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Purpose: Migraine involves a wide range of symptoms, with pain being one of the most prominent and disabling. While the ICHD-3
provides a well-established classification framework, exploring pain dynamics such as onset, duration, and intensity may offer
additional insights to support the development of more personalized treatment strategies.

Patients and Methods: A previous study categorized episodic migraine patients based on pain curve dynamics (onset, duration, and
intensity). This study analyzes socio-demographic and clinical characteristics across the previously identified subgroups. Patients met
ICHD-3 criteria and used a smartphone app for real-time data collection on migraine parameters, including onset, pain duration and
intensity, symptoms, triggers, and treatment responses. The aim was to identify differences across subgroups in these variables.
Results: The study included 51 participants, mostly women, with a mean age of 39.1 years. Four distinct migraine patterns emerged
based on pain dynamics: Type 1 (High intensity), Type 2 (Acute onset and intense), Type 3 (Prolonged and intense), and Type 4 (Low
intensity). Significant associations were found between curve types and demographic factors such as sex, aura presence, and
cardiovascular risk. Although food-related triggers were common across groups, their distribution did not significantly differ.
However, prolonged migraines posed unique challenges regarding treatment timing and effectiveness.

Conclusion: Pain curve-based classification reveals clinically relevant migraine subtypes. Significant differences were observed
across curve types in sex distribution, aura prevalence, associated symptoms such as nausea and phonophobia, and treatment response

profiles. This approach, supported by real-time data, may advance personalized migraine management.

Plain Language Summary: Migraine is a disabling condition that affects millions of people worldwide, causing intense headaches
and other symptoms such as nausea or sensitivity to light. Each person experiences migraines differently, and not all migraine attacks
are the same. Understanding these differences is key to providing better, more personalized care.

In this study, patients used a smartphone application to record their migraine attacks in real time. The app captured how quickly pain
started, how long it lasted, how intense it was, and what treatments were used.

From these recordings, we identified four main patterns of migraine pain:

Type 1 (High intensity), Type 2 (Acute onset and intense), Type 3 (Prolonged and intense), and Type 4 (Low intensity). Each type
showed different clinical features. For example, prolonged migraines were more often linked to additional symptoms like nausea and
tended to respond more slowly to treatment.

These findings suggest that classifying migraine attacks by the way pain develops could help doctors adapt treatment strategies to
each patient’s typical migraine pattern. This research shows how digital tools can bring us closer to truly personalized migraine care.
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Introduction

Migraine is a prevalent neurological condition affecting approximately 15% of the population worldwide, manifesting
with recurrent episodes of throbbing headaches often accompanied by nausea, vomiting, and increased sensitivity to light
and sound, significantly affecting quality of life."” Recent comprehensive reviews have further highlighted current
advances in migraine pathophysiology, diagnosis, and management.’

The International Classification of Headache Disorders, 3rd edition [[CHD-3], comprehensively categorizes migraine
into episodic and chronic forms, with further subtypes based on the presence of aura and other specific features.'*
Episodic migraine with up to 15 headache days per month and chronic migraine, which is defined by 15 or more
headache days per month of which at least 8 have migraine features.'> Additionally, complications of migraine include
vascular risk complications such as infarction, which have been described and might be associated with demographic
characteristics such as sex and obesity.®® This detailed classification system not only aids in precise diagnosis but also
informs targeted treatment approaches tailored to each migraine type’s unique set of symptoms and characteristics.
However, steps forward are being made towards a better understanding of the pain phase of migraine, which may also
have therapeutic implications.’'® Despite these classifications, there remains an unmet need to understand dynamic pain
patterns in patient stratification to enhance personalized treatment approaches.'' From a pathophysiological perspective,
migraine has been associated with central and peripheral sensitization, cortical hyperexcitability, and thalamo-cortical
dysrhythmia, mechanisms that contribute to pain amplification and the complexity of clinical manifestations. These
processes also explain the widespread burden of disease and disability associated with migraine, as demonstrated by
studies on pressure pain sensitivity in both episodic and chronic patients.'*'® Incorporating these mechanisms into
clinical research provides a stronger framework to interpret patient subgroups and to advance toward precision manage-
ment strategies.While significant progress has been made in identifying the clinical characteristics of migraine attacks,
the classification of patients based on both clinical features and pain curve dynamics has not been thoroughly explored."*
Such studies could potentially lead to a biometric classification of migraines. However, the classification of patients into
distinct groups based on these features remains an open question. The variability in clinical presentation suggests the
existence of patient subtypes that might correlate with pain curve characteristics.'

