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Abstract

Objectives: To investigate morphometric alterations associated with pediatric migraine
without aura at the whole-brain, cerebellar subregional, and thalamic nuclei levels using a
multiplatform magnetic resonance imaging (MRI) approach integrating the complementary
strengths of different neuroimaging platforms. Methods: This retrospective study included
74 patients aged 12–17 years with migraine without aura and 70 control subjects with
structurally normal cranial MRI findings. High-resolution isotropic three-dimensional
T1-weighted MRI datasets were analyzed using a multiplatform segmentation workflow
integrating vol2Brain, FreeSurfer, and 3D Slicer. Multiple comparisons were corrected using
the Benjamini–Hochberg false discovery rate method. Significant volumetric measurements
were subsequently normalized for total intracranial volume (TIV) and reanalyzed. Results:
Compared with controls, patients with migraine exhibited lower bilateral amygdala and
right thalamic volumes, as well as reduced cortical thickness in the right anterior insula, left
anterior cingulate gyrus, and precuneus (all FDR-adjusted q < 0.05). Cerebellar analyses
demonstrated reduced bilateral Lobule VI volume and gray matter volume, together with
cortical thinning in the right Crus I and right Crus II (all FDR-adjusted q < 0.05). Thalamic
nuclei analyses revealed lower volumes of the bilateral mediodorsal and pulvinar nuclei
and the right ventral anterior and ventral posterolateral nuclei (all FDR-adjusted q < 0.05).
All volumetric findings remained significant after TIV normalization. Conclusions: By
integrating whole-brain morphometry with detailed cerebellar subregional and thalamic
nuclei analyses, this study expands conventional morphometric assessment and provides
a more integrated perspective on structural brain alterations associated with pediatric
migraine without aura.

Keywords: migraine disorders; magnetic resonance imaging; brain mapping; cerebellum;
thalamus

1. Introduction
Pediatric migraine is a common neurological disorder characterized by recurrent

headache attacks during childhood [1]. Its pathophysiology is believed to involve genetic
susceptibility, activation of the trigeminovascular system, alterations in cortical excitabil-
ity, neuroinflammatory mechanisms, and neurophysiological processes within the central
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nervous system [1]. With a reported prevalence of approximately 8–15% in the pediatric
population and an increasing frequency with advancing age during childhood and ado-
lescence, migraine is recognized as a significant cause of neurological morbidity that can
substantially affect academic performance, daily activities, and psychosocial functioning [2].
The pediatric period also represents a critical stage of neurodevelopment, during which
synaptic pruning, white matter maturation, cortical reorganization, and the integration
of large-scale neural networks continue to occur [3]. Consequently, migraine occurring
during this period of active neurodevelopment may be associated with global or regional
morphometric characteristics of the developing brain [4].

Recent neuroimaging and neurophysiological studies suggest that pediatric migraine
cannot be explained solely by vascular mechanisms and should instead be considered a
complex neurobiological disorder involving pain modulation, sensory processing, affective
regulation, and cortical–subcortical integration [5–7]. Several functional and structural
neuroimaging studies have reported structural and functional alterations in brain regions
associated with pain processing, sensory integration, emotional regulation, and cognitive
functions in patients with migraine [8,9]. Among these regions, the anterior cingulate cortex,
insula, thalamus, amygdala, basal ganglia, brainstem, cerebellum, and thalamic nuclei have
emerged as anatomically relevant structures in migraine pathophysiology [5,7–9].

The functional relevance of these neuroanatomical regions can be further understood
in the context of peripheral and central sensitization. Recurrent activation of trigemino-
vascular nociceptive pathways may increase the responsiveness of peripheral trigeminal
afferents and subsequently facilitate central amplification within second- and higher-order
nociceptive neurons. This process may contribute to enhanced pain sensitivity, abnormal
sensory gain, and altered pain modulation beyond the ictal phase [7,10,11]. Recent quanti-
tative sensory evidence showing reduced pressure pain thresholds not only in trigeminal
but also in extra-trigeminal areas in episodic and chronic migraine further supports the con-
cept that sensitization in migraine may involve widespread pain-processing abnormalities
rather than being restricted to cranial nociceptive pathways [10]. Within this framework,
the anterior insula and anterior cingulate cortex are particularly relevant because they
represent key nodes of the salience network, which plays a central role in interoceptive
awareness, affective pain processing, and cognitive–emotional integration, whereas the
amygdala contributes to emotional regulation and descending pain modulation [5,7–9].
Repeated nociceptive input and altered sensory processing may therefore be associated
with activity-dependent functional reorganization across distributed cortical, limbic, and
subcortical networks, providing a biological rationale for investigating morphometric
alterations in these regions.

