) channel family—an important modulator of the resting
membrane potential—encoded by the KCNK18 gene [156]. A frameshift mutation in this
gene produces a truncated and non-functional channel, which can also suppress the levels
of the wild-type channel and increase the susceptibility to migraine with aura [157]. This
mutation was first discovered in a patient suffering from MA, and was later also confirmed
in seven of the patient’s relatives who also suffered from the same disease [156].

4.6. ROSAH Syndrome

Heterozygous missense variants of the x-kinase gene ALPK1 are responsible for the
pathogenesis of ROSAH syndrome, named after its five main symptoms: retinal dystrophy,
optic nerve edema, splenomegaly, anhidrosis, and migraine headache [42]. This gene has
been detected at high levels in the retina, in the retinal pigment epithelium, and in the optic
nerve. It is important to note that migraine is also a frequent feature of the disease.

4.7. HERNS

Hereditary endotheliopathy with retinopathy, nephropathy, and stroke (HERNS)
is an autosomal dominant systemic multi-infarct disorder that was first described by
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Jen et al. [158] in 1997 in a Chinese American family. As its name implies, this disease
first manifests as visual impairment due to macular edema and as renal dysfunction with
albuminuria [158]. The neurologic symptoms usually appear in the second decade of life,
most commonly emerging as migraine headaches, in addition to psychiatric manifestations,
hemiparesis, dysarthria, and others [158,159]. The mechanism behind the disease is gener-
alized vascular damage in different capillaries and arterioles of the body, including retinal,
cerebral, and renal areas [158,160].

4.8. MELAS

Mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes (MELAS)
syndromes are most commonly caused by an A to g transition mutation at position 3243 of
the mitochondrial genome [161,162]. It is characterized by recurrent attacks of migraine-like
headaches with vomiting, epilepsy, and stroke-like episodes, accompanied with blindness,
deafness, cognitive impairment, and cardiac conduction defects, among others [163-166].
Even though the transition cited previously is the primary mutation seen in MELAS, it
is, however, a polygenic disease caused by several mutations that involve mitochondrial
tRNA and protein-coding genes, some of which are also involved in other mitochondrial
diseases, such as LHON, Leigh Disease, and MERRF [167]. However, surprisingly, studies
performed by Buzzi and colleagues [168] and Cevoli et al. [169] on maternal lineages with
MELAS showed that most subjects were monosymptomatic, with the disease manifesting
only as migraine. In addition, all of the migraine-only subjects did not carry the 3243 A > G
tRNA Leu (MELAS) mutation, suggesting that this mutation does not contribute to the
maternal multigenerational migraine with or without aura [168].

4.9. RVCL-S

Retinal vasculopathy with cerebral leukoencephalopathy and systemic manifestations
(RVCL-S) is a rare systemic small-vessel disease caused by an autosomal dominant muta-
tion in the three-prime repair exonuclease 1 (TREX1), mainly affecting the white matter of
the CNS [170,171]. The amyloid-negative angiopathy involves mostly small vessels such
as arterioles and capillaries in several locations of the body, including the retina and the
brain [172]. This disorder is characterized by retinopathy, neurological deficits, and other
systemic symptoms, including anemia, liver disease, kidney injury, and Raynaud’s phe-
nomenon [170]. Migraine with and without aura are sometimes also reported by affected
patients, as reported by 42% of patients in cross-sectional studies [172-175]. These kinds
of migraine tend to occur in adult RVCL-S patients, compared to the earlier onset (child-
hood or adolescence) in the general population, which could suggest that vasculopathy is
responsible for the onset of the migraine in these patients [175].

4.10. CCM

Familial cerebral cavernous malformations (CCM) is a heritable autosomal dominant
disease characterized by at least three mutations in three different loci as follows: CCM1 on
chromosome 7q, CCM2 on chromosome 7p, and CCM3 on chromosome 3p, characterized
by vascular abnormalities in the central nervous system (CNS), leading to epileptic seizures
and hemorrhagic strokes [176-179]. Several studies have also found migraine to be a
symptom of this disorder [179].

5. Familial Hemiplegic Migraine (FHM)

As discussed, familial hemiplegic migraine (FHM) represents a rare autosomal domi-
nant subtype of MA with an obligatory presence of a motor aura, represented by reversible
motor weakness—hence the “hemiplegic” part of the disease—that is most often, but not
always, unilateral [180,181]. Additionally, the diagnostic guidelines of the third edition of
the International Classification of Headache Disorders, provided by the Headache Classifi-
cation Committee of the International Headache Society, require the presence of at least one
first- or second-degree relative having a migraine with motor auras (Table 8) [11]. The age
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interval of clinical appearances is flexible, stretching from 5 to 30 years old in most cases,
with migraine tending to appear more in younger people [182]. Aside from the essential
motor aura symptoms, a population-based study by Thomsen et al. showed that the other
most common aura types were sensory, visual, and aphasia [183]. Even though motor,
sensory, and visual auras were essentially similar to those seen in MA, their duration was
significantly longer in FHM than in MA [180]. Many trigger factors have been implicated
in the appearance of FHM, including acute stress, emotional fluctuation, excess or lack
of sleep, minor head trauma, and menstruation in women [184-186]. In addition, more
than two-thirds of FHM patients displayed a co-occurrence of basilar migraine (BM) as
well, defined according to the IHS guidelines [183]. An overlap between epilepsy and
migraine has also been suggested by the presence of seizures in certain specific pathogenic
cases of FHM [187,188]. Being genetically heterogeneous, FHM has been divided into three
subtypes, based on the genetic mutation responsible for the disease presentation (Figure 2).

Table 8. ICHD criteria for familial hemiplegic migraine diagnosis [11].

1. Attacks fulfilling the criteria for migraine with aura
(Table 1).
2. Aura consisting of both of the following;:

A. Fulfilling hemiplegic migraine criteria
2.1.  fully reversible motor weakness,
2.2.  fully reversible visual, sensory, and/or
speech/language symptoms.
B.  Atleast one first- or second-degree relative who

experienced attacks fulfilling criteria in “A”.

Inhibitory interneuron

2 FHM 2
® | Na+/K+ ATPase

Astrocyte
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Figure 2. Figure representing the channels inhibited by each type of familial hemiplegic migraine.

5.1. FHM1

Familial hemiplegic migraine type 1 (FHM1) was first identified to be related to a
specific genetic mutation in 1996, when Ophoff et al. demonstrated the presence of a
CACNAI1A mutation on chromosome 19p13. This gene encodes the pore-forming «1
subunit of the P/Q type calcium channel CaV2.1, which is found on presynaptic and
somatodendritic membranes [21,189]. In fact, the study found four missense mutations
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associated with the presentation of the disease. However, several other mutations have
been added to the list [190,191].

5.1.1. Calcium Channels

As indicated by Bolay et al. [8], the most plausible and acceptable mechanism of mi-
graine auras today is an increased cortical spreading depression (CSD) in the brain; genetic
mutations in the aforementioned trio of genes are linked with augmented concentrations of
neurotransmitters and potassium ions at the synaptic cleft, which may cause the cortical
spreading depression commonly seen in migraine aura [192]. Contemporary studies that
have physiologically induced visual auras have implicated cortical spreading depression in
the onset of a migraine aura, which is accompanied by symptoms such as visual, language,
or motor impairments [193]. Although the etiology of a migraine aura remained highly de-
bated, understanding the involvement of specific channels may provide valuable insights.
In recent studies involving mice, those with R192Q or S218L missense mutants in the «1
subunit of the Cav2.1 Ca2+ channels exhibited spontaneous cortical spreading depression
events (CSD); mutant mice had a reduced threshold and a greater propagation speed for
these events, which align with FHM1 clinical phenotypes [194].The role of CaV2.1 channel
activity in CSD has been thoroughly investigated by Ayata et al. [195] using in vivo cortical
microdialysis on leaner and tottering mice, with tg!* and tg mutations in the 1A subunit
of CaV2.1, respectively. These mutations have been shown to decrease the density of Ca2+
currents significantly and increase the activation threshold of CaV2.1 channels, thereby
reducing the probability of their activation when compared to wild-type mice [196]. In
essence, the previously mentioned in vivo studies showed a two-fold reduction in gluta-
mate release in the mutant mice as compared to the wild type and a 10-fold increase in the
resistance to CSD following KCl-induction and electrical stimulation [195]. As such, these
findings support the assumption that a decreased Ca2+ influx through the CaV2.1 channels
increases the resistance to CSD, hence decreasing the plausibility of an aura. Therefore,
it would be logical to assume that the mutations seen in FHM1 should have an opposite
gain-of-function effect to increase the susceptibility of CSD in patients.

5.1.2. Specific Mutations

A study conducted by van den Maagdenberg et al. [197] on knockin transgenic mice
models with the R192Q human mutation responsible for FHM1 found that CaV2.1 channels
in the mutant mice open more rapidly and have a lower activation threshold, thereby
opening at lower potentials when compared to wild-type channels. In addition, the current
density through the mutant CaV2.1 channels was higher than that in wild-type channels,
and neurotransmission at the synapses was also increased through an elevated neuromus-
cular junction concentration of glutamate with approximately constant concentrations of
GABA, an inhibitory neurotransmitter [197]. Other studies also showed that the increased
contribution of these P/Q calcium channels causes an increase in the release of glutamate
by cortical neurons at physiologic microtubule Ca2+ levels [198]. These findings support
the previously stated hypothesis that FHM1 results from gain-of-function mutations of
the CaV2.1 channels, leading to a reduced threshold for the CSD. This was further sup-
ported by Eikermann-Haerter and colleagues [199], who showed that mutant mice with
the same R192Q mutation had an elevated frequency of CSD and an increased speed of
propagation following KCl induction stimulation studies. Even though R192Q mutant mice
expressed pure FHM1 symptoms with hemiplegia only, S218L, another studied mutation
in the same knockin mice, showed a more severe phenotype, characterized by seizures,
cerebellar symptoms, coma, and possibly fatal cerebral edema occurring after minor head
trauma due to more severe calcium channel dysfunction [197,199]. In addition, further
studies showed that the underlying mechanism for the phenotypic differences between
these two mutations is the level of the subcortical spread of the depression, in such a way
that the spread is limited to the striatum only in the R192Q mutations, but more diffused
to involve the hippocampus and the thalamus in the S218L mutation [200]. Thus, being

45



J. Clin. Med. 2024, 13, 2701

highly susceptible to CSD, FHM1 patients develop more severe and prolonged hemiplegic
auras. Motor deficits were significantly more prolonged (around 20 more minutes) in these
FHM1 mutant mice when compared to the wild type [199].

5.2. FHM?

The gene responsible for the familial hemiplegic migraine type 2 (FHM2) was first
identified in 2003 when the gene encoding the o2 subunit, the Na+/K+ ATPase, in neurons
and astrocytes—ATP1A2 gene of chromosome 1q23—was discovered in two Italian fami-
lies [201]. In essence, four o subunits have been identified for the Na+/K+ ATPase [202,203],
with the testis-specific a4 subunit and the ubiquitous «1 subunit expressing no pathological
mutations. However, the neuron-specific «3 subunit and the astrocyte-specific «2 subunit
demonstrate mutations that cause neurological manifestations, essentially rapid-onset dys-
tonia Parkinsonism and FHM?2, respectively [204,205]. A more recent case study featuring
a male adolescent who was diagnosed with familial hemiplegic migraine (FHM2) revealed
a heterozygous genetic mutation within the ATP1A2 gene (c.1133C > T); this missense
mutation may inhibit the function of the &2 subunit of the Na+/K+ ATPase [206].

5.2.1. Na+/K+ ATPase

Na+/K+ ATPase pumps are essential for maintaining the resting membrane potential
in neurons [207] and generating an ion gradient that is needed for neurotransmitter and
nutrient uptake by the cells. As for the glial- and neuron-specific Na+/K+ ATPase pumps,
they play an important role in clearing K+ ions from the synaptic cleft after neuronal trans-
mission, a clearance that follows an initial fast phase and a late slow phase by driving K+
ions into the cells, while extruding Na+ ions to the outside [208,209]. This process is essen-
tial for the reuptake of glutamate from the synaptic cleft, which is mostly performed via the
Na+-dependent glutamate uptake transporters primarily expressed in astrocytes [210,211].
Also, an actual physical association has been suggested linking this Na+/K+ ATPase sub-
unit to glutamate transporters [212], and this was further asserted by an approximately
identical localization of the &2 subunit of this Na+/K+ ATPase and glutamate transporters
GLAST and GLUT1 in the somatosensory cortex of rats [213]. Hence, it would be logical
to assume that the FHM2 mutations should be loss-of-function mutations, keeping high
glutamate and/or K+ levels in the synaptic cleft, which can increase the susceptibility to
CSD. The involvement of both «2 and «3 subunits of the Na+/K+ ATPase pumps in CSD
has been shown in hippocampal slices, where the administration of ouabain, an inhibitor
of the Na+/K+ ATPase, at concentrations that have minimal effects on the «1 subunit,
significantly reduced the induction threshold for CSD via y increasing the extracellular
levels of K+ [214].

5.2.2. Specific Mutations

Several different mutations have been implicated in the pathogenesis of the disease,
most of them being missense mutations [215-218]. Two specific mutations, W887R and
L764P, have been shown to cause a loss of function in the Na+/K+ ATPase pumps, demon-
strated by the inhibition of their currents while maintaining their plasma membrane
expressions, suggesting the inactivation of these channels [219]. Other mutations, such
as T345A, R689Q), and M731T, have normal function but altered kinetics, demonstrated
by a decreased catalytic turnover and an increased affinity for extracellular K+ [220,221].
A study conducted by Leo et al. [222] generated knockin mice with the human W887R
mutation responsible for FHM2. As expected, homozygous mutations were lethal. This
was attributed to selective apoptosis in the amygdala and piriform cortex in response to
the neuronal hyperactivity and to a depression of the brainstem reticular formation activity,
demonstrated by an abolished respiration [223,224].

On the other hand, heterozygous mutations allowed for viable mice with a hyper-
contractile heart [225]. In essence, the study showed that, even though the mutant R887
allele is correctly transcribed and translated, it is sequestered by the endoplasmic reticu-
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lum and proteasome system, inhibiting its expression on the cell surface, in contrast to
previous findings [222]. In vivo electrical cortical stimulation showed an increased sus-
ceptibility of the mutant mice to CSD when compared to the wild type, demonstrated
through a decreased induction threshold and a higher propagation velocity [222]. This
is most probably due to an accumulation of K+ in the synaptic cleft above physiological
ranges, due to a decrease in the number and/or the activity of the a2 subunit of Na+/K+
ATPases in astrocytes, leading to a constant stimulation of the nervous system, eventually
advancing to a CSD [181]. Other mutations were also noted in a large clinical investigation,
comprising FHM2 patients alongside their clinical manifestations. Those with pure FHM
had R65W, R202Q), R593W, and T762S variants in the ATP1A2 gene. Conversely, those with
FHM and epilepsy displayed mutations such as R548C, E825K, and R928P in this gene.
Individuals with FHM accompanied by epilepsy and intellectual disabilities harbored the
T378N, G615R, and D718N mutants [226].

5.3. FHM3

Familial hemiplegic migraine type 3 (FHM3) was linked to a specific gene in 2005
after discovering a mutation in the SCN1A gene on chromosome 2q24 in three German
families [227]. This gene encodes the x1 pore-forming subunit of the voltage-gated Na+
channel NaV1.1.

5.3.1. Voltage-Gated Sodium Channels NaV1.1

The expression of NaV1.1 channels peaks during the third postnatal week, and then
decreases dramatically to approximately half its peak expression in adult life. It is most
likely localized to the brainstem, cortex, substantia nigra, and the caudate nucleus, as indi-
cated by studies on adult rat brains [228]. These channels are mostly concentrated in the
somatodendritic area, especially in hippocampal, pyramidal, and inhibitory neurons [229].
A study conducted by Yu et al. [230] showed that heterozygous and homozygous loss-
of-function mutations of the SCN1A gene in Scnla*/~ and Senla™/~ mice, respectively,
experienced a decreased sodium current intensity in inhibitory GABAergic neurons, with-
out any significant effect on excitatory neurons in the brain. Even though homozygous
mice experienced ataxia and died on the 15th postnatal day, heterozygous mice suffered
from seizures that led to severe myoclonic epilepsy in infancy (SMEI), and most were
killed by the 21st postnatal day [230]. In essence, these findings suggest that the decreased
sodium currents through mutant NaV1.1 channels in GABAergic neurons led to a decrease
in GABA release throughout the nervous system. This phenomenon resulted in hyperex-
citability responsible for the generation of seizures and epilepsies in affected mice. A study
conducted by Gargus et al. [231] confirmed that the SCN1A gene known to be responsible
for SMEI is, in fact, the exact gene responsible for the onset of FHM3. Thus, one would
assume that a similar mechanism could also be found in FHM3 mutant NaV1.1 channels,
where hyperexcitability could potentiate the appearance of CSD.

5.3.2. Specific Mutations

Even though a loss-of-function mutation was expected to be responsible for the patho-
genesis of the migraine, as previously observed in the appearance of SMEI [230], FHM3
proved to result from gain-of-function mutations [232-234]. Jansen and colleagues [235]
generated the first transgenic mouse model for FHM3 expressing the L263V mutation. The
excessive firing of inhibitory GABAergic neurons could increase CSD susceptibility via
increasing extracellular K+ concentrations [236]. In addition, Wiwanitkit [237] found that
the FHMS3 protein is more resistant than both FHM1 and FHM2.3.1.

5.4. FHM4

Even though the involvement of three genes has been established in the onset of
FHM, new research suggests the involvement of a fourth gene, PRRT2, in the rise of
familial hemiplegic migraine. A novel case study featured a Portuguese patient with a
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heterozygous missense mutation (c.938C > T;p.Ala313Val), which inhibits the protein’s
stability and subcellular localization [238]. In another study, a 13-year-old FHM patient who
harbored a microdeletion in the chromosome 16p11.2 loci displayed a haploinsufficiency
for the PRRT?2 gene, which encodes a proline-rich transmembrane protein [239]. Further
research studies are necessary to further elucidate the involvement of this gene in FHM;
however, these physiological consequences indicate that the PRRT2 gene may be the fourth
gene involved in the pathogenesis of FHM.