Recent technological advancements have provided tools to capture the dynamic nature of migraine pain through
smartphone applications. These applications allow for real-time tracking of pain intensity and associated symptoms,
representing a significant advancement toward personalized migraine management.'®™'® They meticulously record the
intensity and duration of pain, as well as accompanying symptoms such as nausea, vomiting, and sensitivity to light and
sound. These developments pave the way for a better understanding of migraine subtypes based on pain curve
characteristics. This study aims to build on these technological advancements to address the gap in migraine classification
by considering pain curve dynamics alongside clinical features. Our objective is to categorize episodic migraine patients
into distinct subtypes, reflecting the observed heterogeneity in clinical presentations. The real-time data from these
analyses may reveal patient subgroups with unique pain trajectories and treatment responses, facilitating a more nuanced
understanding of migraine and paving the way for tailored therapeutic strategies.

Materials and Methods

In this prospective study, we aim to analyze the relationship between the socio-demographic and clinical characteristics
of the episodic migraine patients and the pain curve classification developed in a previous study.'®

Patient Enrollment and Data Collection

Patients were selected by a neurologist specialized in Headache based on a confirmed diagnosis of episodic migraine as
per the International Classification of Headache Disorders, 3rd edition [ICHD-3] criteria’ and no changes were made to
their symptomatic or preventive medication regimen during their participation in the study. A complete clinical
evaluation was conducted for each patient to ensure compliance with the ICHD-3 criteria. Also, trigger factors were
recorded prospectively in real time through the smartphone application, directly marked by the patients in each attack.
All triggers, including “food”, were reported globally based on patients’ subjective perception in real time, without
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further subcategorization. Patients were consecutively recruited at the Headache Unit of Hospital Universitario de La
Princesa over a two-year period. Each participant was followed prospectively for approximately 4-6 weeks, during which
all migraine attacks were recorded in real time through the smartphone application.

For the present analysis, pain intensity was the primary feature considered. Data on onset, duration, and pain intensity
were collected prospectively and in real time through a dedicated smartphone application, with patients entering the
information at the moment of each migraine attack.

Upon recruitment, participants were involved in a prospective study that utilized a specially designed smartphone
application. This application was instrumental in gathering real-time data, allowing patients to log various aspects of their
migraine episodes, such as onset time, duration, intensity, and treatment as they occurred.'® A prior study captured a wide
array of data points that are crucial for analyzing the pain curves, including the onset, peak, and cessation of pain.'® The
recorded data was analyzed using K-means clustering to identify four distinct groups of migraine pain curves. To account
for the sensitivity of the K-means algorithm to centroid initialization, we employed a robust procedure to ensure the stability
of our results. The clustering was performed using the K-means++ algorithm for centroid initialization, which strategically
selects initial cluster centers to improve the quality and consistency of the clustering. Furthermore, the algorithm was run 10
times with different random centroid seeds. The final cluster solution reported is the one with the lowest within-cluster sum
of squares (WCSS), ensuring that our results represent a stable and optimal partitioning of the data.

A logistic model tree classification was trained afterwards to develop a classification model.'°

Statistical Analysis

Statistical analyses were performed to compare baseline characteristics, migraine features, triggers, and treatment responses
across the four identified pain curve groups. For continuous variables, which are presented as mean (standard deviation), group
comparisons were conducted using a one-way Analysis of Variance (ANOVA). For categorical variables, presented as counts
(percentages), comparisons were made using the Chi-square (x°) test. A p-value of < 0.05 was considered statistically
significant.