Beyond sensitization, impaired habituation to repetitive sensory stimulation represents
one of the most consistently reported neurophysiological abnormalities in migraine [11].
Rather than showing the expected reduction in response amplitude during repeated stimu-
lation, individuals with migraine often demonstrate deficient habituation across sensory
modalities, suggesting altered cortical excitability, impaired sensory filtering, and dysfunc-
tional thalamocortical communication [11]. These mechanisms are relevant to structural
neuroimaging because the thalamus is not a passive relay structure but a set of anatomically
and functionally distinct nuclei involved in nociceptive transmission, sensory integration,
and cortical network regulation [7,9,11]. The cerebellum may also contribute to migraine
pathophysiology through its non-motor roles in sensory prediction, pain modulation, au-
tonomic regulation, and cerebellar–thalamocortical interactions [7,10–12]. Accordingly,
contemporary models of migraine support the evaluation of structural alterations across
multiple interconnected neuroanatomical levels, including whole-brain morphometry,
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cerebellar subregions, and thalamic nuclei, rather than focusing exclusively on isolated
regional findings.

The interpretation of morphometric findings in pediatric migraine is complicated
by age-related neurodevelopmental variability. Ongoing cortical remodeling, white mat-
ter maturation, and neuroplasticity processes may influence regional brain volumes and
cortical thickness measurements independently of disease-related effects [3,4,6]. Con-
sequently, morphometric neuroimaging studies in pediatric migraine have yielded het-
erogeneous findings, and no clear consensus has yet been reached regarding the extent
and distribution of neuroanatomical alterations associated with the disorder [4,5,9,13,14].
This variability may be attributable to differences in migraine subtypes, age distribution,
sex-related factors, imaging methodologies, and developmentally heterogeneous study
populations [3,4,6,13,14].

Volumetric analyses, voxel-based morphometry, cortical thickness measurements, and
quantitative segmentation techniques are widely used to investigate brain alterations asso-
ciated with migraine [4,5,9,13,14]. Previous studies have reported morphometric findings
involving gray and white matter structures, cortical volume and thickness, subcortical
regions, and the cerebellum. However, the anatomical distribution and characteristics of
these findings have varied considerably across studies [4,5,9,12–14]. Furthermore, while
many investigations have focused on specific brain regions, studies evaluating the brain as
a whole remain relatively limited.

The cerebellum is increasingly recognized as a structure involved not only in motor
coordination but also in pain modulation, sensory integration, autonomic regulation, and
cognitive-affective processing [7,12,15,16]. In particular, the posterior cerebellar lobules
have attracted attention in migraine research because of their involvement in sensory
and affective functions [12,15,17]. Nevertheless, studies examining individual cerebellar
subregions in pediatric migraine are relatively scarce, and the cerebellum has often been
evaluated as a single unified structure.

The thalamus is a major subcortical structure involved in sensory information relay,
pain modulation, and a variety of sensorimotor functions [7,16,18]. However, it consists
of numerous nuclei with distinct anatomical and functional characteristics. Accordingly,
nucleus-level volumetric analyses may provide a more detailed assessment of regional
volumetric alterations that could remain undetected when evaluating total thalamic volume
alone. Despite this potential advantage, studies specifically investigating thalamic nuclei
in pediatric migraine are limited, and these structures have rarely been comprehensively
assessed alongside other brain regions [5,9,12,18,19].

Advanced automated neuroimaging processing pipelines and quantitative segmen-
tation platforms are widely employed in contemporary computational neuroanatomy
research. These approaches enable volumetric measurements to be obtained in a more stan-
dardized, reproducible, and less observer-dependent manner [5,14,19–21]. However, differ-
ences in atlases and processing workflows across segmentation platforms may contribute to
variability in volumetric measurements, particularly in pediatric populations [3,5,14,20,21].
Therefore, hybrid workflows that integrate the complementary strengths of multiple
platforms and incorporate expert validation may facilitate more reliable morphometric
assessments [20–22].

To the best of our knowledge, studies simultaneously evaluating whole-brain mor-
phometry, cerebellar subregional morphometry, and thalamic nuclei volumetry in pediatric
migraine remain scarce. Moreover, most existing investigations have been based on adult
cohorts, isolated regional analyses, or single-platform segmentation approaches [4,13,21].
To address this gap, the present study evaluated whole-brain morphometric measurements,
cerebellar subregions, and thalamic nuclei volumes in pediatric patients aged 12–17 years
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with migraine without aura using an integrated multiplatform segmentation workflow
that combined the complementary strengths of vol2Brain (version 1.0, release 23 Novem-
ber 2021; Universitat Politècnica de València, Valencia, Spain), FreeSurfer (version 7.4.1;
Martinos Center for Biomedical Imaging, Massachusetts General Hospital, Boston, MA,
USA), and 3D Slicer (version 5.6.1; Brigham and Women’s Hospital, Harvard Medical
School, Boston, MA, USA). We hypothesized that pediatric migraine may be associated
with region-specific morphometric alterations distributed across cortical, cerebellar, and
thalamic structures rather than with changes confined to a single anatomical region. This
comprehensive approach may contribute to a more holistic characterization of migraine-
related morphometric alterations in the pediatric population and further expand current
knowledge in this field.

2. Methods
2.1. Study Design and Ethical Approval

This single-center, retrospective, observational neuroimaging study was conducted at
Balıkesir University Faculty of Medicine. The study protocol was approved by the Balıkesir
University Non-Interventional Health Sciences Research Ethics Committee (Approval No:
2024/179; Date: 5 November 2024). All study procedures were performed in accordance
with the principles of the Declaration of Helsinki, and the study was reported following
the Strengthening the Reporting of Observational Studies in Epidemiology guidelines for
observational research. Written informed consent was obtained from all participants or
their legal guardians before inclusion in the study. Institutional Picture Archiving and
Communication System (PACS) records were retrospectively reviewed to identify pediatric
patients diagnosed with migraine without aura who underwent cranial magnetic resonance
imaging (MRI) between January 2017 and October 2024.