5.4.1. PRRT2 Protein

The PRRT2 protein is vital in proper neuronal development, healthy synaptic forma-
tion, and the release of neurotransmitters into the synaptic cleft. A variety of mutations
in this gene, such as missense or deletions, has resulted in haploinsufficiency, which can
be associated with various diseases, such as FHM or benign familial infantile epilepsy
(BFIE) [240]. This protein is localized within the cortical layers of several neurological struc-
tures, such as the cerebral cortex, and may play a role in negatively modulating the Nav1.2
and Nav1.6 Na+ channels; mutations in this gene have led to hyperexcitability and an
increased Na+ current in mutated neurons [241]. Thus, this protein is vital in maintaining
neuronal network stability. A loss of function in this gene may be associated with synaptic
deregulation or a decrease in the number of synapses, neuronal hyperexcitability, and the
inhibition of the synchronous release of neurotransmitters by affected neurons [242].

5.4.2. Specific Mutations

A genetic variant in the PRRT2 gene (NM_145239.3:c.938C > T, p.Ala313Val) was
discovered via a WES family analysis in a 40-year-old male patient suffering from migraine
with aura [243]. A physiological consequence of this missense mutation is disrupted protein
stability; alterations in amino acid polarity impact the chemical dynamic between neighbor-
ing residues, which alters the three-dimensional folding of the protein. In another clinical
study, twenty-two FHM patients from four families exhibited mutations in the PRRT2
gene as follows: ¢.649_650insC, c¢.649dupC, ¢.843C > G, and c.649dupC. Though limited,
these studies indicate that mutations in the PRRT2 gene may be a genetic mechanism for
hemiplegic migraine; however, further studies are needed to thoroughly examine the role
of this gene [243].

6. Conclusions

It is crucial to study the history of migraine genetics and refer back to previously
adapted techniques in its study. MA /MO genetics was studied initially using population
and twin studies to learn about their heritability; then, many genetic techniques were
used, including CGAS, GWAS, linkage studies, exome/genome sequencing, and RNA
sequencing. Different loci were correlated to migraine using these techniques, with some of
them pinned using more than one technique. Additionally, monogenic syndromes played
a major role in identifying the genes responsible for migraine genetics. This review summa-
rizes the major findings of the techniques used to study MO/MA genetics since its dawn.
Additionally, great work has been completed to discern the genes responsible for FHM and
SHM; we discussed the identified genes and their pathophysiological mechanisms which
could be referred to for further reference. The study of migraine genetics has its limitations,
including the diversity of techniques and results. Further studies are needed to advance
this field further and decrease the ambiguities.

Author Contributions: Conceptualization, M.A. and K.T.; methodology, M.A., K.T.,, N.G.Z, ESS,,
JMK. and E.G.; writing—original draft preparation, M.A., K.T.,, N.G.Z, ES., JMK. and E.G;
writing—review and editing, M.A., K.T.,, N.G.Z,, ES,, ] M.K. and E.G.; supervision, M.A. and K.T. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

48



J. Clin. Med. 2024, 13, 2701

Data Availability Statement: No new data were gathered or analyzed. Data sharing is not applicable
to this paper.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

MA Migraine with aura

MO Migraine without aura

FHM Familial hemiplegic migraine

CSD Cortical spreading depression

ICHD-3 International Classification of Headache Disorders-3
CGAS Candidate-gene association studies

LCA Latent class analysis

TCA Trait component analysis

GWAS Genome-wide association study
MTHFR Methylenetetrahydrofolate reductase
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Abstract: Background/objectives: The aim of this study was to evaluate the long-term outcomes of
a cohort of ophthalmologically resolved female idiopathic intracranial hypertension (IIH) patients.
Methods: Our cross-sectional study included adult females with at least 6 months of ophthalmologi-
cally resolved IIH. Patients with papilledema or who underwent ITH-targeted surgical intervention
were excluded. Participants completed a questionnaire consisting of medical information, the Mi-
graine Disability Assessment Scale (MIDAS) and the Headache Impact Test (HIT-6). Electronic
medical records and the results of imaging upon diagnosis were retrospectively reviewed. Results:
One-hundred-and-four participants (mean age 35.5 + 11.9 years) were included (7.85 & 7 years
post-ITH diagnosis). Patients with moderate-severe disability according to the MIDAS scale (n = 68,
65.4%) were younger (32.4 £ 8.9 vs. 41.5 & 14.4 year-old, p < 0.001), had a shorter time interval
from ITH diagnosis (5.9 £ 5.3 vs. 11.7 & 8.5 years, p < 0.001), and had lower FARB scores (indicating
a more narrowed transverse-sigmoid junction; 1.28 £ 1.82 vs. 2.47 £ 2.3, p = 0.02) in comparison
to patients with low—mild disability scores. In multivariate analysis, a lower FARB score (OR 1.28,
95% CI 0.89-1.75, p = 0.12) and younger age (OR 1.09, 95% CI 0.98-1.19, p = 0.13) showed a trend
toward an association with a moderate-severe MIDAS score. Moreover, in the sub-analysis of patients
with a moderate—severe MIDAS scale score, the 10 patients with the highest MIDAS scores had a
low FARB score (1.6 + 1.1 vs. 2.7 £ 2.4, p = 0.041). Conclusions: High numbers of patients with
ophthalmologically resolved IIH continue to suffer from related symptoms. Symptoms may be
associated with the length of time from the diagnosis of IIH and a lower FARB score.

Keywords: carbonic anhydrase inhibitors; headache; idiopathic intracranial hypertension; transverse
sinuses; quality of life; questionnaire

1. Introduction

Idiopathic intracranial hypertension (IIH), also known as pseudotumor cerebri, is a
neurological disorder characterized by elevated intracranial pressure (ICP) with no appar-
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ent cause. The underlying etiology of IIH is increased pressure in the dural venous system,
but several factors may play a role in the condition’s pathogenesis. IIH predominantly
affects young, obese women during their childbearing years. Diagnosis is based on pa-
pilledema, normal cerebrospinal fluid analysis, and increased opening pressure on lumbar
puncture with no apparent secondary cause of intracranial hypertension [1]. Symptoms
may include chronic, severe headaches, transient visual obscurations, pulsatile tinnitus,
cognitive dysfunction, and depression. Vision loss is the most concerning symptom as it
can lead to blindness [2].

While vision loss in patients with IIH can be evaluated with neuro-ophthalmologic
tests, assessing and treating headaches and other IIH-associated symptoms can be more
challenging. Moreover, despite their significant impact on daily function and quality of life
(QoL), these subjective symptoms are often not considered medically dangerous and so
may be overlooked.

The primary goal of ITH treatment is to preserve vision and reduce headaches. Weight
loss and medications, primarily carbonic anhydrase inhibitors (CAls), are first-line treat-
ments for IIH. However, these medications can have a wide range of side effects, with
incidence rates as high as 80-100%. Furthermore, more than 10% of patients with IIH are
intolerant or nonresponsive to high-dose CAI medical therapy [3-7]. In these cases, surgical
procedures such as ventriculoperitoneal shunt, optic nerve fenestration, or transverse sinus
stent may be considered [8].

In addition to the potential for severe visual loss and the often-debilitating related
symptoms mentioned above, poor QoL has emerged as a key morbidity for patients with
IIH [9]. IIH has a significant impact on patient QoL, with headaches identified as the
main contributor to reduced QoL. However, treatment with the goal of improving QoL can
be difficult, especially in patients who have carried the diagnosis for many years [9-13].
Therefore, this study aims to find predictors of severe headache symptoms and impaired
daily function in chronic IIH patients without active ophthalmological involvement.

2. Materials and Methods
2.1. Research Hypothesis

Our hypothesis was that several structural and physiological changes take place
in female ITH patients. As a result, symptoms would improve with a longer duration
since diagnosis. In addition, we hypothesized that lower FARB scores (indicating a more
narrowed transverse-sigmoid junction) would impair venous drainage and consequently
impair normal cerebrospinal fluid (CSF) drainage into the cerebral venous system. As
a result, lower FARB scores would be independently associated with a higher degree of
IIH symptoms and disability despite longer disease duration because ophthalmological
involvement was resolved.

2.2. Statement of Ethical Approval and Consent

This study was approved by our medical institutional review board committee [num-
ber 0278-2020]. All participants consented to the anonymized use of their clinical and
questionnaire data. Informed consent was obtained verbally prior to administering
the questionnaire.

2.3. Study Population

We included only female IIH patients as most IIH patients are young females, and to
reduce possible bias as substantial differences may exist in the underlying pathophysiology
of IIH between females and males. Therefore, to be eligible for inclusion, participants had
to be female, aged 18 years or older at the time of IIH diagnosis, and have cerebral venous
imaging data from their initial IIH diagnosis. In addition, patients were required to have
been diagnosed with ITH at least six months ago and to have been treated with CAI for at
least three months prior to study enrollment. Finally, patients had to be without any signs
of optic disc edema in their most recent ophthalmological evaluation. Pediatric and male
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patients, or patients who required surgical treatments such as a ventriculoperitoneal shunt,
optic nerve fenestration, or cerebral venous stenting, were excluded from the study.

2.4. Recruitment and Sampling

Electronic medical records of patients diagnosed in our department with IIH between
January 2012 and December 2018 were evaluated. Out of 210 consecutive patients, updated
telephone numbers were available for 150 patients, who were called and invited to partici-
pate in the study. One-hundred-and-thirty-three patients agreed to participate in the study
and complete the questionnaire. After obtaining consent, exclusion criteria were reviewed
with the patients based on their electronic medical records. Consequently, 19 patients were
excluded either because of the unavailability of cerebral venous imaging data from the time
of IIH diagnosis or because they were undergoing a surgical procedure. The remaining
104 patients were enrolled into the study.

2.5. Data Collection

Data were collected by five different teams of researchers blinded to each other. All
researchers were physicians, and special attention was given during the process of data
collection to patients who required changes in their medical care. Retrospective data
collection was performed by four different researchers (general medical, neurological,
ophthalmological, and radiological) from the patients” index hospitalization and health
medical organization (HMO) electronic medical records. Data collection was performed
separately, and every researcher was blinded to the data collected by the other researchers.
Additionally, to minimize possible bias, both the questionnaire and radiological review
were each performed by a single researcher.

Epidemiological and general medical information including age, height, weight, and
body mass index (BMI) on index hospitalization, chronic medical conditions, and med-
ications were collected by a general physician. A neurologist ascertained the diagnosis
of IIH using lumbar puncture opening pressure and CSF laboratory analysis on index
admission. Ophthalmologists ascertained both the presence of either papilledema or visual
field defect upon IIH diagnosis and that all participants were appropriately followed up
by a neuro-ophthalmologist. Additionally, they ensured that IIH patients included in
the study did not have signs of optic disc edema in their most recent ophthalmological
evaluation. The questionnaire was administered within three months following the most
recent ophthalmological evaluation. Imaging data were analyzed in a core laboratory by a
single radiologist, who ruled out the presence of structural lesions that may contribute to
increased ICP, in turn contributing to the diagnosis of IIH. The radiologist evaluated the
presence of an empty sella, high jugular bulb, and slit-like ventricles, measured the optic
nerve width bilaterally, and determined the dominant side of venous sinus drainage, if
available. He graded transverse sinus stenosis (TSS) using the Combined Conduit Score
(CCS)—an index introduced in 2003 by FARB et al. [14]. The grading of the patency is
performed in each of the transverse sinuses (left and right), and the grade ranges from 0
to 4 based on the level of patency: 0—0% patency, 1—less than 25% patency, 2—25-50%
patency, 3—50-75% patency, 4—75-100% patency. The score of each side is then combined
to derive the CCS (0-8). A normal healthy result is 8, which signifies no or very little TSS.

2.6. Study Questionnaire

All participants enrolled in the study were interviewed between November 2020 and
October 2022. The questionnaire consisted of information relating to the symptoms experi-
enced by the participants as well as their general state of health (Supplemental Materials).
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The first part of the questionnaire consisted of 35 questions concerning basic demo-
graphic characteristics, time since diagnosis, and additional medical history. The second
section comprised two existing questionnaires validated for migraine patients: six ques-
tions from the Headache Impact Test (HIT-6) [15,16] for the assessment of the impact of
headache on daily life and five questions from the Migraine Disability Assessment Scale
(MIDAS) [17].

HIT-6 [15,16]: The Headache Impact Test-6 (HIT-6) was developed to measure a wide
spectrum of factors contributing to the burden of a headache, and it has demonstrated
utility for generating quantitative and pertinent information on the impact of a headache.
The disability was classified using the following two impact grades based on the HIT-6
score: little-to-substantial impact (HIT-6 score: 36-59) and severe impact (HIT-6 score:
>60) [15,16].

MIDAS [17]: The MIDAS is a self-reporting instrument that was administered to
patients to measure headache pain intensity and headache attack frequency. Based on
the total score, the severity of the migraine is classified into grades I-1V (I = little or no
disability, II = mild disability, IIl = moderate disability, and IV = severe disability) [17].

The third part of the questionnaire focused on patients’ reported outcome measures
(PROMs) and included 23 questions. Satisfaction with the current medical treatment and
perception of symptoms were assessed using nine questions on a scoring scale ranging
from 1 (‘I don’t agree at all’) to 5 (‘Strongly agree’) that included five “Yes/No’ questions.
Side effects were rated using a single question, with ratings ranging from 0 ("Not at all’) to 7
('Bothers me a lot’). The last eight questions evaluated functional improvement and lifestyle
changes since diagnosis (eight “Yes/No’ questions and two questions on a 1-5 scale, with
1" being ‘I don’t agree at all’ and ‘5’ being ‘Strongly agree”).

2.7. Statistical Analysis

Data analysis was performed using R software version 4.1.0 with R-Studio software
version 2022.07.1. Summary statistics are presented as mean and standard deviation
(SD) for continuous variables, and as numbers and percentages for binary or categorical
variables. The association between every two qualitative variables was tested using the chi-
square (x?) test. Tests between independent samples were performed using an analysis of
variance (ANOVA) test after confirming that the data conformed to a normal distribution.
A probability value of <0.05 was considered statistically significant, and all tests were
two-sided.

The HIT and MIDAS results were analyzed as dichotomous variables. HIT: (1) Little +
Mild Severity versus Moderate + Severe Severity, and MIDAS: Little + Mild Severity versus
Substantial + Severe Severity (MIDAS > 55). Analysis was also performed according to the
median time elapsed since the diagnosis.

Univariate analyses were used to assess differences between the above groups in
demographic and clinical characteristics. Overall perception of functional difficulties in
daily activities was calculated using a summary of each difficulty (ranging from 0 to 8).

3. Results
3.1. Demographics and Baseline Clinical Characteristics of Study Participants

One-hundred-and-four participants (mean age 35.5 = 11.9 years) were diagnosed with
ITH an average of 7.85 &+ 7.01 years prior to participating in the study (Table 1). Ninety-two
patients (88.4%) had papilledema, and 39 (37.5%) had a significant visual field defect (other
than enlargement of the blind spot) upon diagnosis. One-hundred-and-four participants
answered the PROMs and MIDAS questionnaire while only 102 patients answered the
HIT-6 questionnaire.
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Table 1. Demographic and Baseline Clinical Characteristics of Study Participants.

Characteristic Participants (N = 104)
Age, mean (SD), y 35.6 (11.9)
BMI upon diagnosis, mean (SD), kg/ m? 34.6 (8.3)
Duration of IIH diagnosis, mean (SD), y 7.9 (7.0)

LP opening pressure at diagnosis, mean (SD), mmH,O 361.0 (99.4)
Diabetes 3(2.9)
Chronic hypertension 14 (13.6)
Polycystic ovary 19 (18.4)
Hypothyroidism 9(8.7)
Hypertriglyceridemia 10 (9.9)
Anemia 30 (29.1)
ADHD 23 (22.3)
Depression/anxiety 16 (15.7)

Abbreviations: ADHD, attention deficit hyperactivity disorder; BMI body mass index; BP, blood pressure; ITH,
idiopathic intracranial hypertension; LP, lumbar puncture.

3.2. Headache, Function, and Patient-Reported Outcome Measures (PROMSs)

A high proportion of the participants reported significant difficulties in daily activities,
such as watching television (31.2%) or reading (37.1%) for a long period of time, driving
(25.6%), learning new information (25.5%), remembering where things were placed (38.1%),
and remembering whether tasks were completed (40.2%). Furthermore, about one-third
(33.9%) of the participants reported no improvement in their general physical condition,
35.8% reported difficulties in completing tasks to the best of their ability, 32% reported
difficulties in keeping up with work or studies, and 39% reported a lack of happiness.
Additionally, almost half of the participants (47.8%) reported feeling discouraged by the
ability of the medication to treat their illness.

3.3. Medical Treatment

Twenty-nine patients (27.9%) were treated with acetazolamide or topiramate at the
time of the questionnaire’s administration. Of the overall study population, only 73%
adhered to the instructed CAl treatment protocol. Sixty-five participants (62%) reported sig-
nificant adverse effects associated with the usage of CAI Sixty-six patients (63.4%) were dis-
satisfied with the effectiveness of the treatment with the medications, and over half (n = 55,
52.9%) reported taking painkillers on a regular basis to manage their chronic headaches.

3.4. Correlation between HIT-6 and MIDAS in Subgroups and Clinical Variables

Fifty-seven patients (54.8%) had a severe disability according to the MIDAS score, in
contrast to 36 patients (35.3%) based on the HIT-6 score (Table S1). When comparing the
little-mild (n = 58) and moderate—severe (n = 44) HIT-6 score groups, the only significant
difference was a longer duration since diagnosis in the former group (9.04 + 7.67 vs.
5.76 £ 4.89 years, p = 0.023) (Table S2 Supplemental Materials).

Patients with higher MIDAS disability scores (grades 3—4, n = 68), in comparison
with those with lower disability scores (grades 1-2, n = 36), were younger (32.41 + 8.93
vs. 41.47 £14.36, p < 0.001) with a significantly shorter average time since diagnosis
(5.93 + 5.27 vs. 11.73 £ 8.47 years, p < 0.001) (Table 2). Additionally, the FARB score was
significantly lower (indicating a higher severity of narrowing in the transverse-sigmoid
junction) in the high-severity MIDAS group (1.28 &= 1.82 vs. 2.87 £ 2.3, p = 0.02).
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Notably, a significant correlation (x? =57.32, p < 0.001) was found between a high
HIT score and a high MIDAS score, suggesting similar directionality. A logistic regression
model was used to find predictors of a higher MIDAS score (Table 3).