Assumptions of normality and homogeneity of variances for ANOVA were assessed using the Shapiro—Wilk and
Levene’s tests, respectively. For Chi-squared tests, expected cell counts were verified to ensure validity. Given that
multiple attacks could derive from the same participant, we also performed sensitivity analyses with mixed-effects
ANOVAs, which confirmed the robustness of the main findings. All statistical analyses were performed using Python
(SciPy library, version 1.10.0).

Data were analyzed on a complete-case basis for each variable. Due to the low percentage of missing data, no
imputation methods were used. This approach ensures that the analyses are based only on observed data, avoiding the
introduction of artificial data and the assumptions that imputation methods require.

Ethics Approval and Consent to Participate

The study was approved by Hospital de la Princesa’s Ethics Committee (register number: PI-879). All patients signed
informed consent forms prior to inclusion in the study. Patient data were anonymized for data analysis. This study was
conducted in accordance with the principles of the Declaration of Helsinki.

Results
The study included 51 patients, predominantly women (90.2%). The demographic characteristics are included in Table 1.
The average age of participants was 39.1 years, with a diverse age range from 21 to 64 years. A considerable
proportion of the sample had an early onset of migraines, averaging at 14.6 years old, indicating the chronic nature of the
condition. A significant history of headaches was present in 72% of the sample. Notably, 21.6% of the participants
experienced migraines with aura. Regarding cardiovascular risk factors, 40% of the participants had at least one, with
hypertension being the most common (6%). Diabetes Mellitus and Dyslipidemia were less prevalent, found in 2% and
12% of the sample, respectively. Lifestyle factors such as smoking were reported in 16% of the sample. The study also
considered the participants’ body mass index (BMI), with an average BMI of 24.7, which is within the normal weight
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Table | Characteristics of the Sample

Variables

Total (N=51)

Age (years)

n/N (%) 50/51 (98%)
Mean (SD) 39.1 (10.9)
IQR (CV) 16.8 (0.3)
(Min-Max) 21-64)

Sex

n/N (%) 51/51 (100%)

Men n/N (%)

5 (9.8%)

Women n/N (%)

46 (90.2%)

Age of onset in years

n/N (%) 50/51 (98%)
Mean (SD) 14.6 (6.3)
IQR (CV) 9.8 (0.4)
(Min-Max) (3-26)

Previous history of headache

n/N (%)

36/50 (72%)

Migraine with aura

n/N (%)

11/51 (21.6%)

Cardiovascular risk factors (CVRF)

n/N (%)

20/50 (40%)

Hypertension

n/N (%)

3/50 (6%)

Diabetes Mellitus

n/N (%) 1/50 (2%)

Dyslipidemia

n/N (%) 6/50 (12%)

Smoking

n/N (%) 8/50 (16%)

BMI

N 50/51 (98%)

Mean (SD) 247 (4.9)

IQR (CV) 6.7 (0.2)

(Min-Max) (17.4-39.2)
(Continued)
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Table 1 (Continued).

Variables Total (N=51)
HIT-6

N (%) 50/51 (98%)
Mean (SD) 61 (9)

IQR (CV) 6.8 (0.1)
(Min-Max) (20-77)

Cognitive reserve evaluation

N (%) 50/51 (98%)
Mean (SD) 16.2 (3.4)
IQR (CV) 38(02)
(Min-Max) (5-22)
Study level

No 1/50 (2%)

Primary studies 12/50 (24%)

Secondary studies 37/50 (74%)

Preventive treatment

n/N (%) 36/50 (72%)

Notes: Data are expressed as n/N (%) or mean (SD) as appropriate.
Abbreviations: SD, standard deviation; IQR, interquartile
range; CV, coefficient of variation.

range, and cognitive reserve evaluation scores, which averaged at 16.2. Educational levels varied, with 74% having
undergone secondary studies. Finally, a significant portion of the sample (72%) was on preventive migraine treatment.