2.2. Study Population

In this retrospective study, 74 patients aged 12–17 years with migraine without aura
and 70 control subjects were included. Inclusion and exclusion criteria were predefined
to reduce neurodevelopmental heterogeneity, limit age-related neuroanatomical variation,
and minimize potential confounding factors that could influence volumetric measurements.
The restriction of the study population to individuals aged 12–17 years was intended to
reduce the effects of rapid global brain growth, pronounced cortical reorganization, and
age-dependent neurodevelopmental variability characteristic of early childhood, thereby
enabling a more reliable assessment of morphometric alterations associated with migraine
without aura [23–26]. Furthermore, this age range represents a critical neurodevelop-
mental period during which cortical maturation, white matter reorganization, cerebellar
development, and the refinement of cortical–subcortical networks remain ongoing, while
neurodevelopmental variability is relatively less pronounced than in younger pediatric
populations [23–26]. All MRI examinations were performed at a single institution using
standardized imaging protocols.

The inclusion criteria for the migraine without aura group were as follows:

• Age between 12 and 17 years;
• A diagnosis of migraine without aura according to the criteria defined in the third

edition of the International Classification of Headache Disorders (ICHD-3) [27];
• Confirmation of the migraine diagnosis by a pediatric neurologist with 10 years

of experience in pediatric headache disorders based on clinical history, headache
characteristics, attack pattern, and associated symptoms;

• Normal neurological examination findings;
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• Availability of a diagnostically adequate cranial MRI examination acquired at the
same institution;

• Availability of high-resolution isotropic three-dimensional (3D) T1-weighted images
suitable for volumetric analysis;

• Absence of structural, developmental, or signal abnormalities on conventional MRI
that could affect volumetric assessment;

• Complete clinical and imaging data.

The inclusion criteria for the control group were as follows:

• Age between 12 and 17 years;
• Undergoing cranial MRI because of syncope, transient alteration of consciousness,

or benign nonfocal neurological complaints unrelated to migraine or other primary
headache disorders;

• No history of migraine or any other primary headache disorder;
• Normal neurological examination findings;
• Structurally normal cranial MRI findings;
• No history of epilepsy, neurodevelopmental disorders, psychiatric disease, or chronic

systemic illness;
• No history of any neurological disorder requiring regular neurological follow-up;
• Availability of a diagnostically adequate cranial MRI examination acquired at the

same institution.

All cranial MRI examinations in the control group were independently re-evaluated
by a neuroradiologist with 9 years of experience. This secondary review was performed to
minimize the risk of overlooked imaging abnormalities and to enhance the homogeneity of
the control cohort. This approach represents a commonly adopted methodological strategy
in pediatric neuroimaging studies aimed at establishing a clinically screened reference
cohort with structurally normal brain MRI findings [28–30]. Accordingly, every effort was
made to minimize potential confounding factors that could influence brain morphology
within the control group.

The exclusion criteria for the migraine group were as follows:

• Diagnosis of migraine with aura or documentation of aura symptoms in the clini-
cal records;

• Diagnosis of chronic migraine according to ICHD-3 criteria;
• Reporting ≥ 15 headache days per month during the preceding three months;
• Diagnosis of, or clinical suspicion for, a secondary headache syndrome;
• Diagnosis of, or clinical suspicion for, medication-overuse headache;
• History of long-term prophylactic migraine treatment;
• Regular use of antiepileptic drugs, antidepressants, antipsychotics, psychostimu-

lants, long-term sedatives, or other medications that could affect central nervous
system function;

• Use of hormonal therapy;
• Presence of endocrine disorders, hormonal diseases, or systemic conditions that could

influence pubertal development;
• Cases in which the migraine subtype could not be reliably verified from clini-

cal records.

The exclusion criteria applicable to both groups were as follows:

• Presence of a chronic systemic disease requiring long-term medical treatment;
• Known vascular or demyelinating disease;
• History of previous neurosurgical intervention;
• History of traumatic brain injury;
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• Presence of congenital brain malformations or incidental intracranial structural lesions;
• Incomplete clinical or imaging data;
• MRI examinations performed outside the institution;
• Imaging datasets unsuitable for reliable automated segmentation because of sub-

stantial motion artifacts, inadequate image quality, or failure to achieve anatomical
verification during the quality control process.

The final study cohort obtained after applying the inclusion and exclusion criteria is
illustrated in the participant flowchart presented in Figure 1.

Figure 1. Flowchart showing patient selection, eligibility assessment, exclusion criteria, and final
cohort formation. Of 384 subjects screened from the institutional PACS archive, 74 patients with
migraine without aura and 70 controls with structurally normal brain MRI findings met all study
criteria and were included in the final volumetric analyses. Detailed reasons for exclusion are
provided within the flowchart.