Table 3. Multivariate model for prediction of moderate—severe MIDAS score.

Predictors Odds Ratios CI p

Age 0.92 0.84-1.02 0.134
Time since diagnosis 1.05 0.84-1.23 0.931
FARB score 0.78 0.57-1.12 0.121

A negative trend was found for a higher FARB score (OR 0.78, 95% CI 0.57-1.12,
p = 0.12). Additionally, a higher age showed a negative trend for a higher MIDAS score
(OR 0.92, 95% C10.84-1.02, p = 0.13) while the time since diagnosis did not show any trend
(p = 0.93). Fifty-seven patients were classified as severe according to the MIDAS scale, with
different scores. A Pearson correlation found a tendency for an inverse correlation between
the FARB severity score and the MIDAS score (—0.193, p = 0.15). A post hoc analysis of
patients with severe MIDAS scores, comparing the 10 patients with the highest MIDAS
score with the remainder of the subgroup (n = 47), found that they differed only in terms of
the FARB score (1.6 £ 1.1 vs. 2.7 & 2.4, p = 0.041) (Table 4).

Table 4. Sub-analysis of SEVERE MIDAS group.

Remainder of the SEVERE Subgroup

Subgroup of SEVERE MIDAS Highest Severity (n = 10) (= 47) p-Value
MIDAS score + SD 252 + 61 84 + 47 <0.001
Age + SD (years) 35.6 £10.4 32+92 0.266
Time from Diagnosis £ SD 6.3 £6.3 5654 0.735
FARB score 16+11 27+24 0.041

4. Discussion

In the current study, we found that headaches persist and quality of life is impaired in
ophthalmologically stable female IIH patients. We focused our study on this subpopulation
of females as they comprise the majority of IIH patients, and this evaluation might therefore
provide further insights into the quality of the current standard of medical treatment for IIH.
Our findings are supported by existing studies that similarly report persistent headaches
in a significant percentage of IIH patients despite medical treatment [4,6,9,18,19].

Witry et al. [13] reported a higher ratio of patients (82%) suffering a severe impact
of headaches on their daily life (HIT-6 > 60) compared with our study (35.3%). We may
attribute this high incidence to the different composition of the study populations. Our
study excluded patients who were within the first 6 months after an IIH diagnosis, while
they were included in the study by Witry et al. [13]. Moreover, similar results were
reported by Xu et al. [6], who showed that almost half (48.8%) of the medically treated
patients were still suffering from chronic headaches after an average follow-up period of
2.8 years. A 9-year observational study by Thaller et al. [9] also found a high headache
burden. They found that the HIT-6 score was mildly affected by the time interval since
diagnosis, and stepwise regression analysis showed that the only factors affecting long-term
headache frequency were the occurrence of daily headache at diagnosis and a personal
migraine history. Disease duration, change in BMI and family history of migraine were not
significantly influential.

Similar to the study by Thaller et al., the multivariate logistic regression analysis in
our study did not show that the time interval since IIH diagnosis had any impact on the
MIDAS severity (p = 0.93). However, the multivariate analysis in our study showed a clear
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trend for younger age as a predictor of a moderate-severe MIDAS score (OR 1.09, p = 0.13).
Possible etiologies may include age-related hormonal changes [20] and structural changes.

Our multivariate analysis found an additional interesting trend for a lower FARB score
as a predictor of moderate-severe MIDAS (OR 1.3, p = 0.12). The 10 patients with the highest
MIDAS scores were found to have the lowest FARB scores. Previous studies suggested
that transverse sinus stenosis with a significant pressure gradient increases cerebral venous
pressure, impairs CSF resorption in the venous system, and thereby increases intracranial
(CSF) pressure, aggravating the symptoms of IIH [8,21]. To the best of our knowledge, this
is the first study incorporating neuroradiology markers into the assessment of medically
stable ITH patients” symptoms and QOL.

Although all the participants experienced complete resolution of their papilledema
and did not suffer from a permanent and significant visual field loss with standard medical
treatment, 75% experienced significant disability and very poor PROMs. Moreover, 15.7%
of the study participants were formally diagnosed with depression or anxiety. Multiple
studies have also reported high rates of anxiety and depression in chronic IIH patients, as
well as significant disability and poor quality of life (QoL) [6,13,22-26]. Other works found
cognitive impairment in multiple domains (e.g., impaired networks (executive function)
and sustained attention) in female adult ITH patients compared with controls [16]. Biousse
and Newman showed the multidisciplinary manifestations of IIH, which results in visual
loss, chronic headaches, chronic tinnitus, depression, and even cognitive impairment, with
decreased quality of life and chronic disability being associated with multiple hospital
admissions. They concluded that there is a pressing need for a better understanding and
improved management of IIH to limit the inevitable burden on healthcare systems around
the world. The authors suggested a multidisciplinary, holistic approach to the treatment of
IIH, addressing all aspects of the expanding spectrum of IIH and targeting not only direct
treatment of intracranial hypertension and papilledema but also aggressive management
of headache, CSF leak repair, symptomatic relief, improvement of patient quality of life,
and sustained weight loss.

In this cohort, we noticed an improvement in disease symptoms over time, possibly
due to age-related changes. Part of the improvement seen in the older IIH patients may
have been influenced by the reduction in migraine severity among menopausal women.
Our study did not differentiate between headache types, and we therefore could not fully
investigate that possibility. Nevertheless, even 10 years after diagnosis, eight participants
(7.6% of the entire cohort) had moderate-to-severe MIDAS scores. Our study adds to the
current literature supporting the idea that IIH remains chronic in a significant number of
patients and that the currently available medications mainly target the ophthalmologic
aspect of the disease. From the patients’ perspective, despite the improvement of ophthal-
mologic symptoms, almost half (47.8%) of our study participants felt discouraged by the
ability of medications to treat their illness.

Most of our study cohort was treated with acetazolamide (87%), and the remaining
participants were treated with topiramate. In total, 16 of 104 (15.38%) patients reported
severe adverse effects attributed to the medications they were given. Severe adverse effects,
mainly related to acetazolamide, are well described in the literature [4,6,13,19,27]. Xu
et al. [6] reported that during a 1-year follow-up period, 34.2% of the patients stopped the
usage of acetazolamide, and 36.4% stopped topiramate due to adverse events. The rate
of adherence to acetazolamide during 6 months of the NORDIC trial [7] was 89%, which
is better than that reported by Xu et al. [6]. but still reflects difficulties in coping with
long-term drug treatment.

In our study, 55/104 (52.9%) patients reported taking painkillers on a routine basis.
The routine use of painkillers leading to a degree of overuse has been described in multiple
studies. Similar results were presented in a review study by Mollan et al. [23] showing the
regular use of analgesic medications in up to half of IIH patients, depending on the study:.

As in prior studies, no correlation was found in our study between the severity of
pain or disability and the BMI, opening pressure on lumbar puncture, medical background,
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or papilledema at diagnosis [18,28]. We did not identify any radiological findings that
could be used as potential predictors of disability or headache severity, apart from the
FARB score. Additionally, we did not find any other studies in the literature that evaluated
similar radiological findings as potential predictors for comparison purposes.

Our study demonstrated significant disability (MIDAS), headache (HIT-6), and PROMs
in chronic IIH patients treated with medications, even years post-diagnosis. Different
studies that investigated the HIT-6 and MIDAS scores, as well as other scores related to
QoL, also showed a significant disease burden. Currently, there are no disease-specific
validated tools to evaluate QoL and other disease-related symptoms in IIH patients [22].
Until such a tool is available or a large multicenter study is performed, it will be difficult
to assess the extent of the disease burden in IIH and hence the efficacy of the current
standard treatment.

The currently available medications for the treatment of IIH have not been proven
to be efficient for all disease aspects in longitudinal studies. Many studies indicated a
high rate of significant adverse effects, which may affect the treatment compliance and
may worsen the QoL. We found lower HIT-6 and MIDAS scores in patients diagnosed a
relatively long time prior to study participation.

Our study has several limitations. The aim of our study was to evaluate the long-
term headache and functional outcomes in ophthalmologically resolved women with IIH.
Unfortunately, we did not find well-validated scales for this evaluation in ITH patients. As a
result, we chose to include both the MIDAS and HIT-6 in our questionnaire, which are scales
validated for migraine patients and not for IIH patients. Notably, our sample size was small,
with only 104 patients being included. Another important limitation is the retrospective
nature of part of the data collection. Moreover, the questionnaire was administered only
once to each patient. Finally, our cross-sectional study did not include questions regarding
the phenotype of headaches (characteristics of migraine, tension headache, or both). This is
important because Thaller et al. found that the two main factors influencing high headache
frequency and worse prognosis were a personal migraine history and daily headache at
baseline [9]. Prospective studies with larger samples are required to understand treatment
outcomes in IIH patients.

5. Conclusions

Similar to previous studies, our study using a detailed questionnaire found that IIH
symptoms persist, and quality of life is impaired, even years after ophthalmological stability
has been achieved in IIH female patients. We found in our multivariate model that a higher
FARB score and older age showed a negative trend for higher severity according to the
MIDAS scale score. Finally, the 10 patients with the highest MIDAS severity scores differed
from the remainder of the patients with severe MIDAS scores only by having lower FARB
scores. Thus, we assume that severe IIH symptomology may be impacted by a narrowing
of the transverse sigmoid sinus junction. We regard our findings as hypothesis-generating
only, and further large scale, consecutive, prospective imaging-based studies are therefore
needed to understand the long-standing symptoms of female IIH patients.
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Abstract: Background: Migraine is characterized by sudden acute episodes of pain, with a global
prevalence of 18% among all age groups. It is the second leading cause of years lived with disability
worldwide. Prophylactic treatment is important in managing migraine; however, its efficacy and
safety are debated. This study aimed to evaluate the efficacy of desvenlafaxine in female patients
with migraine. Methods: We conducted a retrospective observational case study involving 10 women
diagnosed with migraine who were treated with desvenlafaxine. We measured the number of
migraine days per month, average headache duration in minutes, headache severity using a visual
analog scale, use of acute medications, and frequency of acute medication use per week. Results:
Desvenlafaxine significantly reduced the number of migraine days from 14.70 £ 3.68 at baseline to
2.50 + 2.50 at follow-up (p < 0.05). The average headache duration dropped from 131.25 + 32.81 min
to 52.50 + 44.64 min. Headache severity scores improved from 6.80 & 1.49 at baseline to 0.80 % 0.92
at follow up, the frequency of acute medication use per week reduced from 3.30 + 1.49 at baseline to
0.80 £ 0.92, and the frequency of acute medication use decreased from 3.30 + 1.49 times per week to
0.80 £ 0.92. Conclusions: Desvenlafaxine shows potential as an effective prophylactic therapy for
migraine. Larger-scale studies are necessary to further explore its benefits.

Keywords: desvenlafaxine; migraine; prophylaxis; pain; women; episodes; headache; frequency;
severity; disability

1. Introduction

Migraine is a worldwide disabling neurological disorder featuring severe headaches
that affects more than 10% of the general population [1]. Migraine presents in women
more than in men; according to current estimations, 12% of women versus 6% of men are
diagnosed with migraine [2], leading to professional and social disabilities [3]. Migraine
attacks may last for hours or even days. They come with awful pain, nausea, and sensitivity
to light and sound. This means losing workdays and time. Individuals suffering become
less productive and experience impaired social and professional life.

The research on migraine in women is deeply rooted. Migraine was shown to almost
always prevail in women at higher rates than men; for example, one study underscored that
women were diagnosed with migraine twice as often as men [1,4]. Moreover, according to
the estimations, migraine attacks were higher in females; several studies confirmed that
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women could suffer from more than one attack per month [1,5]. This fact also explains the
higher number of physicians visit due to migraine; one study demonstrated that women
account for almost 80% of migraine physicians visits [6].

According to the literature and clinical experience, people with migraine do not only
suffer from the experience of migraines; the worst consequence is the continuous worry
about the next migraine episode, including its intensity, timing, and duration. This presents
these patients with a higher risk of psychological burden, which significantly affects their
behavior and quality of life. For instance, some patients could have increased anxiety,
social avoidance, and disruption of their social relationships and jobs [7,8]. According
to the estimations of the Global Burden of Disease in 2016, migraine was labeled as the
second leading cause of years lived with disability [9,10]. Therefore, the socioeconomic
burden of migraine is an important nexus that warrants investigation. In Germany, for
example, a recent analysis comprising >15 million migraine patients revealed that the
annual socioeconomic losses for migraine are estimated to be EUR 100.4 billion [8]

According to the literature, migraine headaches and depression are highly associ-
ated [11,12]. This can be attributed to genetic factors, environmental factors, and stress,
which activate catecholamines such as serotonin and norepinephrine. In general, the role
of serotonin is evident in migraine headache pathophysiology; migraine is associated with
low serotonin levels, especially between attacks [13].

Migraine pathophysiology represents a complex interplay between numerous neuro-
transmitters, proteins, enzymes, and genes. The role of serotonin (5-hydroxytryptamine
(5-HT)) in migraine has been studied for decades. The serotonergic system projects nearly to
all the different regions of the brain, including the sensory cortex, the thalamus, and the dor-
sal horns of the spinal cord, and is involved in many functions related to pain modulation,
cortical sensory processing, and others based on its interaction with its different recep-
tors [14-18]. Early evidence suggests the involvement of circulating serotonin in migraine.
One very early investigation demonstrated that serotonin levels were significantly higher
in people with migraine compared to their healthy peers during migraine attacks. These
high levels, however, were normalized between attacks; this could be due to the intense
enzymatic degradation by monoamine oxidases [19,20]. Even earlier evidence pointed
towards an increased urinary excretion of a major metabolite of serotonin, 5-hydroxy indole
acetic acid, during migraine attacks [13]. These clinical findings could establish a trend
that highlights that people with migraine have low serotonin levels that spike during the
attacks. In addition, in vivo studies have demonstrated a significant role of norepinephrine
in the inhibition of neuropathic pain [21]. Central pain modulation is mediated by the
midbrain periaqueductal grey matter. This pain modulation mechanism is stimulated by
the enkephalin-releasing neurons that, in turn, activate the rostral ventromedial medulla,
which in turn releases serotonin and norepinephrine, gamma-aminobutyric acid, and other
mediators [22,23]. Mediations that can interfere with the release of these medications can
have analgesic effects [22,24].

The endogenous descending pain inhibitory system, stemming from the rostral ventral
medulla to the spinal cord, is mainly activated by norepinephrine [25,26]. Therefore, main-
taining high post-synaptic levels of norepinephrine, and, to a lesser extent, serotonin, results
in a sustained activation of the descending pain inhibitory pathway [27,28]. This can be
achieved by using medications that inhibit the transporters of norepinephrine and serotonin
such as tricyclic antidepressants and serotonin-norepinephrine reuptake inhibitors.

This supports the plethora of previous studies highlighting the roles of amitriptyline
and venlafaxine in migraine prophylaxis, underscoring the implication of serotonin and
norepinephrine in migraine [29,30]. Published studies indicate that dopamine and gluta-
mate may contribute to migraine pathophysiology. This can also explain why people report
very different symptoms. Very different triggers activate them. This is due to the complex
interplay of these neurotransmitters [31,32].

The availability of a wide range of prophylactic therapy for patients with migraine
is crucial because it improves the daily functioning and the quality of life of patients and
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reduces the consumption of acute analgesics and other related medications [33]. De-
spite the approval of several prophylactic therapies for migraine headaches, such as
beta-blockers and antiepileptic medications, the evaluation of antidepressants such as
serotonin-norepinephrine reuptake inhibitors (SNRIs) widens the therapeutic options for
clinicians as SNRIs are preferred over TCAs due to their higher safety profile, mainly
related to the cardiovascular and anticholinergic side effects [34]

The current prophylactic treatments for migraine include beta-blockers, antiepileptics,
antidepressants, and biological treatments [35,36]. All these medications have their own
efficacy profiles and side effects. These reported results show the need for diverse treat-
ment options. Desvenlafaxine, a well-known potent and effective SNRI, is used in major
depression disorder and demonstrated efficacy in improving neuropathic pain symptoms.
Desvenlafaxine, the primary active metabolite of venlafaxine, is administered as desven-
lafaxine succinate and is usually well-tolerated at a dose range of 50-100 mg/day [37].
Higher doses, reaching up to 400 mg/day, were still tolerated and effective in diabetic
neuropathy [38,39]. According to the literature, no previous reports demonstrated the
potential benefit of desvenlafaxine in improving migraine outcomes in female patients
with migraine. One very recent study reported desvenlafaxine efficacy in migraine pro-
phylaxis [40]. Therefore, the present case series aims to provide a preliminary evaluation
of desvenlafaxine as a potential prophylactic therapy for females with migraine. Desven-
lafaxine helps in treating depression and nerve pain. It has fewer side effects compared
to tricyclic antidepressants. As such, it may be a good option for preventing migraines.
This drug has two effects, acting on both the serotonin and norepinephrine systems. These
imbalances mirror those seen in patients with migraine [41].

2. Materials and Methods
2.1. The Study Design and Settings

This is an observational study that used medical charts of patients retrospectively. It
allowed us to evaluate real clinical data over a longer period. The patients were selected
from two private neurology clinics in Amman, the capital of Jordan. Both clinics serve large
cities. Most migraine patients are resident in those cities. Clinics were selected based on
this criterion. They were chosen because they specialized in treating headache disorders.
They also used the same diagnostic criterion for migraine. The data collection took place in
March and April 2024. We chose this timeframe to allow for adequate follow-up periods,
which are needed to assess treatment outcomes. The study was approved by Yarmouk
University IRB (094/2024). The clinicians obtained consent from the patients to use their
data for scientific purposes, and all data were kept anonymous.

2.2. Inclusion Criteria

Only females, using desvenlafaxine (Davlex®, United pharmaceuticals, Amman, Jor-
dan) for at least one month, aged above 18 years, diagnosed with migraine after detailed
medical history and neurological examination, and with normal brain MRI were included
in the study. The exclusion criteria included: pregnancy, lactation, and other conditions
linked to chronic pain. It also included treatment with other antidepressants or migraine
medications. The study duration was six months. Participants recorded migraine frequency,
intensity, and duration in headache diaries. Desvenlafaxine’s efficacy was measured by
MIDAS before starting therapy. It was measured again at the end of the study.