The cluster analysis was performed on a total of 344 migraine attacks recorded by these 51 patients. The analysis
identified four distinct and clinically relevant clusters based on their pain curve dynamics. The distribution of the attacks
was as follows: i) High Intensity (Type 1): 118 attacks (34.3%); ii) Acute Onset and intense (Type 2): 107 attacks
(31.1%); iii) Prolonged and intense (Type 3): 33 attacks (9.6%); iv) Low Intensity (Type 4): 86 attacks (25.0%)
(Figure 1). The distribution of episodes across these types was fairly balanced, with most episodes falling into the
high intensity and acute onset and intense categories. The characteristics of migraine attacks, including symptoms and

triggers, varied depending on the pain curve classification.

N(pain)

L. p N
0 20 40 60
Hours Hours Hours Hours

Figure | Classification of four distinct migraine groups based on the dynamics of their pain curves. Type | = High intensity; Type 2 = Acute onset and intense; Type 3 =
Prolonged and intense; Type 4 = Low intensity. Modified from Galvez-Goicuria et al 2022.'°

Type 4. Low intensity.
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Regarding demographic characteristics, sex distribution across the different pain curve types showed significant differ-
ences (p=0.010), with a higher percentage of women in the high intensity and prolonged categories, and a higher percentage of
men in the low intensity category. There were no significant differences in age and age of onset across the pain curve types,
indicating that these demographic factors may not be predictive of the pain curve category. The presence of migraine with aura
varied significantly among the pain curve types, with a notably lower percentage in the low intensity category compared to the
high intensity one, suggesting a potential link between pain intensity and aura (p=0.004).

In terms of cardiovascular risk factors, hypertension was more common in the high intensity and prolonged categories
compared to low intensity (p=0.010). Regarding lifestyle factors, BMI showed significant variation across groups, with
the prolonged and intense pain curve category having a higher average BMI (p=0.030).

The migraine pain curve types were also significantly associated with differences in cognitive reserve (p=0.010), and
educational levels, where a higher percentage of individuals with university studies were found in the acute onset and
prolonged categories (p=0.004). Lastly, preventive treatment was most used among those in the prolonged pain curve
category (p=0.001) (Table 2).

Table 2 Baseline Characteristics Regarding the Migraine Curve

Number of migraine episodes 0 (High I (Acute | 2 3 (Low P value
Intensity) | Onset) (Prolonged) | Intensity)
N=118 N=107 N=33 N=86
Sex 0.01*
Men n (%) 7 (5.93%) 17 (15.9%) | 0 (0.00%) 16 (18.6%)
Women n (%) 11 (94.1%) | 90 (84.1%) | 33 (100%) 70 (81.4%)
Age in years (SD) 14.6 (6.15) | 13.8(5.99) | 12.4 (6.45) 13.6 (8.04) | 0.400
Age of onset in years (SD) 14.6 (6.15) | 13.8(5.99) | 12.4 (6.45) 13.6 (8.04) | 0.400

Previous history of headache n (%) | 80 (70.2%) | 77 (72.0%) | 25 (75.8%) | 67 (78.8%) | 0.553

Migraine with aura 65 (57.0%) | 48 (44.9%) | 11 (33.3%) 28 (32.9%) | 0.004**
Cardiovascular risk factors n (%) 46 (40.4%) | 43 (40.2%) | 11 (33.3%) 26 (30.6%) | 0.441
Hypertension n (%) I5(13.2%) | 6 (5.61%) | 5 (15.2%) 2 (2.35%) 0.010%
Diabetes Mellitus n (%) 7 (6.14%) 0 (0.00%) | 0 (0.00%) 0 (0.00%) 0.004%*
Dyslipidemia n (%) 15 (13.2%) 10 (9.35%) | 0 (0.00%) 7 (8.24%) 0.121
Smoking n (%) Il (9.65%) | 20 (18.7%) | 5 (15.2%) 7 (8.24%) 0.112
BMI, mean (SD) 25.0 (5.07) | 24.4 (3.71) | 27.1 (6.10) 25.0 (3.90) | 0.030*
HIT-6, mean (SD) 62.1 (8.09) | 62.0 (11.3) | 62.3 (6.51) 60.8 (4.89)