2.3. Magnetic Resonance Imaging Protocol

All MRI examinations were performed using a 1.5-T MRI system (Ingenia, Philips
Medical Systems, Best, The Netherlands) equipped with a standard 16-channel head
coil. A retrospective review of the technical records revealed no major hardware or soft-
ware upgrades during the study period that could have influenced volumetric measure-
ments. Therefore, the imaging platform was considered stable throughout the study period,
and all 3D T1-weighted images were assumed to have been acquired under comparable
technical conditions.

The MRI acquisition parameters used in the cranial imaging protocol were as follows:

• Axial T1-weighted spin-echo (SE): repetition time/echo time (TR/TE), 450/15 ms;
field of view (FOV), 230 mm; slice thickness, 5 mm; matrix, 308 × 183.

• Axial fat-saturated T1-weighted SE: TR/TE, 633/15 ms; FOV, 230 mm; slice thickness,
5 mm; matrix, 308 × 183.

• Axial T2-weighted turbo spin-echo (TSE): TR/TE, 5240/100 ms; FOV, 230 mm; slice
thickness, 5 mm; matrix, 384 × 237.

• Coronal fluid-attenuated inversion recovery (FLAIR): TR/TE, 11,000/130 ms; FOV,
230 mm; slice thickness, 5 mm; matrix, 256 × 157.

• Coronal T2-weighted TSE: TR/TE, 3027/100 ms; FOV, 200 mm; slice thickness, 3 mm;
matrix, 336 × 217.
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• Coronal T1-weighted inversion recovery: TR/TE, 3079/15 ms; FOV, 200 mm; slice
thickness, 3.5 mm; matrix, 336 × 211.

• Coronal FLAIR: TR/TE, 11,000/130 ms; FOV, 230 mm; slice thickness, 3 mm; matrix,
256 × 157.

• 3D FLAIR: TR/TE, 4800/315 ms; FOV, 250 mm; slice thickness, 1.04 mm; matrix,
216 × 218.

• Axial diffusion-weighted imaging (DWI): b-values, 0 and 1000 s/mm2; FOV, 230 mm;
slice thickness, 5 mm; matrix, 152 × 106.

• Isotropic 3D T1-weighted imaging: TR/TE, 2500/46 ms; FOV, 230 mm; slice thickness,
1.0 mm; matrix, 256 × 256.

No contrast agent was administered in any case. All segmentation procedures and
volumetric analyses were performed using the high-resolution isotropic 3D T1-weighted
images. The remaining MRI sequences were used exclusively for structural assessment,
quality control, and anatomical verification.

2.4. Magnetic Resonance Imaging Quality Control Pipeline

All imaging datasets underwent a multistep quality control procedure before volu-
metric analysis and automated segmentation. In the first stage, DICOM datasets were
retrospectively reviewed for technical integrity. Examinations containing incomplete image
series, corrupted image data, or incompatible acquisition parameters were excluded. In the
second stage, all images were visually assessed for motion artifacts, signal degradation,
image blurring, and reconstruction errors. Studies in which anatomical structures could
not be reliably evaluated were excluded from further analysis.

Before volumetric processing, all imaging datasets were converted from DICOM to
Neuroimaging Informatics Technology Initiative (NIfTI) format. Following conversion,
image orientation, voxel dimensions, spatial resolution, matrix configuration, and header
integrity were verified. Adequate intracranial coverage was also confirmed for all examina-
tions. Only datasets that successfully passed all quality-control steps were forwarded to
the automated segmentation and subsequent expert validation procedures.

Whole-brain volumetric measurements and cerebellar subregional analyses were per-
formed using vol2Brain. Thalamic nuclei segmentation was performed using FreeSurfer.
All segmentation outputs were subsequently visualized and subjected to quality control us-
ing 3D Slicer. Anatomical accuracy was assessed by the same experienced neuroradiologist
in three orthogonal planes (axial, coronal, and sagittal), and the correspondence between
segmentation boundaries and the individual 3D T1-weighted images was verified.

To evaluate methodological consistency, a secondary quality control analysis was per-
formed in a randomly selected subgroup comprising 15% of the study population. Within
this subgroup, the automated segmentation results were independently reviewed in 3D
Slicer by a neuroradiologist with 8 years of experience. All quality control assessments were
conducted with reviewers blinded to clinical group allocation. Examinations containing
substantial segmentation errors or other issues that could compromise the reliability of
volumetric measurements were excluded from the final analysis.

The MRI quality control workflow, segmentation verification procedures, and multi-
platform neuroimaging processing pipeline are summarized in Figure 2.
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Figure 2. Flowchart illustrating the MRI quality-control and segmentation validation workflow. A
total of 61 MRI datasets (42 migraine candidates and 19 control candidates) were excluded based
on predefined image quality and segmentation assessment criteria. Exclusion reasons included
motion artifacts, low signal-to-noise ratio, incomplete anatomical coverage, limited field of view,
and segmentation validation failures. Only datasets meeting all quality-control requirements were
included in the final volumetric analyses.