2.3. Study Instrument

A well-structured study instrument was created to collect information about the
patients. The demographics comprised age, smoking status, and employment status. The
clinical information included family history of migraine, the presence or absence of any
comorbidities with migraine, the duration of migraine diagnosis, migraine headache type
(episodic, or chronic), brain MRI, and the dose and duration of Davlex®.
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2.4. Outcome Measurement

Migraine severity was the primary outcome measure of the study. This was evaluated
using five structured questions, as in previous literature [34]: Number of migraine days per
month, the average headache duration in minutes, Headache severity visual analog scale
(0-10), the use of acute medication, and the frequency of acute medication use per week.
These measures were taken at the baseline and at the follow-up visits by the therapist.

2.5. Data Analysis

Descriptive data of the demographic and clinical data were depicted for each of the
10 cases. In addition, the paired t-test was used to examine the difference in the mean
scores of the outcome variable (migraine) between the baseline and the follow-up visit.
Confidence intervals were set at 95% and significance at p < 0.05. Data were presented as
mean =+ Standard deviation (SD). Data were analyzed using SPSS software version 21.

3. Results
3.1. Study Sample Characteristics

Data were analyzed from 10 female patients diagnosed with migraine. The patients’
ages ranged between 22 and 50 years old. Nine out of ten patients were non-smokers,
eight were unemployed, six did not have a family history of migraine, and all the patients
reported normal brain MRI. The collected data on patient histories included migraine fre-
quency and severity and response to treatment. It also considered potential triggers. These
included anxiety and depression. This provided a more comprehensive understanding of
the patient’s migraine profile. Please refer to Table 1 for detailed patient information.

Table 1. The description of the patient’s demographics and clinical information.

Family Migraine

Agelter  Smoline  Employmen | Chrone iy Diagmoss Mg Nomal
Migraine Since
Case 1 49 Non-smoker  Unemployed Anemia No 5 years Chronic Yes
Case 2 35 Non-smoker  Unemployed Yes 15 years Episodic Yes
Case 3 29 Non-smoker  Unemployed Anxiety No 3 years Episodic Yes
Case 4 46 Non-smoker  Unemployed No 12 years Episodic Yes
Type I
Case 5 50 Non-smoker  Unemployed  diabetes, fi- No 3 years Chronic Yes
bromyalgia
Case 6 50 Non-smoker ~ Unemployed Hypertension No 2 years Chronic Yes
Case 7 42 Non-smoker Employed Yes 10 years Chronic Yes
Case 8 49 Non-smoker Employed SAhr(t)kl:iilesr Yes 4 years Chronic Yes
Case 9 45 Smoker Unemployed No 8 years Chronic Yes
Case 10 22 Non-smoker  Unemployed Yes 6 months Chronic Yes

3.2. Migraine Assessment

Table 2 provides a detailed description of the number of migraine days per month,
headache duration in minutes, headache severity visual analog scale (0-10), the required
acute medication, the frequency of acute medication use per week, and the side effects of
each of the cases. Parameters such as these give the trend of migraine attacks and treatment
efficacy. It also shows variations in how individuals respond to the laid-down strategies.
These strategies are for managing migraines. This information is vital as it is used to tailor
treatment plans for better patient outcomes.
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Table 2. Migraine assessment at baseline and follow-up visit per each case.
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Case 1: Baseline 16 120 7 Yes 5

DSV 50 mg for 2 months Follow-up 5 90 4 Yes 2

Case 2: Baseline 12 120 6 Yes 2

DSV 100 mg for 1 month Follow-up 0 0 0 No 0

Case 3: Baseline 12 180 6 Yes 5

DSV: maintenance

100 mg for 5 months Follow-up 4 90 6 Yes 1

Case 4: Baseline 10 120 7 Yes 4

DSV: maintenance

100 mg for 1 month Follow-up 5 90 4 Yes 2

Case 5: Baseline 15 120 7 Yes 2

DSV: maintenance

100 mg for 3 months Follow-up 6 90 5 Yes 1

Case 6: Baseline 20 180 7 Yes 4

DSV: maintenance

100 mg for 10 months Follow-up 0 0 0 None 0

Case7: Baseline 17 120 6 Yes 2 Constipation

DSV maintenance on 100 m

100 mg for 3 months, returned to 50 mg Follow-up 1 60 4 None 0 &

Case 8: Baseline 15 90 7 Yes 1

DSV maintenance

100 mg for 12 months, returned to 50 mg ~ Follow-up 0 0 0 None 0

Case 9: Baseline 20 Almost all day long 8 Yes 5

DSV maintenance

100 mg for 16 months Follow-up 4 120 4 Yes 2

Case 10: Baseline 10 Almost all day long 7 Yes 3

DSV maintenance

50 mg for 6 months Follow-up 0 0 0 0 0

Table 3 demonstrates the paired f-test analysis to compare the migraine severity at
baseline and the follow-up visit after using desvenlafaxine. For example, the number of
migraine days per month at baseline (14.70 + 3.68) was significantly reduced at the follow-
up (2.50 £ 2.50), ((t =8.54, 9), p < 0.001). Also, headache duration in minutes at baseline
(131.25 & 32.81) was significantly reduced at the follow-up (52.50 £ 44.64) ((t = 4.20, 7),
p = 0.004). Headache severity visual analog scale at baseline (6.80 & 0.63) was reduced
significantly at the follow-up (2.70 £ 2.40) ((t = 5.16, 9), p = 0.001)), and the frequency
of acute medication use per week at baseline (3.30+ 1.49) was significantly reduced at
the follow-up (0.80 £ 0.92), ((t = 7.32, 9), p < 0.001). This is a significant improvement
in the syndrome of migraines. It also cuts the need for acute medication after using
desvenlafaxine. The statistical analysis is significant. It shows that desvenlafaxine reduces
migraines’ frequency, duration, and severity.

In summary, the results demonstrate that desvenlafaxine was able to significantly
reduce all the outcome variables investigated, namely, the number of migraine days per
month, the average headache duration in minutes, the headache severity on the visual
analog scale, and the frequency of acute medication use per week.
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Table 3. Paired-t-test analysis for the migraine outcome measurements.

Baseline Follow-Up
Mean + SD Mean + SD tdf p-Value
Number of migraine days per month 14.70 & 3.68 2.50 £ 2.50 8.54,9 <0.001 *
Headache duration in minutes 131.25 4 32.81 52.50 4 44.64 4.20,7 0.004 *
Headache severity visual analogue scale (0-10) 6.80 £ 0.63 2.70 £2.40 5.16,9 0.001 *
Frequency of acute medication use/week 3.30 £1.49 0.80 £ 0.92 7.32,9 <0.001 *

SD: standard deviation, t: f-test score, df: degrees of freedom, * p < 0.05.

4. Discussion

Migraine is a widespread disorder featuring moderate to severe unilateral pain
episodes that can last from 4 h to 3 consecutive days. This is often accompanied by
other symptoms such as nausea, vomiting, pallor, fatigue, lack of concentration, photopho-
bia, diarrhea, and others [42]. The pathophysiological basis of migraine pain is neurogenic
inflammation and vasodilation in the meninges, which leads to the sensitization of the
nociceptive afferents [43]. While acute analgesics are recommended for all people with
migraine, use of prophylaxis is an essential strategy for several patients. This study tried to
explore the potential of using desvenlafaxine in migraine prophylaxis to provide clinicians
with another therapeutic option that can extend the list of available prophylactic medica-
tions. Our results from this small-scale study of 10 cases demonstrated promising results.
Desvenlafaxine was able to diminish the number of migraine days per month, the average
headache duration in minutes, the headache severity on the visual analog scale, and the
frequency of acute medication use per week.

According to an evidence-based comprehensive review [36], the prophylactic therapies
are grouped according to their postulated efficacy and side effects as follows: Group 1:
moderate to highly effective with infrequent side effects, including amitriptyline and
valproate. Group 2: Lower efficacy than group 1, and mild to moderate side effects,
including aspirin, gabapentin, and atenolol. Group 3: effective prophylactic medications
that lack substantial evidence, such as bupropion and diltiazem. Group 4: Medium to
high efficacy medications, good strength of evidence, but with side effect concerns, such
as flunarizine. Group 5: medications with no efficacy in migraine prophylaxis, such
as carbamazepine.

The ultimate goal of prophylactic therapy is to both reduce the number and the severity
of the episode and therefore improve the quality of life of the patients and enhance their
daily functioning. Recently, besides the clinical efficacy, patient satisfaction and willingness
to start prophylactic therapy have also been taken into consideration [1,42,44].

Researchers believe that desvenlafaxine provides extensive relief for migraine suf-
ferers. This is because it cuts migraine days. It also reduces the length and severity of
headaches and it lowers the use of acute medication. Improvements in all these measures
show desvenlafaxine’s potential to improve patients’ lives. It also reduces the burden
of migraines.

Our finding is consistent with the only available previous study [40], where desven-
lafaxine demonstrated efficacy in migraine prophylaxis. Although the entire mechanism
is not fully understood, based on existing evidence, this effect has been attributed to the
5-HT and NE reuptake mechanism of desvenlafaxine, which is the same mechanism found
in venlafaxine and amitriptyline, the famous tricyclic antidepressant [45-47]. Clinical
experience supports this explanation. Amitriptyline has been used for chronic pain for
decades, and it has also been employed in migraine prophylaxis [48,49]. Desvenlafaxine
acts on serotonin and norepinephrine. This may also help it work to prevent migraines.
Serotonin helps to modulate pain and regulate blood vessel tension, while norepinephrine
helps with pain perception and autonomic nervous system function. Desvenlafaxine may
stabilize migraine-related neural pathways by modulating key neurotransmitter systems.

On the other hand, due to the side effects profile of amitriptyline, which includes
cardiovascular side effects, sedation, postural hypotension, dry mouth, and histaminergic
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effects [50,51], its use has declined and it has been replaced by venlafaxine, a newer SNRI
medication that shares the same mechanism but comes with higher tolerability [52].

Desvenlafaxine, the principal metabolite of venlafaxine, is understudied in migraine
prophylaxis. Venlafaxine, however, has been extensively studied in migraine prophylaxis.
For example, venlafaxine was shown to decrease the mean number of headaches per month
starting from the first month of treatment and reaching maximum effects in 6-7 months of
use. Venlafaxine also improved the reported global efficacy in about 88% of patients with
migraine [53,54]. The efficacy of venlafaxine is dose-related as higher doses ensure higher
inhibition of neuronal NE reuptake [54]. However, according to some studies, about 18%
of patients discontinued venlafaxine due to side effects that could be dose-related [53]. In
our study, desvenlafaxine worked as well as venlafaxine did in past studies. However, its
simpler metabolism and once-a-day dosing may make desvenlafaxine more effective. It
may lead to better patient compliance and less potential for drug-drug interactions. More
studies are needed to compare venlafaxine and desvenlafaxine for preventing migraines.
These studies will help us understand their effectiveness and tolerability. Desvenlafaxine’s
effects on migraine would have been outside of serotonin and norepinephrine’s influence.
For example, it could ease the cortical spreading of depression. This is a key part of
migraine with aura. Additionally, it could block neurogenic inflammation and the influence
of calcitonin gene-related peptides. These have been linked to migraine pain. Research into
these supposed mechanisms may better explain their role.

Migraine prophylaxis research is beset by challenges in different aspects.

The main challenge in the investigation of desvenlafaxine’s role in migraine prophy-
laxis is the lack of official approval. As such, the derivation of clinically relevant data must
be obtained from retrospective studies such as the current investigation, as well as from
consensus and the personal experience of neurologists that used desvenlafaxine to control
depressive symptoms in people with migraine. In general, the diagnosis of headache
is challenging; for example, migraine symptoms could be mediated by the medication
overuse headache (MOH) that could interfere with accurate migraine subtype diagnosis.
MOH does not exclude a diagnosis of refractory migraine. The present study recruited data
from females diagnosed with migraine. According to evidence, the risk of MOH is higher
in females, especially those residing in developing countries or with low socioeconomic
status [55-57]. MOH diagnosis can be easily confirmed by the withdrawal of medications
leading to improvement in headache [58].

Another major clinical challenge in migraine assessment is the presence of comorbid
pain conditions. According to one study, 51% of the patients with migraine reported having
one or more comorbid painful conditions; this percentage rose to 70% in patients diagnosed
with chronic migraine [59]. For example, fibromyalgia has been reported in around 30% of
patients with migraine [59]. Furthermore, migraine is closely associated with psychological
distress; one study underscored that depression, anxiety, and insomnia are among the
non-painful conditions associated with migraine [60]. This could be an opportunity to use
antidepressants such as desvenlafaxine to manage anxiety and depressive symptoms while
keeping an eye on the possible improvement in migraine burden. Another challenge in
migraine, besides the cultural and socioeconomic factors, is the educational competencies
among healthcare practitioners in developing countries. Although headache symptoms are
one of the most commonly reported in clinics, in some countries it is overlooked. This could
be linked to the poor educational and professional services offered to these patients [61].
For example, in one study among neurology residents involving >200 participants, about
30% self-reported difficulties in diagnosing migraine, and the most reported barrier was
the accurate communication and collaboration between the patient and the healthcare
provider [62].

Our findings showed that desvenlafaxine was well-tolerated as only one case reported
constipation at 100 mg dose, and this side effect subsided after dose reduction to 50 mg. This
result is in line with the existing literature, which underscores the high tolerability profile of
desvenlafaxine. However, dry mouth and constipation were reported in previous studies at
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the 50 mg and the 100 mg doses [63]. In addition, desvenlafaxine could be associated with
vasoconstriction syndrome and severe headaches [64]. Besides its tolerability in general,
desvenlafaxine’s preferable pharmacokinetics, primarily its lower incidence of inhibiting
the hepatic enzyme Cytochrome P450, which minimizes the chance of drug interactions,
makes it an attractive choice for clinicians [38].

This work adds to the very little existing literature examining the role of desvenlafaxine
in migraine prophylaxis, especially in women. However, the limited study sample prevents
the generalization of the results. Therefore, future larger-scale follow-up studies are
required to fully elucidate the potential efficacy of desvenlafaxine in migraine attack
prevention. This is a small study using retrospective data. As such, the results are very
preliminary. The study has a small sample size and is non-randomized. These are significant
limitations for drawing general conclusions. Additionally, this was not a blinded and
controlled trial. It did not rule out the placebo effect. It also did not rule out changes in
migraine frequency. Larger, prospective, randomized controlled trials should address these
limitations in the future. They could also investigate whether desvenlafaxine is effective
for different types of migraine. They could also assess its long-term effectiveness and
safety and could also compare it directly to other established prophylactic treatments. In
short, this preliminary study analyzed data retrospectively from ten women with migraine
using validated tools in its assessment and included clinical details of the patients’ points
facilitating the performance of larger-scale studies of the role of desvenlafaxine in migraine
prophylaxis. The reported findings show an improvement in all the assessment parameters
under investigation, namely, the number of migraine days per month, the average headache
duration in minutes, the headache severity on the visual analog scale, and the frequency of
acute medication use per week.

5. Conclusions

This study provides early preliminary evidence that supports the use of desvenlafax-
ine to prevent migraines in female patients. It may improve life quality and reduce the
burden of migraines for patients. This fits with desvenlafaxine inhibiting both serotonin
and norepinephrine reuptake. Desvenlafaxine was very well tolerated in our group. Only
one case of mild side effects was noted. Although not conclusive, the results are promising.
However, interpreters must approach the study’s limitations with caution. The first limita-
tion is its small sample size. The second is its retrospective nature. This work makes some
discoveries. They add to very poor existing literature about desvenlafaxine in migraine
prevention. They suggest it may be a valuable addition to the drugs for managing migraine,
and that females with depression and migraine could benefit from desvenlafaxine. More
research is required. It should be larger and prospective. The studies should be randomized
and controlled. These studies need to fully demonstrate how well desvenlafaxine prevents
migraines. They are also needed to show its place in clinical practice.
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Abstract: Background: Migraine is a common neurological condition marked by unilateral recurrent
pulsating headaches, often associated with systemic signs and symptoms. Recently, calcitonin gene-
related peptide (CGRP) antagonists, including atogepant, an oral CGRP receptor antagonist, have
emerged as effective and safe treatments. The current study sought to assess the efficacy and safety of
atogepant for preventing episodic migraines in adults. Methods: A comprehensive search, following
PRISMA guidelines, was conducted using PubMed, Web of Science, and Cochrane Library to identify
randomized, double-blind, placebo-controlled trials published up to June 2024. Results: The studies
included adult participants with episodic migraine treated with atogepant. The primary outcomes
assessed were changes in mean monthly migraine days (MMDs) and monthly headache days (MHDs)
over 12 weeks. Secondary outcomes included reduction in acute medication use, 50% responder
rates, and adverse events. A meta-analysis using a random-effects model was performed to evaluate
efficacy and safety. Six trials with 4569 participants were included. Atogepant significantly reduced
mean monthly migraine days (MMDs) and monthly headache days (MHDs) compared to placebo at
all doses (10 mg, 30 mg, 60 mg), with the 60 mg dose showing the greatest reduction (mean difference:
—1.48 days, p < 0.001). Significant reductions in acute medication use and improved 50% responder
rates were also observed for all doses. The safety profile of atogepant was favorable, with common
adverse events being mild to moderate, such as constipation and nausea. There were no significant
differences in serious adverse events between the atogepant and placebo groups. Conclusions:
Atogepant is an effective and well-tolerated option for preventing episodic migraines, showing
significant reductions in migraine frequency and acute medication use. However, further studies are
necessary to assess its long-term safety and efficacy, especially at higher doses, and to investigate its
potential role in personalized treatment strategies for migraine prevention.

Keywords: atogepant; CGRP receptor antagonist; preventive treatment; episodic migraine

1. Introduction

Migraine is a prevalent and debilitating neurological condition marked by unilateral
recurrent pulsating moderate to severe attacks of headache, often associated with systemic
symptoms such as vomiting, nausea, and sensitivity to sound and light [1]. It affects
approximately 12% of the global population, with a higher incidence in women compared
to men [2,3]. Migraines disproportionately affect individuals during their most productive
years, typically between the ages of 18 and 44 [3]. The recurrent nature of migraines leads
to frequent absenteeism and presenteeism, severely impacting professional and academic
performance [4]. Moreover, the unpredictable onset of migraines contributes to anxiety
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and depression [5]. Migraine significantly impacts quality of life, leading to substantial
personal, social, and economic burdens [6].