Cognitive reserve, mean (SD) 16.1 (2.79) | 16.9 (2.98) | 17.7 (2.70) 17.0 (2.44) | 0.010%
Studies 0.004%**
No studies | (0.88%) 5 (4.67%) | 0 (0.00%) 0 (0.00%)

Primary studies 33 (28.9%) 12 (11.2%) | 7 (21.2%) 13 (15.3%)

University studies 80 (70.2%) | 90 (84.1%) | 26 (78.8%) 72 (84.7%)

Preventive treatment n (%) 76 (66.7%) | 80 (74.8%) | 33 (100%) 58 (68.2%) | 0.001**

Notes: Data are expressed as n (%) for categorical variables and mean (SD) for continuous variables. *p < 0.05; **p < 0.01. Tests:
chi-square or Fisher’s exact for categorical variables; ANOVA or Kruskal-Wallis for continuous variables. Pain curve types were
classified as follows: Type | = High intensity; Type 2 = Acute onset and intense; Type 3 = Prolonged and intense; Type 4 = Low
intensity. *p<0.05; **p<0.01.

Abbreviations: SD, Standard Deviation; Cl, Confidence Interval.
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The analysis of migraine characteristics across four types of pain curves (high intensity, onset and intense, prolonged
and intense, and low intensity) showed significant variation in symptom presentation (Table 3). Pain intensity, measured
by the Visual Analog Scale (VAS), varied significantly across the types, with the high intensity and prolonged and intense
groups reporting severe pain, while the low intensity group had notably milder pain (p<0.001). Nausea was more
prevalent in the prolonged and intense type group (81.8%), suggesting a correlation between longer-lasting migraines and
gastrointestinal symptoms (p<0.001). The occurrence of vomiting, photophobia, and phonophobia did not show sig-
nificant differences across the pain types, indicating that these symptoms are common migraine accompaniments
regardless of the pain curve type. Regarding osmophobia (sensitivity to odors) and the number of simultaneous
symptoms experienced during a migraine episode were significantly different among the groups. The prolonged and
intense pain type group reported the highest number of simultaneous symptoms, suggesting a more complex clinical
picture (p<0.030 and p<0.001, respectively).

Regarding the relationship between migraine triggers and the four classified migraine pain curve types: 1 (High intensity),
2 (Acute onset and intense), 3 (Prolonged and intense), 4 (Low intensity): we found that food was reported as a trigger in a high
proportion of migraine episodes across all pain curve types, with the highest frequency in the high intensity group (92.4%).
However, differences in food as a trigger were not statistically significant among the different pain curve types. Triggers
related to drinks, stress, sleep, and weather were also reported among the different pain curve types but did not show
a significant variation, indicating these triggers are common across various migraine experiences (Table 4). Exercise or sports
as triggers had a low occurrence rate and did not vary significantly between the pain curve types.

Regarding treatment responses across different migraine pain curve types, a notable portion of participants in each pain
curve category had received some form of treatment, with the highest treatment application observed in the high intensity
group (88.1%). There was a significant difference in treatment application across the pain curve types (p=0.006), suggesting
varying treatment needs or effectiveness. The use of nonsteroidal anti-inflammatory drugs (NSAIDs) was common across all
groups but did not differ significantly between them. Triptans were more frequently used in the high intensity group (61.9%),
significantly more than in the low intensity group (p<0.001). There was a significant difference in the reported duration of
migraines, with the prolonged and intense pain type having a markedly longer duration (p<0.001). The time from treatment to
the peak of pain intensity varied significantly among the groups (p<0.001), with the prolonged and intense type experiencing
a longer delay to maximum pain intensity. Similarly, the time from treatment to resolution of pain also showed significant
variation, with prolonged and intense migraines having the longest duration (p<0.001).