2.5. Neuroimaging Processing Workflow

A multiplatform neuroimaging workflow was implemented to enable the integrated
assessment of whole-brain volumetry, cerebellar subregional morphometry, and thalamic
nuclei segmentation [20–22,31]. Platform selection was based on the specific methodological
strengths of each software package and its suitability for the corresponding neuroanatomi-
cal analysis. vol2Brain was used for whole-brain morphometric and cerebellar assessments
because of its automated atlas-based segmentation framework and comprehensive volumet-
ric parcellation capabilities. FreeSurfer was selected for thalamic nuclei analyses because
its dedicated Bayesian thalamic nuclei segmentation module enables detailed nucleus-level
volumetric assessment. 3D Slicer was employed as an independent visualization and
quality-control environment for expert anatomical verification of all automated segmenta-
tion outputs before inclusion in the final analyses. The vol2Brain platform was selected for
whole-brain and cerebellar analyses because it provides detailed automated volumetric
outputs for a large number of cortical, subcortical, and cerebellar anatomical structures and
facilitates comprehensive morphometric evaluation of cerebellar subregions [32]. Owing
to the small anatomical size and complex structural organization of the thalamic nuclei,
thalamic segmentation was performed using a FreeSurfer-based approach that incorporates
a histology-informed Bayesian atlas framework [33].

The segmentation masks generated by FreeSurfer were subsequently imported into
3D Slicer for anatomical verification. 3D Slicer was selected for quality control purposes
because it enables segmentation masks to be overlaid onto the native high-resolution 3D
T1-weighted images and allows simultaneous evaluation in the axial, coronal, and sagittal
planes [22,31]. Consequently, segmentation, quality control, and volumetric quantifica-
tion were performed within an integrated, traceable, and anatomically verifiable analysis
framework [20–22,31]. All automated segmentation outputs subsequently underwent ex-
pert anatomical verification and quality-control assessment before inclusion in the final
statistical analyses.
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2.5.1. vol2Brain Processing Pipeline

Whole-brain volumetric measurements and cerebellar subregional analyses were per-
formed using vol2Brain [32]. Vol2Brain is an image-processing platform that integrates
high-resolution voxel-based morphometry with automated volumetric quantification algo-
rithms based on SPM12 and CAT12 frameworks [34]. This system enables fully automated
and reproducible processing of high-resolution T1-weighted MRI datasets.

All MRI datasets were retrieved from the institutional archive in DICOM format.
To optimize segmentation accuracy, only high-resolution 3D T1-weighted images with
isotropic voxel dimensions of ≤1 mm3 were included in the analysis [35]. After completion
of the quality control procedure and anonymization, imaging datasets were converted
to NIfTI format using the dcm2niix conversion tool included in the MRIcroGL version
1.2.20220720 (Chris Rorden, University of South Carolina, Columbia, SC, USA) [36].

Cortical and subcortical parcellation was performed using the non-local multi-
atlas patch-based segmentation approach integrated into the vol2Brain processing
pipeline [32,33]. This multi-atlas framework accounts for interindividual neuroanatomical
variability and has been widely applied in the automated analysis of brain images ac-
quired in developmental populations [37]. Following segmentation, automated volumetric
measurements were generated for each anatomical structure.

Whole-brain volumetric analysis included assessment of total gray matter volume,
total white matter volume, total brain volume, brainstem volume, cerebrospinal fluid
(CSF) compartments, and total intracranial volume. In addition, the vol2Brain platform
provided automated morphometric measurements for a total of 135 anatomical regions
encompassing cortical, subcortical, cerebellar, and CSF-related structures [32,38].

For cerebellar morphometric analysis, 12 cerebellar subregions were evaluated, in-
cluding the cerebellar hemispheres, vermian regions, and posterior cerebellar lobules.
Volumetric measurements for each subregion were analyzed independently.

All automated segmentation outputs underwent anatomical verification using 3D
Slicer. Segmentation boundaries and anatomical alignment were assessed on the individual
3D T1-weighted images by the same experienced neuroradiologist. Segmentations deemed
inadequate for anatomical verification were excluded from the analysis.

Representative examples of the whole-brain volumetric output and cerebellar subre-
gional analysis obtained from a patient in the pediatric migraine without aura group are
presented in Supplementary Material S1 and Supplementary Material S2, respectively.

Representative examples of automated cortical and subcortical parcellation performed
using the vol2Brain processing pipeline on high-resolution isotropic 3D T1-weighted MRI
datasets are presented in Figure 3. Automated segmentation of cerebellar subregions
derived from the same processing workflow is illustrated in Figure 4.

2.5.2. FreeSurfer Processing Pipeline

Thalamic nuclei were analyzed separately because of their small anatomical volumes
and susceptibility to partial volume effects. All segmentations underwent an advanced
visual quality control procedure.

Thalamic nuclei segmentation was performed using FreeSurfer software (version
7.4.1; Martinos Center for Biomedical Imaging, Massachusetts General Hospital, Boston,
MA, USA) running within a Docker-based Ubuntu environment [39]. All analyses were
conducted automatically using the FreeSurfer recon-all processing pipeline applied to
high-resolution isotropic 3D T1-weighted MRI datasets. This pipeline includes bias-field
correction, intensity normalization, skull stripping, linear registration to Talairach space,
subcortical segmentation, and cortical surface reconstruction [40].
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Figure 3. Representative automated brain segmentation and morphometric analysis generated
using the Vol2Brain platform from a high-resolution 3D T1-weighted MRI examination. Panels
(a–c) demonstrate tissue segmentation in the axial, coronal, and sagittal planes, including gray
matter, white matter, cerebrospinal fluid (CSF), and deep gray matter structures. Panels (d–f) show
macrostructural segmentation of major anatomical brain regions. Panels (g–i) illustrate detailed
cortical and subcortical parcellation, while panels (j–l) depict cortical thickness mapping using
color-coded surface visualization.