Migraine can be classified into two major types according to the International Clas-
sification of Headache Disorders (ICHD-3): episodic and chronic. The episodic form is
characterized by headache attacks occurring on less than 15 days per month, whereas
the chronic form involves headaches on 15 or more days per month, persisting for more
than 3 months, with the diagnostic criteria including at least 8 days per month of migraine
headaches. The distinction between these types is important for treatment and management
strategies [7].

Treatment for migraine includes both acute and preventive approaches [8]. Acute
treatments, which include triptans, non-steroidal anti-inflammatory drugs (NSAIDs), and
antiemetics, are intended to relieve symptoms during an attack. Preventive treatments,
including botulinum toxin A, antidepressants, anticonvulsants, and antihypertensive drugs,
are used to lower the incidence, severity, and duration of migraines, thereby improving
the overall quality of life for sufferers [8,9]. Approximately 50-60% of patients benefit
from preventive treatments, highlighting their importance in migraine management [10,11].
However, these were traditional treatments for migraine, and they are non-specific migraine
treatments with limited degrees of effectiveness, prompting the need for more effective and
tolerable therapeutic options [12,13].

The advent of calcitonin gene-related peptide (CGRP) receptor antagonists represents
a significant advancement in the management of migraine [14]. CGRP plays a crucial role
in migraine pathophysiology by modulating pain pathways and vascular functions. CGRP
is released during migraine attacks and contributes to the inflammation and dilation of
cerebral blood vessels. The development of CGRP antagonists offers a targeted approach
to migraine treatment, providing relief with fewer side effects compared to traditional
therapies [15].

For the prevention of migraine, there are several monoclonal antibodies acting on the
CGRP pathway; erenumab targets the CGRP receptor, while eptinezumab, fremanezumab,
and galcanezumab block the CGRP ligand. Rimegepant and ubrogepant, two oral CGRP
receptor antagonists, are licensed for the management of migraine attacks. Rimegepant
also gained approval for the prevention of migraines in adults in 2021, making it the only
medication that may be used for both acute and preventive treatment of migraines [16].
Although these monoclonal antibodies (MAbs) have been used for the prevention of mi-
graine attacks, patients experienced some discomfort from the subcutaneous or intravenous
delivery of these medications [12]. In contrast to preventive monoclonal antibodies, CGRP
receptor antagonists (gepants), are primarily administered as pills, nasal sprays, and orally
disintegrating tablets (ODT) [17].

Atogepant stands out as one of the oral drugs established for the preventive treatment
of episodic migraine. It was accepted by the FDA on 15 September 2021, and is available in
doses of 10 mg, 30 mg, and 60 mg [9].

Approximated to additional CGRP receptor antagonists like rimegepant, atogepant,
an oral CGRP receptor antagonist authorized for the preventive treatment of episodic
migraine, has several significant benefits [18,19]. Rimegepant is certified for both acute and
preventive therapy; however, because it is dosed every other day for prevention, adherence
issues may arise. Contrarily, atogepant is only meant to be taken once daily, making it
easier to follow and more convenient for patients [19]. Furthermore, atogepant has a
well-established track record of lowering monthly migraine days (MMDs), with notable
reductions in MMDs and a positive safety record. This once-a-day oral medication provides
an opportune, secure, and efficient preventive outcome [18]. It is especially appropriate
for individuals who would choose a daily dosage regimen without the intrusiveness of
injectables [19]. The current study sought to assess the efficacy and safety of atogepant for
preventing episodic migraines in adults.
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2. Methods

This systematic review and meta-analysis adhered to the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. Prospectively, we regis-
tered the study protocol in the International Prospective Register of Systematic Reviews
(PROSPERO) (registration number: CRD42024556275).

2.1. Search Strategy

We systematically searched the PubMed, Cochrane Library, and Web of Science
databases through June 2024. The search strategy used a combination of Medical Sub-
ject Headings (MeSH) and the following Boolean operators: “Migraine” OR “Episodic
Migraine” OR “Recurrent Migraine” OR “Refractory Migraine” OR “Headache” OR “Recur-
rent Headache” OR “Refractory Headache” AND “Efficacy” OR “Safety” OR “Tolerability”
OR “Outcome” OR “Findings” OR “Impact” AND “Atogepant” OR “Preventive Treatment”
OR “Preventive Therapy” OR “Prevention” AND “Random” OR “Placebo” OR “Trial” OR
“Group”. The retrieved study reference lists were revised to identify other relevant articles.

2.2. Eligibility Criteria

The studies included in this review were randomized, placebo-controlled trials in-
volving participants aged >18 years with a history of migraine for at least twelve months,
with onset before age 50. Participants needed to experience 4-14 monthly migraine days
(MMDs) during the three months prior to screening and record this data in an electronic
diary during a 28-day baseline period. Only English-language papers were considered.
Exclusion criteria included studies that did not report outcomes of interest, review articles,
and case reports.

2.3. Outcome Measures

The evaluated primary efficacy outcomes included changes from baseline in the
mean number of monthly migraine days (MMDs), monthly headache days (MHDs), and
the number of acute-medications-use days per month. Additionally, the percentage of
participants who experienced at least a 50% reduction in migraine days per month during
the double-blind treatment phase was assessed.

Secondary efficacy outcomes involved evaluating changes from baseline in the average
number of acute-medications-use days. Safety and tolerability outcomes included rates of
adverse events (AEs), withdrawals due to AEs, and serious adverse events (SAEs). Key
safety measures were treatment emergent adverse events (TEAEs).

2.4. Study Selection, Data Extraction, and Quality Assessment

We used Rayyan Software (Version 1.5.0, Qatar Computing Research Institute, Doha,
Qatar) to manage electronic database search results for selection, screening, and duplicate
removal. Titles and abstracts were screened by two independent reviewers, with any
disagreements resolved by involving a third reviewer.

Data extraction was conducted by two independent reviewers, focusing on study
characteristics, participant demographics, intervention specifics, and outcomes. Any dis-
agreements were resolved through discussion. Extracted data included author details,
publication year, journal name, country, study design, and key trial elements such as
randomization, blinding, treatment periods, and atogepant doses (10, 30, and 60 mg once
daily). Screening, randomization, and follow-up periods were noted, alongside inclusion
and exclusion criteria. Participant demographics covered age, gender, race, and ethnic-
ity. Outcome measures, along with the total number of participants, group distributions,
analysis populations, and safety metrics, were documented.

The risk of bias was independently assessed by two reviewers using the Cochrane
Risk of Bias 2 (RoB 2) tool via Review Manager 5.4 software (The Cochrane Collaboration,
London, UK), with any disagreements resolved through discussion or consultation with
a third reviewer [20,21]. The quality assessment of the included studies was conducted
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utilizing the Revised Cochrane Risk of Bias Assessment Tool 2. The evidence certainty for
each outcome was evaluated using the GRADE approach, which considered factors such as
the robustness of the data, potential selective reporting, and other bias sources. Evidence
was downgraded for serious or very serious concerns [22].

2.5. Statistical Analysis

Heterogeneity among the trials was evaluated by the funnel plot visual examination,
the chi-squared test, and I? statistics. A fixed-effect model was planned for use when
heterogeneity was not significant (p > 0.05) [23,24]. However, the decision between a
fixed-effect or random-effects model was primarily based on the 12 value: a fixed-effect
model was planned to be applied when I was less than 40%, while a random-effects model
was utilized for I? values of 40% or greater. The measures of association between treatment
and continuous or dichotomous outcomes were the mean difference (MD) and risk ratio
(RR), both reported alongside 95% confidence intervals (CIs).

During the double-blind treatment period, all efficacy analyses were carried out on the
modified intention-to-treat population, encompassing all randomly allocated participants
who had a minimum of one dose of atogepant, assessable baseline electronic recorded data,
and a minimum of one evaluable post-baseline 4-week period of electronic recorded diary.
All individuals who received at least one dosage of the study drug were included in the
safety and tolerability evaluations. Two-sided p-values were reported, and p < 0.05 was con-
sidered significant. The data were analyzed using Review Manager software version 5.4.

3. Results
3.1. Search Results

A flowchart illustrating the study selection process is shown in (Figure 1). Our search
identified 71 records. These included 35 duplicate articles that were removed, leaving
36 unique articles for screening by title and abstract. Out of the 36 articles screened, 18 were
excluded as they did not meet the eligibility criteria. The remaining 18 full-text articles were
reviewed for more detailed evaluation and 12 articles were excluded because 9 of them
did not report on relevant episodic migraine preventive therapy and three articles did not
report the outcomes of interest. Finally, six studies were included in our study [9,11,25-28].

3.2. Quality Assessment

In the risk-of-bias assessment, three of the six included studies exhibited potential
concerns. Specifically, issues related to randomization and missing outcome data were
identified in two trials [9,25]. In contrast, the remaining three studies [11,26,28] were
determined to have a minimal risk of bias (Figure 2).

3.3. Characteristics of the Included Studies

The current review included six studies, where a total of 1231 participants were
allocated randomly to placebo, 977 to atogepant 10 mg, 1095 to atogepant 30 mg, and
1266 to atogepant 60 mg, for a total of 4569 participants [9,11,25-28]. Participants” ages
ranged from 18 to 73 years; 87.2% were females, 12.8% were males, and 81.9% were white.
However, no data were provided about the patients” ethnic origin in any of the studied
articles. The mean BMI ranged from 26.2 (5.2) in Tassorelli et al.’s 2024 [28] study to
31.1 4+ 7.6 kg/m? in Ailani et al.’s 2021 [11] study. Among studies that provided relevant
data, 97.8% of the participants reported current use of acute medications. In terms of
migraine frequency, the monthly migraine days (MMD) during the 28-day baseline period
ranged from 7 to 14 days. Notably, only Goadsby et al., 2020 [26] assessed the migraine
associated with aura, where 21.5% of the participants reported such association. Baseline
monthly headache days (MHD) were assessed in four articles [11,25-27] and were found
to range from 4 to 14 days. Furthermore, only two studies [25,27] assessed the baseline
monthly acute-medications-use days, reporting a mean of 6.5 to 6.9 days (Table 1).
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Figure 1. PRISMA flowchart.
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Figure 2. Quality assessment of the included studies [9,11,25-28].

3.4. Meta-Analysis

The forest plots and meta-analysis were performed using Review Manager software
version 5.4. All results were subjected to a random-effects model. Mean differences
(MD) were utilized to report continuous outcomes, while risk ratios (RR) were used to
represent dichotomous outcomes. Publication bias was visually assessed using a funnel
plot, and heterogeneity was quantified using the I? statistic and the Chi? test p-value. A 95%
confidence interval was applied to all estimates, and results were considered statistically
significant if the p-value was less than 0.05.

3.5. Mean Monthly Migraine Days Change from Baseline

Three studies were included in the analysis, revealing that atogepant significantly outper-
formed placebo in reducing mean monthly migraine days across various subgroups. The ob-
served mean differences were as follows: —1.16 days for atogepant 10 mg (p < 0.001, I? = 0%),
—1.15 days for atogepant 30 mg (p < 0.001, I? = 36%), and —1.48 days for atogepant 60 mg
(p = 0.0009, I? = 79%). While no significant heterogeneity was detected in the atogepant 10 mg
and 30 mg subgroups, a substantial degree of heterogeneity was present in the atogepant
60 mg subgroup, attributed to random error. The p-value for the atogepant 60 mg subgroup
was 0.0009, with an 12 of 79%. Although the study by Schwedt et al. (2022) was excluded
from this analysis due to missing data, its findings align with those of the included studies.
Schwedt et al. (2022) reported that atogepant significantly reduced the mean monthly mi-
graine days from baseline across all dosages (10 mg, 30 mg, and 60 mg) over all follow-up
periods (1-4 weeks, 5-8 weeks, and 9-12 weeks) [25] (Figure 3).
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Atogepant Placebo Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.1.1 Atogepant 10mg
Ailani et al, 2021 -3.7 293 214 -25 2893 24 8§1.9% -1.20 [1.76, -0.84) —i—
Goadsby et al. 2020 -4 2.88 oz -2.9 267 178 38.1% -1.10 [-1.81, -0.39] —a—
Subtotal (95% CI) 306 392 100.0%  -1.16 [-1.60, -0.73] -

Heterogeneity: Tau® = 0.00; Chi® = 0.05, df = 1 (P = 0.83); I =0%
Test for overall effect: Z = 5.21 (P < 0.00001)

1.1.2 Atogepant 30mg

Ailani et al, 2021 3.9 299 223 .25 293 214 50.0%  -1.40[-1.95, -0.84] ——
Goadsby et al, 2020 -3.8 27 182 29 267 TR  500% -0.90 [-1.45, -0.35) —i—
Subtotal (95% CI) 405 392 100.0%  -1.15 [-1.64, -0.66] -

Heterogenaity: Tau® = 0.04; Chi® = 1,58, df = 1 (P = 0.21); 17 = 38%
Test for overall effect: Z = 4 60 (P <= 0.00001)

1.1.3 Atogepant 60mg

Ailani et al, 2021 -4.2 298 227 -2.5 293 214 37.2%  -1.70[-2.25,-1.15] ——
Goadsby et al. 2020 3.6 266 177 -2.9 267 178 37.2%  -0.70 [-1.25, -0.15] —
Tassorelli et al, 2024 4.2 496 151 -1.9 498 154 256%  -2.30[-3.42 118 — —=———
Subtotal (95% CI) 550 546 100.0%  -1.48 [-2.36, -0.61] e

Heterogeneity: Tau® = D.46; Chi® = 9.57, df = 2 (P = 0.008); I = 79%
Test for overall affect: Z = 3.32 (P = 0.0009)

2 - 0 1 z
Atogepant Placebo

Test for subgroup diferencas: Chi® = 047, df = 2 (P = 0.78), I? = 0%

Figure 3. Mean monthly migraine days change from baseline forest plot [11,26,28].

3.6. Mean Monthly Headache Days Change from Baseline

This analysis included three trials, each of which indicated a substantial reduction
in mean monthly headache days from baseline throughout a 12-week follow-up period
for all atogepant dosages. None of the subgroups exhibited any detectable heterogeneity.
Monthly headache days were reduced by 1.40 days for atogepant 10 mg (p < 0.001, I? = 0%),
—1.44 days for atogepant 30 mg (p < 0.001, I> = 0%), and —1.63 days for atogepant 60 mg
(p < 0.001, I? = 49%). Furthermore, the study conducted by Schwedt et al. (2022) confirms
the efficacy of atogepant (10 mg, 30 mg, and 60 mg) in dramatically lowering the mean
number of monthly headache days from baseline over a 4-week period [25] (Figure 4).

Atogepant Placebo Mean Difference Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.2.1 Atogepant 10mg
Ailani et al. 2021 -39 293 214 -25 293 214 757% -1.40 [-1.896, -0.84) ——
Goadsby et al. 2020 -4.3 3.84 92  -29 4 178 24.3% -1.40 [-2.38, -0.42] . I—
Subtotal (85% CI) 308 392 100.0%  -1.40 [-1.88, -0.92] -

Heterogeneity: Tau® = 0.00; Chi* = 0.00, df = 1 (P = 1.00); *=0%
Test for overall effect: Z = 5.68 (P < 0,00001)

1.2.2 Atogepant 30mg

Ailani et al. 2021 4 299 223 .25 293 214 69.2%  -1.50 [-2.06, -0.84] ——
Goadsby et al, 2020 4.2 405 182 -29 4 178 30.8% -1.30 [-2.13, -0.47) ——
Subtotal (85% CI) 405 392 100.0%  -1.44 [-1.80, -0.98] -

Heterogeneity: Tau® = 0.00; Chi# = 0.15, df = 1 (P = 0.70); ¥ = 0%
Test for overall effect: Z = 6.11 {P = 0.00001)

1.2.3 Atogepant 60mg

Ailani et al, 2021 42 298 222 25 293 214 4289% -1.70[-2.25, -1.15] —i—
Goadsby et al. 2020 -39 399 1177 -29 4 178 29.4% -1.00 [-1.83, -0.17] —
Tassorelli et al, 2024 -4.1 2898 222 -19 485 154 27.T% -2.20[-3.08,-1.32) — =
Subtotal (95% CI) 621 546 100.0%  -1.63 [-2.23, -1.03]

Heterogeneity: Tau® = 0.14; Chi* = 3.89, df = 2 (P = 0.14); * = 49%
Test for owerall effect: Z = 5. 35 (P < 0.00001)

2 1 0 1
Atogepant Placebo
Test for subgroup differences: Chi* = 0,38, df = 2 (P = 0.83), P = 0%

Figure 4. Mean monthly headache days change from baseline forest plot [11,26,28].
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3.7. Acute Medication Use Days Change from Baseline

Over the 12-week follow-up period, atogepant (10 mg, 30 mg, and 60 mg) significantly
reduced the requirement for acute medicines. There was no noticeable heterogeneity
among the subgroups. Atogepant’s mean differences at 10 mg, 30 mg, and 60 mg were
—1.30, —1.40, and less than 0.001, 12 = 0%, and —1.58, with a p-value less than 0.001 and
12 = 65%, respectively. Schwedt et al. (2022) found that atogepant considerably reduced
the requirement for acute treatment at all doses (10 mg, 30 mg, and 60 mg) and follow-up
intervals (1-4 weeks, 5-8 weeks, and 9-12 weeks [25] (Figure 5).