Table 3 Migraine Characteristics Regarding the Migraine Curve

0 (High I (Acute 2 3 (Low P value

Intensity) Onset) (Prolonged) | Intensity)

N=118 N=107 N=33 N=86
Aura (any type), mean (SD) 0.11 (0.52) 0.17 (0.65) 0.39 (0.90) 0.26 (0.71) 0.115
Intensity (EVA) 7.66 (0.93) 6.53 (1.93) 7.70 (1.16) 4.87 (1.09) <0.00 | **
Nausea n (%) 68 (57.6%) 39 (36.4%) 27 (81.8%) 33 (38.4%) <0.00 | **
Vomit n (%) 6 (5.08%) 2 (1.87%) 4 (12.1%) 2 (2.33%) 0.066
Photophobia n (%) 82 (69.5%) 80 (74.8%) 26 (78.8%) 64 (74.4%) 0.628
Phonophobia n (%) 62 (52.5%) 63 (58.9%) 28 (84.8%) 36 (41.9%) <0.00 | **
Osmophobia n (%) 28 (23.7%) 18 (16.8%) 10 (30.3%) 9 (10.5%) 0.030*
Number of simultaneous symptoms, mean (SD) | 2.33 (1.48) 2.04 (1.30) 3.03 (1.29) 1.73 (1.07) <0.00 | **

Notes: Data are expressed as n (%) for categorical variables and mean (SD) for continuous variables. Bold indicates statistically significant differences (p < 0.05).
*p <0.05; **p < 0.01. Tests: chi-square or Fisher’s exact for categorical variables; ANOVA or Kruskal-Wallis for continuous variables. Pain curve types were classified
as follows: Type | = High intensity; Type 2 = Acute onset and intense; Type 3 = Prolonged and intense; Type 4 = Low intensity.

Abbreviation: SD, standard deviation.
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Table 4 Migraine Triggers Regarding the Migraine Curve

0 (High I (Acute 2 3 (Low p value

Intensity) Onset) (Prolonged) | Intensity)

N=118 N=107 N=33 N=86
Any trigger
Food 109 (92.4%) | 95 (88.8%) | 26 (78.8%) 77 (89.5%) | 0.174
Drink 5 (4.24%) 3 (2.80%) 3 (9.09%) 7 (8.14%) 0.211
Stress 51 (43.2%) 38 (35.5%) | 12 (36.4%) 30 (34.9%) | 0.563
Sleep 42 (35.6%) 42 (39.3%) | 13 (39.4%) 36 (41.9%) | 0.739
Weather 43 (36.4%) 30 (28.0%) | 9 (27.3%) 23 (26.7%) | 0411
Sports 8 (6.78%) 1 (0.93%) 2 (6.06%) 4 (4.65%) 0.105

Notes: Data are expressed as n (%). Tests: chi-square or Fisher’s exact for categorical variables. Pain
curve types were classified as follows: Type | = High intensity; Type 2 = Acute onset and intense; Type
3 = Prolonged and intense; Type 4 = Low intensity.

Abbreviations: SD, standard deviation; Cl, confidence interval.

Table 5 Treatment Response Regarding the Type of Curve

0 (High I (Acute 2 3 (Low P value

Intensity) Onset) (Prolonged) | Intensity)

N=118 N=107 N=33 N=86
Any treatment 104 (88.1%) 82 (76.6%) 21 (63.6%) 63 (73.3%) 0.006**
NSAID 60 (50.8%) 43 (40.2%) 14 (42.4%) 45 (52.3%) 0.267
Paracetamol 7 (5.93%) 2 (1.87%) 4 (12.1%) 3 (3.49%) 0.086
Nolotil 7 (5.93%) 9 (8.41%) | (3.03%) 0 (0.00%) 0.025%
Triptan 73 (61.9%) 50 (46.7%) 17 (51.5%) 26 (30.2%) <0.001**
Metoclopramid 13 (11.0%) 8 (7.48%) 4 (12.1%) 6 (6.98%) 0.624
Duration (hours) 1.1 (9.5 10.6 (10.2) 65.6 (37.7) 8.1 (8.9) <0.00 I**
Time from treatment to maximum pain intensity 2.3 (134) 0. (84) 17.5 (30.4) 2.6 (22.7) <0.001**
Time from treatment to resolution 6. (6.81) 8. (11.8) 36.9 (41.2) 4. (3.7) <0.001**

Notes: Data are expressed as n (%) or mean (SD) as appropriate. *p < 0.05; **p < 0.01. Tests: chi-square or Fisher’s exact for categorical variables; ANOVA or
Kruskal-Wallis for continuous variables. Pain curve types were classified as follows: Type | = High intensity; Type 2 = Acute onset and intense; Type 3 = Prolonged
and intense; Type 4 = Low intensity.