Thalamic nuclei segmentation was generated using the Bayesian atlas-based thalamic
nuclei segmentation module integrated into the FreeSurfer platform. This approach enables
automated parcellation of the thalamus into anatomically distinct subnuclear structures
using high-resolution probabilistic atlases derived from histological data [33]. The classi-
fication of the thalamic nuclei evaluated in the present study is presented in Table 1. A
detailed description of the computational workflow used for FreeSurfer-based thalamic
nuclei segmentation is provided in Supplementary Material S3.
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Figure 4. Representative cerebellar morphometric analyses generated using the Vol2Brain platform
from a high-resolution 3D T1-weighted MRI examination. Panels (a–c) demonstrate intracranial cavity
segmentation in the axial, coronal, and sagittal planes. Panels (d–f) illustrate automated cerebellar
lobule segmentation with color-coded anatomical parcellation. Panels (g–i) present cerebellar tissue
segmentation, including gray matter and white matter compartmentalization. Panels (j–l) depict
cerebellar cortical thickness mapping using color-coded surface visualization.

Table 1. Classification of thalamic nuclei included in the volumetric analyses according to the
FreeSurfer Bayesian atlas-based thalamic nuclei segmentation framework. Major thalamic nuclear
groups and their corresponding subnuclei are presented.

Group Nuclei Included

Anterior Anteroventral nucleus (AVN)

Intralaminar/Midline
Centromedian nucleus (CN),
Midline thalamic nuclei (MTN),
Intralaminar nuclei (ISN)

Medial Mediodorsal nucleus (MN)

Posterior
Pulvinar nucleus (PN),
Medial geniculate nucleus (MGN),
Lateral geniculate nucleus (LGN)

Ventral

Ventral anterior nucleus (VAN),
Ventrolateral anterior nucleus (VLAN),
Ventrolateral posterior nucleus (VLPN),
Ventral posterolateral nucleus (VPLN)

Habenular Habenular nucleus (HN)

Whole Thalamus Right and left thalamus
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Thalamic nuclei segmentation was performed separately for the right and left hemi-
spheres. Given the small anatomical size of the thalamic nuclei and their susceptibility
to partial volume effects, all segmentation outputs were re-evaluated in 3D Slicer and
subjected to anatomical verification [41]. Representative examples of automated thalamic
nuclei segmentation are presented in Figure 5, whereas the anatomical distribution of the
thalamic nuclei evaluated in this study is illustrated in Figure 6.

Figure 5. Representative automated thalamic nuclei segmentation obtained from high-resolutionthree-
dimensional (3D) T1-weighted magnetic resonance images using the FreeSurfer thalamic nuclei
module. Panels (a–c) demonstrate intracranial cavity segmentation in the axial, coronal, and sagittal
planes. Panels (d–f) illustrate color-coded segmentation of the left thalamic nuclei across different
anatomical planes, whereas panels (g–i) show the corresponding segmentation of the right thalamic
nuclei. Distinct colors represent anatomically defined thalamic nuclei.

2.5.3. Visual Validation and Volumetric Analysis Using 3D Slicer

Segmentation outputs generated by the FreeSurfer processing pipeline were converted
from MGZ format to NIfTI format and subsequently imported into 3D Slicer for further
evaluation [33,41]. All segmentation masks were overlaid onto the native high-resolution
3D T1-weighted images and reassessed in the axial, coronal, and sagittal planes. During
the quality control process, anatomical correspondence, boundary integrity, potential
segmentation errors, and bilateral symmetry were systematically evaluated.

The anatomical accuracy of each segmentation was assessed by an experienced neuro-
radiologist through inspection across coordinates corresponding to the X-, Y-, and Z-axes
in the axial, coronal, and sagittal planes. Spatial correspondence between the segmentation
masks and the individual 3D T1-weighted images was visually verified. All evaluations
were performed with the reviewer blinded to clinical group allocation.
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Figure 6. Representative axial three-dimensional (3D) T1-weighted magnetic resonance image
demonstrating automated color-coded segmentation of bilateral thalamic nuclei using the FreeSurfer
thalamic nuclei module. Distinct colors correspond to anatomically defined thalamic nuclei included
in the volumetric analysis: anteroventral nucleus (AVN, orange), mediodorsal nucleus (MN, salmon-
red), ventrolateral anterior nucleus (VLAN, yellow), ventral anterior nucleus (VAN, light green),
ventral posterolateral nucleus (VPLN, dark green), lateral geniculate nucleus (LGN, cyan), medial
geniculate nucleus (MGN, light blue), intralaminar nuclei (ISN, purple), and pulvinar nucleus (PN,
dark blue).