Atogepant Placebo Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.4.1 Atogepant 10mg
Allani et al. 2021 3.7 282 214 -24 293 214 B2.0% -1.30 [-1.85, -0.75] ——
Goadsby et al. 2020 -3.7 2.88 92 -24 267 178 38.0% -1.30 [-2.01, -0.59] —0
Subtotal (95% Cl) 306 392 100.0%  -1.30 [-1.74, -0.86] 4
Heterogeneity: Tau® = 0.00; Chi* = 0.00, df = 1 (P = 1.00); *= 0%
Test for overall effect: Z = 5.84 (P < 0,00001)
1.4.2 Atogepant 30mg
Ailani et al. 2021 -3.7 299 223 24 293 214 50.0% -1.30 [-1.86, -0.74] -
Goadsby et al, 2020 -39 27 182 -24 287 178 50.0%  -1.50[-2.05, -0.95)] —
Subtotal (95% CI) 405 392 100.0%  -1.40 [1.79, -1.01] <
Heterogeneity: Tau® = 0.00; Chi* = 0,25, df = 1 (P = 0.62); I*= 0%
Test for owerall effect: Z = 6.99 (P < 0.00001)
1.4.3 Atogepant 60mg
Ailani et al, 2021 -39 298 222 -24 293 214 39.1% -1.50 [-2.05, -0.95] -
Goadsby et al. 2020 -35 266 177 -24 267 178 39.1% -1.10 [-1.65, -0.55] ——
Tassorell et al. 2024 -3.7 492 151 -1.1 496 184 21.8% -2.60[-3.71, -1.49] T S
Subtotal (95% CI) 550 546 100.0%  -1.58 [-2.26, -0.91] e
Heterogeneity: Tau® = 0.22; Chi* = 5,69, df = 2 (P = D.0B); I* = 65%
Test for averall effect: Z = 4.61 (P = 0.00001)

4 2 0 2

Atogepant Placebo
Test for subgroup differences: Chi* =048, df =2 (P =0.79), "= 0%

Figure 5. Acute-medications-use days change from baseline forest plot [11,26,28].

3.8. >Outcome of 50% Reduction in Monthly Migraine Days

A forest plot was utilized to analyze three of the selected studies, focusing on the
outcome of a 50% reduction in monthly migraine days. The analysis demonstrated that,
compared to a placebo, atogepant at doses of 10 mg, 30 mg, and 60 mg resulted in a
reduction of more than 50% in monthly migraine days over the 12-week follow-up period.
Significant heterogeneity was noted within the 30 mg and 60 mg subgroups. The relative
risks (RR) for the different dosages of atogepant were as follows: 10 mg (RR = —1.66;
p = 0.003; I2 = 65%), 30 mg (RR = 1.63; p = 0.02; I? = 85%), and 60 mg (RR = 1.94; p = 0.003;
12 = 87%) (Figure 6).

3.9. Adverse Events

According to Goadsby et al. (2020), the incidence of treatment-emergent adverse events
(TEAES) increased with higher doses of atogepant, rising from 18% in the 10 mg once-daily
subgroup to 26% in the 60 mg twice-daily subgroup, while the placebo group experienced
a lower rate of 16% [26]. Nausea was identified as the most common treatment-related
TEAE, occurring in 3-6% of the once-daily dose subgroups and 6-9% of the twice-daily
dose subgroups, with rates ranging from 3% in the 10 mg once-daily group to 6% in the
60 mg once-daily group, compared to 3% for placebo. Notably, no evidence hepatic injury
was reported [26].
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Study or Subgroup

Atogepant
Events Total Events Total Weight

Placebo

Risk Ratio

, Random, 95% CI

Risk Ratio
IV, Random, 95% CI

1.5.1 Atogepant 10mg
Ailani et al. 2021 214 62 214 50.6% 1.92 [1.51, 2.44] ——
Goadsby et al. 2020 92 72 178 494% 1.42[1.11, 1.83] —i—
Subtotal (95% CI) 306 392 100.0% 1.66 [1.24, 2.22] o
Total events 134
Heterogeneity: Tau? = 0.03; Chi* = 2.83, df =1 (P = 0.09); I* = 65%
Test for overall effect: Z = 3.38 (P = 0.0007)
1.5.2 Atogepant 30mg
Ailani et al. 2021 223 62 214 496% 2.03 [1.60, 2.57] —;—
Goadsby et al. 2020 182 72 178 504% 1.32 [1.05, 1.65) ——
Subtotal (95% Cl) 405 392 100.0% 1.63 [1.07, 2.49] ol
Total events 134
Heterogeneity: Tau? = 0.08; Chi* = 6.71, df = 1 (P = 0.010); I = 85%
Test for overall effect: Z = 2.27 (P = 0.02)
1.5.3 Atogepant 60mg
Ailani et al. 2021 222 62 214 34.7% 2.10[1.66, 2.65] —
Goadsby et al. 2020 177 72 178 34.9% 1.28 [1.02, 1.61] —
Tassorelli et al. 2024 151 28 154 30.3% 2.84[1.96,4.11] — &
Subtotal (95% CI) 550 546 100.0% 1.94 [1.25, 3.01] il -
Total events 305 162
Heterogeneity: Tau? = 0.13; Chi? = 15.93, df = 2 (P = 0.0003); I? = 87%
Test for overall effect: Z = 2.96 (P = 0.003)

05 07 1 15 2

Placebo Atogepant

Test for subaroup differences: Chi* = 0.41,df = 2 (P =0.82), ? = 0%

Figure 6. >50% reduction in monthly migraine days forest plot [11,26,28].

Schwedt et al. (2022) reported that the proportion of patients having treatment-
emergent adverse events (TEAEs) was consistent across all groups, ranging from 52.2% to
53.7% in the atogepant treatment groups and 56.8% in the placebo group. Although the
study was unable to specify the adverse events that caused cessation, it did indicate that
1.8-4.1% of the atogepant groups had such events, compared to 2.7% in the placebo group.
A total of 486 out of 902 participants (53.9%) reported adverse events that started or got
worse after the first dose of atogepant or placebo until 30 days after the final dose. The
occurrence of events was comparable in both groups, and there was no dose relationship
observed [25]. The most frequently reported side effects in the study by Ailani et al. (2021)
were constipation (6.9% to 7.7% across atogepant dosages) and nausea (4.4% to 6.1% across
atogepant doses). Ocular neuritis and asthma were among the serious adverse effects
reported in the 10 mg atogepant group [11].

Lipton et al.’s 2022 trial found that the proportion of individuals experiencing TEAEs
was similar across all atogepant groups (52.9% in the 10 mg group, 52.2% in the 30 mg
group, and 53.7% in the 60 mg group) compared to the placebo group (56.8%) [9].

The most frequently reported TEAEs were constipation (7.7% in the 10 mg group, 7.0%
in the 30 mg group, and 6.9% in the 60 mg group) and nausea (5.0% in the 10 mg group,
4.4% in the 30 mg group, and 6.1% in the 60 mg group), compared to 0.5% for constipation
and 1.8% for nausea in the placebo group, respectively [9]. However, Lipton et al. (2023)
did not describe any specific adverse events in their report [27].

According to a recent study by Tassorelli et al. (2024), 84 (54%) participants in the
placebo group reported treatment-emergent adverse events compared to 81 (52%) in the
atogepant group. Constipation was the most common TEAE with atogepant, occurring
in 10% of cases versus 3% in the placebo group. Tassorelli et al. (2024) discovered that
3% of participants in the atogepant subgroup and 1% in the placebo group experienced
significant adverse events, while 2% of individuals in the atogepant group and 1% in the
placebo group encountered TEAEs that required treatment cessation [28] (Table 2).
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Table 2. Summary of the reported treatment-related treatment emergent adverse events (TEAE).

Atogepant 10 mg Atogepant 30 mg Atogepant 60 mg
Study Reference Placebo Once Daily Once Daily Once Daily
Any treatment-related TEAE 20/222 (9%) 51/221 (23.1%) 34/228 (14.9%) 45/231 (19.5%)

Lipton et al.’s

Constipation (2022) [9] 1/222 (5%) 17/221 (7.7%) 16/228 (7%) 16/231 (6.9%)
Nausea 4/222 (1.8%) 11/221 (5%) 10/228 (4.4%) 14/231 (6.1%)
Any treatment-related TEAE 20/222 (9%) 51/221 (23.1%) 34/228 (14.9%) 45/231 (19.5%)
Constipation Adlani et al. 1/222 (0.5%) 17/221 (7.7%) 16/228 (7%) 16/231 (6.9%)
Ul‘t’g‘zrt resplratory (2021) [11] 10/222 (4.5%) 9/221 (4.1%) 13/228 (5.7%) 9/231 (3.9%)
Nausea 4/222 (1.8%) 11/221 (5%) 10/228 (4.4%) 14/231 (6.1%)
Any treatment-related TEAE 56.80% N/A N/A N/A
Nausea Schwedt et al. N/A N/A N/A N/A
Constipation (2022) [25] N/A N/A N/A N/A
Fatigue N/A N/A N/A N/A
Any treatment-related TEAE 30/186 (16%) 17/93 (18%) 39/183 (21%) 42/186 (23%)
Nausea Goadsby et al. 5/186 (3%) 3/93 (3%) 10/183 (5%) 11/186 (6%)
Constipation (2020) [26] 2/186 (1%) 1/93 (1%) 10/183 (5%) 8/186 (4%)
Fatigue 4/186 (2%) 1/93 (1%) 2/183 (1%) 4/186 (2%)
Any treatment-related TEAE N/A N/A N/A N/A
Nausea Lipton et al. N/A N/A N/A N/A
Constipation (2023) [27] N/A N/A N/A N/A
Fatigue N/A N/A N/A N/A
Any treatment-related TEAE 14/157 (9%) N/A N/A 31/156 (20%)
Constipation Tassorelli et al. 3/157 (2%) N/A N/A 13/156 (8%)
Nausea (2024) [28] 3/157 (2%) N/A N/A 8/156 (5%)
Decreased appetite 0 N/A N/A 5/156 (3%)

Date was reported as: N (%), N/A: not applicable.

3.10. Any Adverse Events

Overall, three investigations were examined in this analysis. Although adverse events
related to atogepant treatment did not increase significantly across all dosage categories,
there was significant variability in the atogepant 10 mg and 30 mg subgroups. Ato-
gepant 10 mg, 30 mg, and 60 mg had relative risks (RRs) of 1.11 (p = 0.57; I? = 85%),
1.08 (p = 0.64; I = 85%), and 1.02 (p = 0.78; I?> = 29%). In all studies employing atogepant,
the most commonly reported adverse events were nausea, constipation, and upper res-
piratory tract infection. Furthermore, Schwedt et al. (2022) found no difference in the
occurrence of these side effects across all groups compared to the placebo [25] (Figure 7).

3.11. Serious Adverse Events

The three studies included in this forest plot on serious adverse events demonstrated
that atogepant was comparable to a placebo and did not significantly increase the occur-
rence of such events. No discernible variation was observed across any of the groups. The
results for atogepant 10 mg, 30 mg, and 60 mg were as follows: (RR =1.00, p =1.00, 2= 0%),
(RR = —0.63, p = 0.58, I? = 0%), and (RR = 0.62, p = 0.62, I? = 0%), respectively (Figure 8).
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Atogepant Placebo Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.7.1 Atogepant 10mg
Ailani et al. 2021 117 221 126 222 515% 0.93 [0.79, 1.10]
Goadsby et al. 2020 61 93 92 186 485% 1.33 [1.08, 1.63] —i—
Subtotal (95% CI) 34 408 100.0% 1.11 [0.78, 1.56)
Total events 178 218
Heterogeneity: Tau? = 0.05; Chi* = 6.66, df = 1 (P = 0.010); I? = 85%
Test for overall effect: Z = 0.57 (P = 0.57)
1.7.2 Atogepant 30mg
Ailani et al. 2021 119 228 126 222 506% 0.92 [0.78, 1.09] —
Goadsby et al. 2020 115 183 92 186 49.4% 1.27 [1.08, 1.53] ——
Subtotal (95% CI) 411 408 100.0% 1.08 [0.79, 1.48] i
Total events 234 218
Heterogeneity: Tau? = 0.04; Chi? = 6.46, df = 1 (P = 0.01); I = 8B5%
Test for overall effect: Z = 0.47 (P = 0.64)
1.7.3 Atogepant 60mg

Ailani et al. 2021 124 231 126 222 39.3% 0.95 [0.80, 1.12]
Goadsby et al. 2020 107 186 92 186 32.5% 1.16 [0.96, 1.41]
Tassorelli et al. 2024 81 156 84 157 28.2% 0.97 [0.79, 1.20]
Subtotal (95% CI) 573 565 100.0% 1.02 [0.90, 1.16]
Total events 312 302

Heterogeneity: Tau? = 0.00; Chi? = 2.83, df = 2 (P = 0.24); I = 29%
Test for overall effect: Z = 0.28 (P = 0.78)

e

05 07 1 1.
. ; Atogepant Placebo
Test for subaroup differences: Chi* = 0.27, df =2 (P = 0.88), I’ = 0%

Figure 7. Any adverse events forest plot [11,26,28].

Atogepant

Placebo

Study or Subgroup Events Total Events Total Weight

IV, Random, 95% CI

Risk Ratio

Risk Ratio
IV, Random, 95% CI

1.9.1 Atogepant 10mg

Allani et al. 2021 2 221 2 222 60.0%
Goadsby et al. 2020 1 a3 2 186 40.0%
Subtotal (95% CI) 314 408 100.0%
Total events 3 4

Heterogeneity: Tau® = 0.00; Chi# = 0,00, df =1 (P = 1.00); F = 0%
Test for overall effect: 2 = 0.00 (P = 1.00)

1.9.2 Atogepant 30mg

Allani et al. 2021 0 228 2 222 290.3%
Goadsby et al. 2020 2 183 2 186 TO.T%
Subtotal (95% CI) 411 408 100.0%
Total events 2 4

Heterogeneity: Tau? = 0.00; Chi* = 0.81, df =1 (P = 0.37); I = 0%
Tast for ovarall effect: Z = 0.56 (P = 0.58)

1.9.3 Atogepant 60mg

Ailani et al. 2021 0 2 2 222 29.3%
Goadsby et al. 2020 2 186 2 186 TO0.7T%
Tassorelli et al. 2024 0 156 o 157

Subtotal (95% CI) 573 565 100.0%
Total events 2 4

Heterogeneity: Tau® = 0.00; Chi# = 0.80, df =1 (P = 0.37);, F= 0%
Test for overall effect: Z = 0.58 (P = 0.56)

Test for subgroup differences: Chi* = 0.24, df = 2 (P = 0.89). P = 0%

1,00 [0.14, 7.07]

1.00 [0.09, 10.889]

1.00 [0.22, 4.54]

0,19 [0.01, 4.03]
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0.63 [0.12, 3.23]

0.19[0.01, 3.98]
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Figure 8. Serious adverse events forest plot [11,26,28].
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3.12. Discontinuation Due to Adverse Events

This analysis incorporated data from five studies and determined that atogepant
did not significantly increase the incidence of medication discontinuations due to ad-
verse events in comparison to a placebo. Neither subgroup exhibited any notable het-
erogeneity. The three dosages of atogepant evaluated were 10 mg (RR = —1.09; p = 0.57;
12 = 25%), 30 mg (RR = 1.01; p = 0.94; I?> = 39%), and 60 mg (RR = 0.98; p = 0.79; I? = 0%).
Schwedt et al. (2022) reported comparable findings, with no evidence of a dose-response
relationship [25] (Figure 9).

Atogepant Placebo Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.6.1 Atogepant 10mg
Adlani et al. 2021 M7 214 126 214 65.0% 0.93 [0.79, 1.10]
Goadsby et al. 2020 4 92 3 178 4.0% 2.58 [0.59, 11.28]
Lipton et al. (1) 2022 28 214 21 214  23.0% 1.33 [0.78, 2.27] -
Lipton at al. 2023 a 214 G 214 8.0% 1.50 [0.54, 4.14] O
Subtotal (95% CI) 734 820 100.0% 1.09 [0.81, 1.48] -
Total events 158 156

Heterogeneity: Tau® = 0.03; Chi* = 4.02, df = 3 (P = 0.26); I* = 25%
Test for overall effect: 2 = 0.57 (P = 0.57)

1.6.2 Atogepant 30mg

Ailani et al. 2021 119 223 126 214  58.5% 0.91 [0.77. 1.07] ‘q‘

Goadsby et al. 2020 11 182 3 178 8.3% 3.59 [1.02, 12.64] N +
Lipton et al. (1) 2022 22 223 21 214 26.9% 1.01 [0.57, 1.77] +

Lipton et al. 2023 4 223 6 214 8.4% 0.64 [0.18, 2.24] -

Subtotal (25% CI) 851 820 100.0% 1.01 [0.69, 1.50] ‘-

Total events 156 156

Heterogeneity: Tau® = 0.06; Chi* =4 82 df =3 (P =0.18); I’ = 38%
Test for overall effect: Z = 0.07 (P = 0.94)

1.6.3 Atogepant 60mg

Ailani et al. 2021 124 222 126 214  B8B.2% 0.95[0.81, 1.12] .
Goadsby et al. 2020 3 17T 3 178 0.9% 1.01 [0.21, 4.92]

Lipton et al. {1) 2022 29 222 21 214 8.3% 1.33 [0.78, 2.26] N ECa
Lipton et al. 2023 6 222 6 214 1.9% 0.96 [0.32, 2.94] —
Tassorelli et al. 2024 3 15 2 154 0.7% 1.53 [0.26, 9.03]

Subtotal (35% CI) 994 974 100.0% 0.95 [0.84, 1.14] ‘

Total events 165 158

Heterogensity: Tau® = 0.00; Chi* = 1.68, df =4 (P =0.79); F = 0%
Test for overall effect: Z = 0.26 (P = 0.79)

01 02 05 1 2 5
E Placebo Atogepant
Test for subgroup differences: Chi* = 0.40, df = 2 (P = 0.82), 17 = 0%

Figure 9. Discontinuation due to adverse events forest plot [9,11,26-28].

4. Discussion

In our study, we pooled data from six randomized controlled trials (RCTs) involving a
total of 4569 patients to evaluate the efficacy and safety of atogepant for episodic migraine
prevention. Through the analysis, different atogepant dosages (10 mg, 30 mg, and 60 mg),
demonstrated that atogepant significantly reduced both mean monthly migraine days
(MMDs) and mean monthly headache days (MHDs) compared to placebo over a 12-week
follow-up period. The reduction was consistent across the trials, demonstrating the drug’s
efficacy in preventing migraines and the ability to alleviate the overall headache burden.
This broader impact is particularly relevant for patients whose migraine-related disability
extends beyond the headache itself, affecting overall quality of life [28].