Abbreviation: SD, standard deviation.

Discussion

Following this research, migraine attacks can be classified into four distinct types based on pain dynamics: type 1 [high
intensity], type 2 [acute onset and intense], type 3 [prolonged and intense], and type 4 [low intensity],'” with these
classifications being closely related to patient characteristics. The current analysis demonstrates that variables such as
sex, aura presence, and specific cardiovascular and lifestyle factors are significantly associated with particular pain curve
types, 520
across pain curve types suggests a possible pathophysiological link between aura mechanisms and pain intensity. Cortical

underscoring the phenotypic heterogeneity of migraine. Moreover, the significant difference in aura prevalence

spreading depression, which underlies migraine aura, has been associated with enhanced trigeminovascular activation
and altered pain modulation, potentially explaining the higher frequency of aura in more intense pain curves. Clinically,
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this association highlights that patients experiencing aura may be more prone to severe attacks, which could influence
both acute treatment selection and preventive strategies. In addition, the significant differences in nausea and phono-
phobia across pain curve types, particularly their higher prevalence in prolonged attacks, suggest that longer migraine
episodes may represent a more complex clinical phenotype. This phenotype may be characterized not only by extended
pain duration but also by a greater burden of associated symptoms, reflecting enhanced central sensitization. Clinically,
these findings highlight the importance of early and aggressive management in prolonged attacks, as patients experien-
cing this phenotype may require combined or targeted therapeutic strategies. Furthermore, patients with prolonged pain
episodes were more likely to receive preventive treatment, reflecting the increased clinical burden and complexity
associated with these migraine profiles.

Taken together, the study population consisted exclusively of individuals with episodic migraine, ensuring adequate
characterization and differentiation of discrete migraine events. Despite the episodic nature, the high rates of both acute
and preventive treatment use emphasize the substantial impact of migraine on functional status and quality of life.>' > In
addition, the mean HIT-6 score of approximately 61 indicates a severe impact of migraine on daily functioning in this
cohort. Clinically, this reflects the considerable burden of disease even among patients with episodic migraine, under-
scoring the importance of effective and individualized management strategies. These findings therefore contribute to the
growing body of evidence supporting the relevance of pain trajectory as a clinically meaningful dimension in migraine,
with implications for stratified management approaches.

Regarding migraine characteristics, while some symptoms are common across all types of migraine pain curves, the
intensity of pain, presence of nausea, and number of simultaneous symptoms experienced can be significantly associated
with specific pain curve categories. Consequently, these findings could profoundly impact tailoring treatment strategies to
patient experiences, potentially revolutionizing migraine management.” Similarly, triggers such as food were consistently
reported across pain types, suggesting that their impact is uniform. This suggests that the impact of these triggers does
not vary with the pain curve classification, a fact that may streamline the identification of migraine precipitants across
subtypes. However, healthy lifestyle choices such as exercise, good sleep, adequate stress management, and eating often
may prevent triggers and therefore transformation to chronic migraine over time.>*?® Importantly, all triggers were
recorded based on patients’ subjective perception in real time through the smartphone application. While this method
minimizes recall bias and reflects ecological validity, it also entails limitations, as the absence of predefined subcategories
(eg, for food) may reduce the precision and clinical applicability of the trigger data.

In terms of treatment, triptan use was predominantly noted in the high-intensity group, linking this treatment to the
management of severe pain. This observation aligns with the therapeutic use of triptans, which are often reserved for
acute and severe migraine episodes, and its early intake is recommended in these situations.””*® Moreover, the variability
in treatment response across pain curve types, especially the management challenges presented by prolonged and intense
migraines, highlights the potential for optimizing therapeutic approaches.”” ?° The pronounced delay in symptom
resolution in prolonged and intense migraines represents a striking clinical observation, underscoring the complexity
of this phenotype and the need for more personalized and aggressive treatment strategies.