Volumetric measurements were obtained using the Segment Statistics module inte-
grated within the 3D Slicer platform. Volumes for each thalamic nucleus were automatically
calculated in cubic millimeters (mm3), and measurements from the right and left hemi-
spheres were analyzed separately. Examinations with inadequate anatomical verification
or substantial segmentation errors were excluded from the final analysis. This validation
strategy was implemented to ensure anatomical accuracy, minimize segmentation-related
bias, and improve the reliability of segmentation-derived morphometric measurements.

Representative images demonstrating the 3D Slicer–based anatomical validation pro-
cedure and quantitative volumetric analysis of the automated segmentations are presented
in Figure 7.

2.6. Statistical Analysis

All statistical analyses were performed using IBM SPSS Statistics for Windows (version
29.0; IBM Corp., Armonk, NY, USA) and RStudio (version 4.3.3; Posit Software, PBC, Boston,
MA, USA). The distribution of continuous variables was assessed using the Shapiro–Wilk
test. Normally distributed variables are presented as mean ± standard deviation (SD),
whereas non-normally distributed variables are reported as median (interquartile range).
Categorical variables are expressed as frequencies and percentages (%).

Demographic characteristics were compared between the migraine and control groups
using the independent-samples t-test or the Mann–Whitney U test, as appropriate based
on data distribution. Categorical variables were analyzed using the chi-square test or
Fisher’s exact test. Clinical and demographic characteristics of the study population were
summarized using descriptive statistics. Because the study population was restricted to a
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relatively narrow developmental age range (12–17 years) and no statistically significant
between-group differences were identified in age or sex distribution, additional age- or
sex-adjusted ANCOVA analyses were not performed.

Figure 7. Representative 3D Slicer-based anatomical verification and quantitative volumetric anal-
ysis of automated thalamic nuclei segmentation. Panels (a,b) demonstrate color-coded bilateral
thalamic nuclei segmentation masks at different slice levels following FreeSurfer-based automated
segmentation. Panel (c) shows visualization of the imported segmentation masks within the 3D
Slicer environment for anatomical verification and quality control. Panel (d) illustrates quantitative
volumetric assessment using the Segment Statistics module, through which individual thalamic
nuclear volumes were automatically calculated and exported for statistical analysis.

For the primary morphometric analysis, measurements from 135 cortical, subcortical,
cerebellar, and CSF-related anatomical regions obtained from the vol2Brain platform were
compared between the migraine and control groups. Secondary analyses included cere-
bellar subregional volumes, cerebellar gray matter volumes, cerebellar cortical thickness
measurements, and thalamic nuclei volumes derived from the integrated FreeSurfer/3D
Slicer workflow. To quantify the magnitude of group differences, Hedges’ g effect sizes and
corresponding 95% confidence intervals (CI) were calculated.
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To reduce the risk of type I error associated with multiple anatomical region compar-
isons, the Benjamini–Hochberg false discovery rate (FDR) correction was applied. FDR
correction was performed separately for distinct methodological analysis families. Accord-
ingly, independent FDR correction procedures were applied to whole-brain morphometric
analyses, cerebellar subregional volume analyses, cerebellar gray matter analyses, cere-
bellar cortical thickness analyses, and thalamic nuclei analyses. Adjusted q values < 0.05
were considered statistically significant. Both raw p values and FDR-adjusted q values
were reported. To further evaluate the potential influence of residual confounding, all
morphometric parameters that remained statistically significant after Benjamini–Hochberg
false discovery rate correction were reanalyzed using analysis of covariance (ANCOVA).
Age, sex, and body mass index were included as covariates in all models, whereas total
intracranial volume was additionally included as a covariate for volumetric measure-
ments. The resulting ANCOVA-derived p values were subsequently adjusted using the
Benjamini–Hochberg false discovery rate procedure within each corresponding analysis
family. Morphometric findings that remained statistically significant after both covariate
adjustment and FDR correction were considered to demonstrate robustness against poten-
tial demographic and anthropometric confounding. Because of the retrospective nature of
the study, an a priori sample size calculation was not performed. Instead, a post hoc power
analysis was conducted based on the final cohort of 74 patients with migraine without
aura and 70 healthy controls. At a two-sided significance level of α = 0.05, the sample
size provided approximately 85% power to detect a moderate effect size (d = 0.50) and
approximately 90% power to detect an effect size of d = 0.54.

Additional confirmatory analyses were performed for volumetric parameters that
remained statistically significant after FDR correction. To evaluate the potential influence
of interindividual differences in head size, only volumetric measures that retained sig-
nificance following FDR adjustment were normalized for total intracranial volume (TIV).
TIV correction was performed using a proportional scaling approach according to the
formula: regional volume/individual TIV × mean cohort TIV. The resulting TIV-adjusted
volumetric measurements were subsequently reanalyzed and compared between the mi-
graine and control groups. Findings that remained significant after TIV adjustment were
reported separately.

To assess the reproducibility of the visual quality control process for automated
segmentation outputs, an interobserver reliability analysis was conducted in a randomly
selected subgroup comprising 15% of the study population. In this analysis, segmentation
results were independently re-evaluated by a second experienced neuroradiologist who
was blinded to clinical group allocation. Interobserver agreement was quantified using the
intraclass correlation coefficient (ICC).

For all analyses, a two-sided p value < 0.05 was considered statistically significant.
For morphometric analyses involving multiple comparisons, statistical significance was
determined based on an FDR-adjusted q value < 0.05.