The included trials also highlighted other key efficacy endpoints, such as the reduction
in acute medication use, which is a critical factor for patients at risk of medication-overuse
headaches (MOH), a common issue among migraine sufferers, which is a crucial finding, as
reducing acute medication use not only alleviates symptoms but also mitigates the risk of
developing MOH, which can exacerbate the condition [5]. Furthermore, the 50% responder
rate analysis, which defined responders as patients achieving a >50% reduction in MMDs,
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showed significant improvements across all atogepant doses. The 10 mg dose demonstrated
a relative risk of 1.66 (p = 0.007) compared to placebo, while the 30 mg dose showed a
relative risk of 1.63 (p = 0.02) compared to placebo. The highest efficacy was observed
with the 60 mg dose, which demonstrated a relative risk of 1.94 (p = 0.003) compared to
placebo, indicating that higher doses yield greater benefits in terms of reduction in monthly
migraine days.

According to Lipton et al. (2024), the dose-response relationship of atogepant shows
that most participants who initially reported improvements continued to experience lasting
benefits throughout the treatment period, particularly at higher doses. The 60 mg dose,
in particular, led to better initial response rates and continued effectiveness in decreasing
monthly migraine days. The data indicate that the highest dose resulted in the most
participants achieving and sustaining responses at all levels of MMD reductions (50%, 75%,
and 100%). These results endorse atogepant as a feasible choice for preventing episodic
migraine, emphasizing the benefits of higher doses for the best treatment results [29].

When it comes to the safety profile, our review confirmed that atogepant has a fa-
vorable profile with no significant increase in adverse events compared to placebo. The
most commonly reported side effects were mild, including nausea, constipation, and upper
respiratory tract infections. Importantly, there was no significant dose-response relation-
ship for adverse events, meaning that increasing the dose did not lead to a proportionate
increase in adverse reactions. The absence of serious adverse events across all doses further
supports atogepant’s safety, making it a safer alternative to other preventive migraine
therapies, such as triptans, which are often associated with cardiovascular risks [30]. This
safety profile, combined with its efficacy, positions atogepant as a well-balanced option for
the long-term prevention of episodic migraine.

Even though atogepant has a favorable safety profile, with no significant increase
in adverse events compared to placebo, there are some reported adverse events. These
findings reinforce and expand upon previous studies, establishing atogepant as an effective
prophylactic treatment for episodic migraine [12,16,31,32].

The ADVANCE trial offered compelling evidence of rapid onset, with individuals
having significant reductions in MMDs as early as the first week, an observation that
corresponds with our findings of consistent improvements across all atogepant dosages [26].
Tassorelli et al. (2024) found that implementation of once-daily 60 mg atogepant was safe
and well tolerated, and led to a significant and clinically relevant reduction in mean
monthly migraine days over the course of 12 weeks when compared to placebo in patients
with episodic migraine. Prior to now, two to four classes of traditional oral preventive
medications had failed to achieve remission in these patients [28].

Based on estimates from the 2016 Global Burden of Disease Study, migraines rank as
the second leading cause of disability-adjusted life-years (DALYs) worldwide, underscoring
their substantial impact on global health [33]. Although several treatment regimens have
shown efficacy in migraine prevention, there is a significant proportion of migraine patients
reported to be frequent visitors of physicians’ clinical practice, highlighting the urgent need
to implement an efficacious and well-tolerated drug for migraine prophylaxis [5].

Atogepant, a small-molecule calcitonin gene-related peptide (CGRP) receptor antago-
nist, is one of the newer preventive treatments developed to manage episodic migraine.
CGRP is a neuropeptide that plays a significant role in the pathophysiology of migraine,
contributing to inflammation and vasodilation that can lead to headache onset [14]. By
blocking the CGRP receptor, atogepant helps to prevent the onset of episodic migraine
attacks. Its oral formulation allows for ease of use, particularly for patients who need daily
preventive therapy. Unlike other classes of migraine treatment, such as triptans, which
have vasoconstrictive properties and are associated with cardiovascular risks, atogepant
does not carry such risks [5]. Furthermore, when it comes to efficacy, atogepant is found
to be more effective in reducing episodic migraine attacks when compared to the other
most common and non-specific migraine prophylactic drugs, such as beta-blockers and
amitriptyline, making it a suitable option for a broader range of patients [34].
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Studies have assessed the safety of CGRP small-molecule antagonists, called gepants,
and found that they are well tolerated overall. For example, ubrogepant, one of the initial
gepants authorized by the FDA, has been linked to typical side effects like nausea and
drowsiness, but severe side effects are uncommon. Clinical trials show that ubrogepant
has similar rates of adverse events to placebo, demonstrating its safety for treating acute
migraines. Rimegepant, another type of gepant, demonstrates a comparable safety record,
with the majority of negative effects being mild to moderate, such as headaches and
dizziness. Both ubrogepant and rimegepant do not have significant cardiovascular risks,
which makes them appropriate choices for patients with a cardiovascular history. In general,
gepants offer a hopeful safety record while efficiently treating migraine episodes [30].

The American Headache Society (AHS) released a consensus statement advocating the
use of CGRP-targeting medicines as a primary option for migraine prevention in addition
to prior first-line therapies without requiring a prior attempt and failure of other migraine-
preventive medications. The statement emphasizes the long-term tolerability and efficacy
of these medications, including atogepant [35]. This conclusion was further supported
by the recent 2024 National Institute for Health and Care Excellence (NICE) guidelines,
which recommend atogepant as migraine preventive medication in adults who experience
a minimum of four migraine days per month, but only after failing a minimum of three
preventive medications [36].

Raja et al. (2024) underscore the significance of personalized treatment approaches
in the management of migraines. Although all administered doses demonstrated efficacy
in decreasing the number of migraine days, the analysis did not reveal a distinct dose—
response relationship. Notably, higher doses, especially the 60 mg once-daily regimen,
were associated with improvements in functional outcomes and a reduction in the need
for acute medications, indicating a more pronounced impact on quality of life. Conversely,
the efficacy of twice-daily dosing did not consistently surpass that of once-daily regimens.
This suggests that lower doses may be sufficient for certain patients, while those with more
severe symptoms might benefit from higher doses [37].

Previous studies, including that conducted by Tao et al. (2022) [12] and Lattanzi et al.
(2022) [16] revealed that atogepant is an effective and well-tolerated episodic-migraine-
preventive treatment. Furthermore, a notable heterogeneity in the ability to reduce MHDs
or MMDs in the 60 mg dose group was observed, which could reflect variability in patient
populations, such as demographic differences, supporting the conclusion that a person-
alized treatment approach may be necessary to tailor the dosage of atogepant based on
individual patient factors, such as baseline migraine severity and co-morbidities. However,
the findings were largely in alignment with ours; we included a greater number of RCTs
and a larger sample size, which strengthened the validity of applying the results to the
individual clinical practice.

In their meta-analysis, Hou et al., 2024 [31] discovered that patients who received
a daily dose of atogepant 10 mg, 30 mg, or 60 mg experienced a considerably higher
decrease in the mean number of migraine days from baseline than those given a placebo.
Accordingly, the evaluation determined that atogepant is an effective and generally well-
tolerated therapy for adult episodic migraine prophylaxis.

A recent meta-analysis conducted by Lopes et al., 2024 [32], further supported the
effectiveness and tolerability of atogepant for migraine prevention, including episodic or
chronic migraine, when compared to placebo. They noticed that in terms of the monthly
reduction of migraine or headache days, the overall impact estimate of atogepant was
much greater than that of placebo.

Although our findings back up these recent meta-analyses’ findings [31,32], our meta-
analysis offers a more focused assessment by exclusively including episodic migraine
patients. This specificity enhances the accuracy of the findings for this patient population.
The inclusion of both episodic and chronic migraine populations may have diluted the
efficacy results for episodic migraine. By focusing solely on episodic migraine, we provide
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more reliable and precise insights into the efficacy of atogepant for this group, considering
the different pathophysiological features of chronic when compared to episodic migraines.

Strengths and Limitations

Compared to the current literature, our study provides a comprehensive and focused
assessment by including only studies that specifically evaluate the safety and efficacy of
atogepant in episodic migraine patients. However, several limitations should be noted:
Firstly, the meta-analysis incorporated a relatively small number of randomized controlled
trials (RCTs) with a short follow-up period of 12 weeks. These factors may constrain the
applicability of the results to wider contexts. This brief period may not be sufficient for
assessing atogepant’s long-term safety and efficacy, especially for chronic conditions such
as migraine that require ongoing treatment. One important limitation is the absence of
extended safety evaluations, making it harder to predict potential late-onset side effects
and the lasting effectiveness of medical results.

Furthermore, the results may not be as broadly applicable, as they may be due to
different demographic considerations, since all the research efforts were carried out in
Western nations. Finally, the lack of sufficient reported outcomes made it difficult to
perform a meta-analysis of adverse events (AEs).

5. Conclusions

In patients with episodic migraine, atogepant has shown notable effectiveness in
lowering MMDs, MHDs, and acute drug use while raising the 50% responder rate. The
need for individualized treatment plans is highlighted by the observed variability in the
higher-dose groups. To verify atogepant’s long-term effectiveness and safety, especially
in larger patient groups, and to evaluate its possible function in conjunction with other
treatments for the best migraine care, more extensive clinical trials are required. Future
research should consider geographical and demographic differences across populations to
help shape a new era of personalized treatment approaches.
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Abstract: Migraine is a common neurological disorder, affecting approximately 15% of
the European population and is among the main causes of years lived with disability. In
the context of increasing digitalisation, telecoaching (TC) is a new training modality that
involves the use of digital tools to access and manage training services remotely. Given
the well-documented benefits of physical activity in migraine management and the rapid
expansion of digital health services following the COVID-19 pandemic, this scoping review
aims to evaluate the use and feasibility of TC-based training programs in individuals with
migraine. A systematic search was conducted on multiple databases (PubMed, Web of
Science, and Scopus) identifying 1507 studies, of which only 3 met the inclusion criteria.
These studies collectively involved 181 participants with migraine and assessed various
training programs, including aerobic training, resistance training, and physical therapy.
Most training programs showed statistically significant improvements in several variables,
including severity, duration, and frequency of migraine attacks. However, based on our
study, there is limited evidence to suggest that TC training is beneficial for migraine
patients. These findings underscore the need for further investigation, with more rigorous
methodologies, higher-quality trials, and larger sample sizes to better establish the efficacy
of TC training as a preventive and therapeutic approach for migraine.

Keywords: telecoaching; migraine; adapted physical activity; exercise; digital tools;
COVID-19; lifestyle changes

1. Introduction
1.1. Incidence and Impact of Migraine

Migraine is a highly common neurological disorder that affects approximately 15% of
the European population [1], resulting in the second most severe disorder in terms of years
lived with disability [2], and is the main cause of disability in the 1549 age group [2]. Itisa
cyclic disorder characterised by recurrent attacks of moderate-to-severe headaches that may
be pulsating in quality and unilateral, accompanied by nausea and intolerance to light or
noise [3]. Moreover, one of the characteristics is that the pain usually worsens with physical
exercise [3]. Some patients also experience transient focal neurological symptoms (usually
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lasting up to one hour each) before or during an attack, called aura, which configure the
migraine with aura subtype [3].

Migraine creates a debilitating condition that causes work absenteeism or presenteeism
(i.e., working with limited efficiency) and reduced participation in social activities [4]. Some
consequences are high economic losses [5] and an increased risk of side effects due to
overuse or misuse of medications [6].

1.2. Pathogenesis and Management of Migraine

In recent decades, much progress has been made in understanding the physiopathol-
ogy, genetics, and neurophysiology of migraine. There is strong evidence that migraine
may depend on alterations in cortical excitability (i.e., increased), which may lead to mal-
adaptive patterns of brain plasticity, especially when the frequency of headache attacks
increases (i.e., transformation from episodic to chronic migraine) [7-9].

The progress allowed the creation of new opportunities for the diagnosis and manage-
ment of this disorder, even in rare familial forms [10,11]. There are two different approaches,
which include the use of acute medication to stop a migraine attack, or preventive medica-
tion to reduce the frequency, duration, and severity of the pain episodes. The guidelines
recommend the use of preventatives in case of debilitating headaches occurring for 2 or
more days per month [12]. However, traditional oral prophylaxes may not be well tolerated
or accepted by patients due to the possible side effects [13,14].

1.3. Non-Pharmacological Treatment of Migraine

For the above-mentioned reasons, non-pharmacological treatments, such as self-
management strategies, manual therapy, physical activity, or physical exercise progressively
gained interest as valid alternatives to conventional therapies [15-17]. Sport has a contro-
versial role in migraine [18,19]. Although sport has been associated with a worsening of
migraine attacks [20,21], there is evidence that regular physical activity or physical exercise
could play a primary role in preventing them [22,23]. This phenomenon could be related
to the intensity of exercise. High-intensity exercise (mainly present in sport) is a migraine
trigger [20,21], while regular and moderate-intensity exercise (mainly present in physical
activity) plays a role in attacks prevention [19,23]. Busch and colleagues [23], in their review,
showed that regular, planned, and structured physical activity was associated with several
benefits in this target population. The beneficial effects of exercise on migraine may be
related to better pain modulation. Indeed, several studies demonstrate the analgesic effect
of aerobic exercise [24,25]. Despite these findings, it has been shown that patients with
migraine are more sedentary than healthy subjects [26]; a sedentary lifestyle that has further
increased due to the recent COVID-19 pandemic, in several neurological disorders [27,28].
On the other side, the recent COVID-19 pandemic raised the need and gave impulse for the
development of telemedicine.

1.4. Aerobic and Resistance Training: Evidence-Based Benefits

Recent literature demonstrated that exercise plays a significant role in the management
of migraine. Specifically, aerobic activity has been shown to be particularly effective in
reducing both the frequency and intensity of headache episodes, as well as enhancing the
overall well-being of patients [29,30]. Indeed, as shown by the current literature, aerobic
activity improves not only the specific parameters of migraine (frequency, intensity, and
duration), but also the cardiovascular function, the affective discomfort [30], and the quality
of life (QoL) of these patients [29]. A recent systematic review highlighted that moderate
aerobic training is the most effective approach for reducing migraine-related disability [31].
Furthermore, the findings suggest that combining pharmacological treatment with aerobic
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training is more effective than drug treatment alone in decreasing both the frequency and
intensity of migraine attacks [31].

Resistance training has been shown to positively contribute to migraine management
by enhancing overall muscle strength and physical resilience, as well as reducing the
frequency of headache attacks [32]. Muscle strengthening and reconditioning, particu-
larly focused on the neck, shoulder, and upper limb muscles, could be the mechanisms
responsible for the therapeutic effects of resistance training [32]. Furthermore, resistance
training facilitates the increase and preservation of lean muscle mass, which can help re-
duce sarcopenia [33]. Research indicates that an increase in lean muscle mass is associated
with a reduction in the frequency of migraine episodes [34]. These findings highlight
the importance of incorporating resistance training into a comprehensive approach to
migraine management.

1.5. Telecoaching: New Training Approach

A recent study showed the important association between migraine and some neu-
rodegenerative disorders. For example, patients with migraine are more likely to develop
Parkinson’s disease (PD) than subjects without migraine [35]. Kim and colleagues also
found a relevant association between migraine and Alzheimer’s disease [36]. The au-
thors demonstrated that individuals with a history of migraine had a higher prevalence of
Alzheimer’s disease. The association was even stronger in young and obese subjects with
migraine [36]. These findings suggest that migraine may be a risk factor for some neurode-
generative diseases, so proper migraine management (as well as an active lifestyle) might
help reduce this risk. For these reasons, there is a need to develop new intervention strate-
gies to contrast migraine and increase physical activity levels. This approach could also
induce changes in brain plasticity that could have a beneficial effect on headache frequency.

A new training modality could be represented by telecoaching (TC). Unlike traditional
training, where exercises are performed in specific facilities and coach-athlete commu-
nication occurs in person, TC utilises technological and digital tools, such as computers
and mobile devices, to deliver and manage training services remotely. This new approach
of distance communication offers greater flexibility and facilitates access to the training.
Technological tools allow the trainer to send training materials and monitor adherence to
the program, while allowing patients to train independently, overcoming obstacles such as
time, distances, and transport [37]. This new approach could serve as a primary strategy
to increase adherence and engagement of individuals, reducing sedentary lifestyles. The
effectiveness of TC in other populations and diseases has already been demonstrated,
including its efficacy in the elderly population [38,39], in respiratory diseases [40,41], in
patients with metabolic or cardiac diseases [42,43], as well as in patients with other neuro-
logical diseases such as Charcot-Marie-Tooth [44,45]. Therefore, TC could be one of the
main tools to be used to increase physical activity levels in migraine patients, reducing
their sedentary lifestyle and promoting improved QoL, autonomy, and self-esteem [46].
However, potential issues related to internet connection, as well as video and audio quality,
should be considered to ensure the effectiveness of this modality [47]. TC aligns well with
telemedicine and eHealth, which, despite its various approaches and challenges primarily
related to the complexities of app development [48], has been extensively utilised and
studied [47], as well as with the use of wearable devices for the benefit of human health [49].
While some patients express a preference for a hybrid care model [48], telemedicine consul-
tations demonstrated a quality of care comparable to that of traditional headache outpatient
consultations, offering a more cost-effective solution for patients [47], with also a positive
endorsement from neurologists [50]. However, the use of telemedicine is significantly influ-
enced by geographic location [51]. Countries such as the United States, China, and Norway,
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which benefit from advanced technology, make extensive use of telemedicine [52,53]. In
contrast, countries such as Lithuania have not adopted this tool to the same extent. A recent
study indicated that only 17% of migraine patients in Lithuania received remote consulta-
tions, compared to 57.5% of patients in the United States [51,52]. Positive experiences with
telemedicine may encourage wider adoption of this approach.

1.6. Aim of the Study

Considering these premises, this scoping review aims to identify the available evidence
on the use and feasibility of TC training programs in migraine patients.

2. Materials and Methods

This scoping review was developed according to the PRISMA guidelines for systematic
reviews and meta-analysis [54]. The protocol was not recorded in a specific database but
was developed before the study.

2.1. Eligibility Criteria

Inclusion criteria were: (a) original research with full text written in English; (b) all
study designs different than reviews, meta-analyses, letters to editors, and theses; (c) studies
with training programs performed in TC for migraine patients; (d) studies published over
the last decade, concluding in September 2024. No gender difference between males and
females was used as an exclusion criterion. The population, intervention, comparison,
outcome, and study design (PICOS) framework was used as shown in Table 1.