Therefore, the classification of migraine patients based on pain curve dynamics introduces a personalized approach to
understanding and managing migraines.'® Distinct patient groups may benefit from targeted therapies, suggesting the need for
a more nuanced approach to treatment protocols.’® The study’s findings also align with recent advancements in migraine
research and highlight the potential application to better select treatment regarding the pain curve characteristics.

Moreover, clinical implications may vary depending on the type of pain curve. For instance, targeted anti-emetic use
could be prioritized in prolonged and intense attacks, while early administration of fast-acting nasal or injectable
formulations may be particularly beneficial in acute onset and intense episodes. Similarly, mini-prophylaxis or long-
acting strategies might be more suitable for patients with recurrent prolonged attacks. Future pilot clinical trials should be
designed to test these tailored approaches, integrating pain curve classification as a stratification tool. In addition, novel
acute treatments such as gepants (CGRP receptor antagonists) may play a key role in pain curve—based stratification.
Their efficacy in both acute and preventive settings, along with good tolerability and lack of vasoconstrictive effects,’'
suggests that patients with prolonged or high-intensity attacks—who showed delayed response and greater symptom
burden in our cohort—might particularly benefit from these agents.
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Strengths and Limitations

Despite the informative findings of this study, several limitations must be considered. First, the study sample size was
relatively modest, which may affect the statistical power of the analyses and limit the generalizability of the results to all
episodic migraine sufferers. A larger sample size would be beneficial for future studies to validate our classification
system and to explore the nuances between different subtypes further. However, it is one of the biggest sample sizes in
the literature with a proper methodological design. Although clinical data research poses significant challenges,
especially in the context of real-time data collection, the present study provides a suitable and reliable dataset of
migraine triggers and pain curve characteristics that would contribute to the current knowledge of pain curves in
migraine.*>** Second, the reliance on self-reported data through a smartphone application may introduce a degree of
reporting bias. Participants’ subjective interpretations of pain and symptoms could influence the recorded data, poten-
tially affecting the accuracy of the pain curve categorizations. However, this was prevented by a careful design of the
pain curve evaluation.'® A limitation of our study is the absence of an a priori power calculation, which is often
challenging in exploratory studies where effect sizes are not known in advance. The data-driven nature of our clustering
approach resulted in subgroups of varying sizes, with the “prolonged” cluster being the smallest (n=33 episodes). While
our study successfully identified several highly significant differences between the groups (p < 0.001), we must interpret
non-significant findings with caution. It is possible that our analysis was underpowered to detect more subtle differences
for some variables. For instance, in Table 5, the difference in paracetamol use approached statistical significance
(p=0.086) and might have become significant with a larger sample in the “prolonged” group. Future, larger-scale studies
would be beneficial to confirm our findings and to provide greater statistical power to explore more nuanced distinctions
between these pain curve phenotypes. Finally, patients with chronic migraine were not included to adequately evaluate
the start and end of a migraine crisis. Future studies will address these limitations. Continued exploration in larger, more
diverse populations, with a multifaceted approach to data collection and analysis, will be critical in advancing our

understanding of migraine pain curves and in developing personalized migraine management protocols.

Conclusion

In conclusion, the novel classification of migraine patients based on pain curve dynamics outlined in this study
exemplifies the shift toward personalized management strategies in migraine care. Through the application of real-time
data capture and sophisticated analytical techniques, we have unveiled a spectrum of migraine experiences. This
approach not only aligns with the contemporary direction of migraine research but also sets the stage for the
development of more nuanced and effective treatment regimens tailored to the individual pain profiles of migraine
sufferers.

Abbreviation

APP, Application; BMI, Body Mass Index; CCS, Center for Computational Simulation; ICHD-3, International
Classification of Headache Disorders, 3rd edition; NSAIDs, Nonsteroidal Anti-Inflammatory Drugs; VAS, Visual
Analog Scale.
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