Table 1. The PICOS framework.

PICOS Components Details
Population Individuals with migraine.
Telecoaching training program (aerobic training,
Intervention resistance training, stretching, and
physical therapy).

The post-exercise migraine endpoints were
Comparison compared to pre-exercise migraine endpoints
within each study.

Migraine endpoints
Outcome (migraine days, attack frequency,
pain intensity, and duration of migraine attacks).

Study design Original articles.

2.2. Data Collection

Major databases, including PubMed (NLM), Web of Science (TS), and Scopus, were
used to find useful articles for this study. Keywords included: exercise, physical activity,
telecoaching, migraine, and headache. The different terms have been divided into 3 groups.
In Group A, the terms “migraine” and “headache” were entered; in Group B, the terms
“exercise” and “physical activity”; and in Group C, the term “telecoaching” was entered.
The Boolean operators ‘AND’ and ‘OR” were used to analyse the three categories. Match-
ing examples were “migraine” AND “physical activity” AND “telecoaching”. All items
found were transferred to Endnote software for the analyses (Version X20 for Windows 11,
Thomson Reuters, New York, NY, USA).
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2.2.1. Study Selection

Database analysis, identification, and elimination of duplicates were carried out by
a single researcher. Subsequently, two authors independently analysed the studies (I.L.;
V.D.S)). In detail, in the initial phase, the title and abstract of each study was examined; in
the final phase, the researchers double-checked the entire text to confirm that the selected
studies met the inclusion and exclusion criteria. In case of disagreements between the two
raters on the inclusion or exclusion of a study, a third researcher was consulted (G.B). A
Microsoft Excel spreadsheet (Microsoft Corp, Redmond, WA, USA) was used to report the
study information including year of publication, age of sample, gender, aim of the study,
results, and TC training protocol. The PRISMA flow diagram (Figure 1) illustrates the
process by which the articles were selected.

[ Identification of studies via databases and registers 1

—
c
2
"é Records identified from:
= PubMed, Web of Science,
T Scopus
]
o
—
A4
Records screened > Records excluded
(n=2011) (n = 504) Duplicates
A4
Titles Screened > Records excluded
o (n =1507) (n=1377)
=
E
o
g v
(7]
Abstract Screened | Records excluded
(n =130) v (n=82)
\ 4
Full-Text Screened > Records excluded
(n=48) (n=45)
—

Studies included in review
(n=3)

Figure 1. The flow diagram representing the selection process of records.

2.2.2. Quality and Risk of Bias Assessment

Two authors (I.L.; V.D.S.) evaluated the quality and BIAS of all the studies included,
using a modified version of the “Downs and Black Checklist” [55]. In the modified version
of the Downs and Black checklist, the score of item 27 (concerning the power of the study)
was changed from 0-5 to 0-1, so that a study would receive a score of 0 in case the statistical
power was below 80%, and a score of 1 if the statistical power was above 80% [56]. Taking
this into account, the final checklist score changed from 32 to 28. The quality of the
studies was divided into four levels: excellent (26-28), good (20-25), fair (15-19), and poor
(<14) [57,58]. Another researcher (G.B.) compared the authors’ results for each study and
discrepancies were resolved through a consensus meeting.
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3. Results
3.1. Study Identification

A total of 2011 studies were identified through electronic databases. In total,
504 studies were eliminated because they were duplicates; 1507 titles and 130 abstracts
were analysed. The full text of 48 studies was analysed; of these, only 3 studies agreed with
the inclusion and exclusion criteria. Specifically, the three included studies analysed the
efficacy of a TC aerobic training program [59], a TC resistance training program [60], and a
TC physical therapy [61]. A total of 181 participants with migraine were included in this
review. All included studies presented data on both males and females, but female sex was
prevalent (n = 139, 76.7%). More detailed information about the study selection process
and the characteristics of the included studies can be found in Figure 1 and Table 2.

Table 2. The aim of the studies and relative characteristics of the samples.

First Participants Downs and
Author, [F%], Aim Telecoaching Strategies Black Score
Year Age = SD
To compare the preventive - Weekly telephone calls to assess the
Santiago, [829/ 1 treatment benefits of amitriptyline progress of ’Fraimng.. . . 18
2014 [59] o], and aerobic training in patients - One supervised training session.
31+9 with migraine. - Explanatory leaflet about the
warm-up exercises.
To examine the effectiveness of - Weekly telephone calls to assess the
Madsen, [ 629/ ] resistance training and postural progress of tr?lining. . . 19
2018 [60] o], exercise on tension-type headache - Some superv1§ed training sessions.
32 &+ Na frequency and duration. - An exercise diary to monitor
adherence and migraine intensity.
To evaluate and compare the - Weekly telephone calls to assess the
Mebhta, 721 Y effectiveness of physical and yoga progress of trfumng. . . 19
2021 [61] 39[ i §]24 therapies in patients with - Some supervised training sessions.

- An exercise diary to monitor

migraine.
adherence.

F: female; SD: standard deviation; and Na: not available.

3.2. Methodological Quality

For each study, the methodological quality was analysed through the modified version
of the Downs and Black Checklist. All studies included were rated as “fair quality” [59-61].
These results must consider that some items on the checklist are difficult to use in sport
and exercise field. For example, the use of a double-blind study design is difficult due to
the presence of a program with physical activity.

3.3. Aerobic Training

Among the identified studies that used aerobic training, there is the article by Santiago
and colleagues [59]. Researchers evaluated the benefits induced by the association between
exercise and medication compared to medication alone in patients with migraine. The
inclusion criteria for this study were a diagnosis of chronic migraine, normal cardiac and
neurological examination, and being sedentary for at least 3 months. Based on these
criteria, 60 patients were included and divided into two groups: a control group receiving
pharmacological treatment only, and an experimental group combining pharmacological
treatment with a TC training program. The control group was treated with amitriptyline
(25 mg/day) for 12 weeks. The experimental group followed the same pharmacological
treatment but integrated with an aerobic training program. The aerobic training program,
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performed via TC, consisted of free outdoor walking of 40 min with a weekly frequency of
3 times for 12 consecutive weeks. TC strategies included weekly phone calls to monitor
progress and motivate participants, the flexibility for participants to choose when and
where to perform the exercises, a spreadsheet with a detailed training plan to ensure the
correct execution of the exercises, and a supervised training session with a movement
expert. The following parameters were evaluated: frequency (days/month), intensity,
and duration/day of migraine attacks (6 h, 12 h, 18 h, and 24 h), body mass index, Back
Depression Inventory, and Beck Anxiety Inventory at baseline and the end of the third
month. Both groups showed a decrease in the frequency, intensity, and duration of migraine
episodes. However, the efficacy of amitriptyline increased when combined with the TC
training program.

3.4. Resistance Training

Of the identified studies, Madsen and colleagues [60] used a TC approach to examine
the effectiveness of a resistance training program and a postural training program on the
frequency and duration of migraine. A total of 60 subjects were randomised into two groups:
the control group and the experimental group. The control group was instructed on
ergonomic and postural correction and performed postural exercises three times a day for
10 weeks. The experimental group performed a resistance training program, with three
sessions per week for 10 weeks. The resistance training program involved the execution of
specific shoulder exercises with progressive intensity: initially 70%, and later 80% of 1RM.
All exercises were performed with elastic bands. TC approach was applied in both groups
and the strategies included a free choice of when and where to perform the exercises,
weekly calls to monitor exercise adherence and manage progress and motivate subjects
to protocol adherence, and some supervised sessions to manage the correct execution of
exercises. In addition, participants were given a migraine diary to record the frequency,
duration, and intensity of headache episodes. Although no statistically significant changes
were detected between groups, the experimental group reduced the frequency of headache
episodes by 11% and the duration by 10%, while the control group showed a 24% reduction
in frequency and 27% in duration 27% of headache attacks.

3.5. Physical Therapy

Mehta and colleagues [61] used a randomised controlled trial to evaluate and compare
the effectiveness of physical therapy (stretching) and yoga therapies, applied with a TC
approach, for the adjuvant therapy of standard pharmacologic treatment in patients with
migraine. Subjects diagnosed with migraine, over 18 years old, and with at least five
headache attacks per month were included in the study. A total of 61 patients were
distributed in three groups: physical therapy, yoga therapy, and standard therapy. The
physical therapy group practiced relaxation exercises, stretching of the neck muscles, and
cardiorespiratory endurance training (30 min of free walking). The yoga therapy group
performed several specific exercises, including the position of the butterfly (Bhadrasana),
the position of the cobra (Bhunjagasana), and the touch of the feet standing (Padhastasana).
The standard treatment group continued the usual medication treatment without any
additional physical therapy. Participants performed the specific program for 12 weeks. All
subjects received lifestyle advice including obtaining adequate rest, not skipping meals,
avoiding bright lights, and using a headache diary to identify headache triggers. TC
strategies, both physical therapy and yoga groups, included free choice of when and where
to perform the exercises, constant weekly calls to monitor the progress, encouragement for
participants, and motivation for them to perform the recommended intervention regularly.
All groups showed statistically significant improvements in the frequency and severity of
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headaches. Additionally, pain assessments revealed improvements in all groups compared

to baseline.

Table 3 summarises the different types of treatment and the training programs applied

to the TC approach.

Table 3. Types of program in telecoaching.

Author, Exercise Intervention Pr(?gram Training Program Main Results
g l'rog
Years (n) (time)
The drug was an
. TCG (30) 12 weeks of TCG: 40’ free outdoor walk. effecjave t rea.tment fqr
Santiago, o . . chronic migraine, but its
AT vs. training, CG: usual daily activities + drug . .
2014 [59] CG (30) 3 times /W treatmentt efficacy was increased
’ when combined with
AT.
TCG;: shoulder exercises with Both eroups showed a
Madsen TCGq (30) 10 weeks of resistance from the elastic bands. rezgiucti% in the
2018 60]’ RT VS. training, TCGj,: ergonomic and posture frequency and duration
TCG; (30) 3 times/W correction + specific exercise for quency .
lumbar lordosis. of migraine episodes.
TCG;: progressive muscle relaxation
exercise, self-stretching of neck
muscles, isometric exercise of neck Physical therapy and
Mehta TCGq (20) vs. 12 weeks of muscles, and cardiorespiratory yoga, added to regular
2001 61’] PT TCG; (20) vs. training, endurance training care, improved QoL and
CG (21) 4 times/W (30" of free walking). reduced the frequency of

TCG,: Pranayama, and asana

migraine.

followed by Savasana.
CG: usual daily activities.

TCG: telecoaching group; CG: control group; W: week; QoL: quality of life; AT: aerobic training; RT: resistance
training; and PT: physical therapy.

4. Discussion

The primary aim of this scoping review was to investigate the use and feasibility of
TC training programs in patients with migraine. The main outcomes assessed included
the intensity, frequency, and duration of headache episodes, as well as pain perception
and any potential adverse events. The present study showed very interesting results. First,
this scoping review comprised more than 60% of women, a distribution that aligns with
numerous epidemiological studies reporting a female to male ratio of 3:1 [62]. Second, the
review demonstrated that in the analysed studies, an exercise conducted in TC significantly
reduced the burden of headache attacks, leading to decreases in their intensity, frequency,
and duration.

4.1. The Benefits of Physical Exercise in Migraine Management

The relationship between exercise and migraine is very complex [63]. Many studies
show how physical exercise may represent a trigger for migraine attacks [18,64]. Never-
theless, for many authors, these negative aspects would depend on the excessive intensity
of exercise [20] or performing an inadequate warm-up [65]. We can hypothesise that it
may depend on the rise of serum calcitonin gene-related peptide (CGRP) levels occurring
during exercise for its cardiovascular role in vasodilation [66,67] in a susceptible subject.
In contrast, many studies highlight the positive effects of exercise in this population. In-
deed, exercise would seem to significantly reduce the impact of migraine, improving the
lifestyle and QoL [68,69]. Moreover, the absence of exercise, which increased during the
COVID-19 pandemic and related social restrictions, has been shown to affect sleep quality
in migraineurs [70]. The benefits of physical exercise would seem to depend on an increase
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in the plasma level of 3-endorphins [71]; in fact, the 3-endorphin level appears to be lower
in migraineurs than in healthy subjects [72]. There is evidence that exercise increases the
concentration of 3-endorphins in healthy individuals [73,74]. Kdseoglu and colleagues [75]
showed a similar effect on migraine patients both after a single training session and after a
prolonged training program. Further studies in the literature highlight additional benefits
of exercise in this population, including increased cardiovascular and cerebrovascular
capacity, as well as improvements in psychological states such as depression, stress, and
anxiety [63,76]. Moreover, exercise has been shown to improve pain perception [77]. After
exercise, patients show a reduction in pain-related fear and its perception [77]. In addition,
migraine is a risk factor for excessive drug intake [78]. Overuse of medications in migraine
patients causes increased disability, depression, anxiety, and fear, as well as increased pain
and headache frequency (i.e., medication overuse headache) [79]. Consequently, exercise
can be proposed as a useful tool to counteract the high use of drugs. Despite these posi-
tive aspects, as shown by Lemmens and colleagues [80], the drop-out rate to exercise is
very high in migraineurs, due to the lack of time to perform supervised exercise training
sessions/week [80].

4.2. Telecoaching: A Digital Approach to Migraine Management

Considering the spread and convenience of telemedicine, the new technological so-
lutions in managing migraine [81], along with the need for structural changes in health-
care [82], TC could represent a valuable approach for this population. By providing
personalised guidance and remote support, TC aligns with modern healthcare trends and
has the potential to enhance adherence to physical activity programs. This approach could
be particularly beneficial for migraine patients, offering accessible and flexible training
options that remove common barriers to exercise. However, it is important to acknowledge
the psychological variables and the strong association between anxiety, mood disorders,
depression, and migraine [83]. Participants’ attitudes toward TC may have played a cru-
cial role in their performance in the included studies [82]. Positive attitudes toward this
training modality can improve participant engagement, adherence, and overall satisfaction,
while negative perceptions may reduce participation and limit the effectiveness of the
intervention. This highlights the need to design user-friendly tools and methods that
support acceptance of the condition and provide adaptive content and functionality [82].
However, attitudes toward telemedicine and eHealth are rarely reported or analysed as
factors influencing participant performance in existing studies [84]. Future research should
address this gap by incorporating these attitudes as a variable of interest, both in study
design and analysis. To reduce stress, a major trigger of migraine attacks, Varkey and
colleagues proposed the implementation of home training programs [85], incorporating TC
training modality to enhance physical activity levels. Consistent with Varkey’s study [85],
the articles included in this review have shown several benefits. Indeed, in every study
included in this review, the dropout rate in the TC group did not exceed 30%, with one
study that showed a 0% dropout rate for the TC training program [61]. This demonstrates
how TC is a sustainable and accepted training methodology in this population. This finding
is significant for patients who intend to perform a training protocol and for physicians who
intend to advise active participation in a physical activity program for migraine patients.
The sustainability of TC and the relative benefits (i.e., training in the preferred place, dur-
ing the leisure time, breaking down barriers such as costs and structures [37]) make TC
one of the main solutions for physical activity intervention. The sustainability of TC in
migraine is in line with the scientific literature for other neurological diseases. Burns and
colleagues evaluated the effectiveness of a TC resistance training program for the weakness
of the dorsiflexion of the foot in children with Charcot-Marie-Tooth polyneuropathy. The
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intervention program attenuated the progression of weakness in dorsiflexion without
side effects and with a low abandonment rate (8%) [44]. Van der Kolk and colleagues
evaluated the efficacy of aerobic exercise performed in TC to relieve motor symptoms in
patients with mild-severity PD. The reduction in motor symptoms demonstrated in the
intervention group showed how TC can be a useful additional tool to manage this disease.
Ninety-four percent of the participants completed the study, demonstrating high tolerance
to the TC training modality. In agreement with Varkey and colleagues, our study suggests
the possible implementation of TC in patients with migraine; although, the few included
studies reported in this scoping review do not allow us to evaluate in detail the relationship
between TC and migraine in detail. Future studies should analyse and evaluate the efficacy
of a fully executed TC training program, using uniform outcome measures for migraine as
recommended by the International Headache Society [86], with a randomised controlled
trial design based on the guidelines of the American College of Sports Medicine (3-5 days
per week, 20-60 min, with an intensity equal to 55/65-90% of maximum heart rate).

4.3. Strength and Limitations

The following limitations were identified in this study: firstly, the few studies included
and the heterogeneity of the physical activity programs used could alter the generalisation
of results, not allowing the correct relationship between migraine and TC to be assessed.
Secondly, the quality of the studies was not excellent, a condition that could depend on the
researchers” lack of double-blinding (a condition that is difficult to apply with an exercise
program to be performed). Additionally, the lack of homogeneity in the evaluation methods
did not allow us to conduct a meta-analysis. Finally, the absence of a direct comparison
between groups treated with and without TC represents a significant limitation of this
review, as it does not allow us to assess in detail the true effects of TC. Thus, the observed
benefits may not be exclusively attributed to TC.

Future studies should aim to design randomised controlled trials to clarify these
effects and to evaluate the participant’s attitudes towards the TC, especially considering
the absence of psychological component evaluations in the included studies. Despite these
limitations, this review has several strengths. It highlights that TC is potentially safe,
effective, and risk-free for migraine patients. An additional strength is the dropout rate: no
included study showed a dropout exceeding 30% and one study noted a 0% dropout rate.
Finally, to our knowledge, this is the first review in the literature to examine the application
of TC in migraine patients, as well as the first attempt to evaluate novel treatments for
the management of this disease and the exacerbation of symptoms observed during the
COVID-19 pandemic [87].

5. Conclusions

The results of this review, based on GRADE guidelines, show low evidence that
exercise performed in TC is beneficial in patients with migraine. Further studies are needed
to show the efficacy, benefits, and safety of this training modality, as well as to establish
guidelines for administering a TC training program in this population. Future research
should focus on high-quality randomised controlled trials to clarify and isolate the effects
of TC on migraine outcomes. These studies should aim to standardise physical activity
programs and standardised outcome measures to enable more comparisons. Additionally, it
is essential to assess participants’ attitudes toward TC in future studies, as this factor could
significantly influence their performance and engagement. Addressing these gaps will help
to clarify the role of TC as a treatment modality for migraine and establish evidence-based
guidelines for its use.
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