3. Results
3.1. Study Population and Demographic Characteristics

The final study cohort consisted of 74 patients with migraine without aura and 70 con-
trol subjects with structurally normal cranial MRI findings. No statistically significant
differences were observed between the groups with respect to age (14.8 ± 1.6 years vs.
14.3 ± 1.5 years, p-value = 0.071), sex distribution (p-value = 0.337), or body mass index
(p-value = 0.249).

In the migraine group, the mean disease duration was 2.6 ± 1.4 years, and the mean
age at migraine onset was 12.2 ± 1.8 years. The mean attack frequency was 4.1 ± 2.3 attacks
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per month, with a mean attack duration of 13.6 ± 8.4 h. The most common associated
symptoms were unilateral headache (66.2%), phonophobia (60.8%), and nausea/vomiting
(56.8%). Pulsating headache characteristics were reported in 68.9% of patients, whereas a
unilateral pain pattern was present in 45.9% of cases.

Detailed demographic and clinical characteristics of the study population are presented
in Table 2.

Table 2. Demographic characteristics and baseline clinical features of pediatric patients aged 12–
17 years with migraine without aura and migraine-negative controls.

Variable Migraine Without Aura
(n = 74) Control (n = 70) p-Value

Age, years 14.8 ± 1.6 14.3 ± 1.5 0.071

Sex 0.337
Female, n (%) 46 (62.2) 38 (54.3)
Male, n (%) 28 (37.8) 32 (45.7)

Body mass index, kg/m2 21.4 ± 3.2 20.8 ± 3.0 0.249

Total intracranial volume, cm3 1398 ± 118 1432 ± 122 0.12

History of syncope/nonfocal complaint, n (%) — 43 (61.4) —

Disease duration, years 2.6 ± 1.4 — —

Age at migraine onset, years 12.2 ± 1.8 — —

Monthly attack frequency, attacks/month 4.1 ± 2.3 — —

Attack duration, hours 13.6 ± 8.4 — —

Nausea/vomiting, n (%) 42 (56.8) — —

Photophobia, n (%) 34 (45.9) — —

Phonophobia, n (%) 45 (60.8) — —

Unilateral headache, n (%) 49 (66.2) — —

Pulsating headache quality, n (%) 51 (68.9) — —

Analgesic use during attacks, n (%) 58 (78.4) — —
Values are presented as mean ± standard deviation or n (%), as appropriate. Total intracranial volume (TIV)
is reported in cm3 and represents the intracranial cavity volume derived from the Vol2Brain output. p-value
represents comparisons between the migraine and control groups. Variables specific to migraine were not
compared with controls. The symbol ‘—’ indicates that no patients in the corresponding group had the relevant
clinical characteristic.

3.2. Magnetic Resonance Imaging Quality Control and Segmentation Reliability

Following the application of the predefined MRI quality control and segmentation
validation criteria, a total of 61 MRI datasets were excluded prior to volumetric analysis.
The primary reasons for exclusion included image quality–related technical issues, inade-
quate anatomical coverage, and failure of segmentation validation. Detailed information
regarding the quality control process and exclusion criteria is presented in Figure 2.

After completion of the multistep quality control and anatomical verification pro-
cedures, all imaging datasets from the final study cohort, comprising 74 patients with
migraine without aura and 70 control subjects, met the predefined quality requirements
for volumetric analysis. Interobserver reliability analysis was performed in a randomly
selected subgroup representing 15% of the study population. Volumetric measurements
demonstrated excellent reproducibility, with an intraclass correlation coefficient (ICC) of
0.96 (95% CI: 0.92–0.98).
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3.3. Whole-Brain Volumetric Findings

Whole-brain morphometric analysis revealed statistically significant differences be-
tween the migraine and control groups in bilateral amygdala volumes, right thalamic
volume, and cortical thickness of the right anterior insula, left anterior cingulate gyrus,
and precuneus. All of these findings remained significant after Benjamini–Hochberg FDR
correction and were associated with small-to-moderate effect sizes (Hedges’ g = 0.39–0.61)
(Table 3).

Table 3. Group comparisons of significant morphometric parameters derived from whole-brain
automated MRI analysis after false discovery rate (FDR) correction.

Anatomical
Region

Measurement
Type

Migraine
Without Aura
Mean ± SD

Control
Mean ± SD p-Value q (FDR)

Effect Size
(Hedges’ g)

[95% CI]

Amygdala (R) Volume (mm3) 1712 ± 221 1846 ± 238 0.004 0.029 0.58 [0.25, 0.92]

Amygdala (L) Volume (mm3) 1695 ± 214 1818 ± 226 0.006 0.032 0.56 [0.22, 0.89]

Anterior Insula
(R)

Cortical
Thickness (mm) 3.37 ± 0.24 3.52 ± 0.25 0.009 0.038 0.61 [0.27, 0.95]

Anterior
Cingulate Gyrus

(L)

Cortical
Thickness (mm) 4.01 ± 0.31 4.19 ± 0.30 0.012 0.041 0.59 [0.25, 0.93]

Precuneus Cortical
Thickness (mm) 2.81 ± 0.27 2.96 ± 0.28 0.016 0.045 0.54 [0.21, 0.88]

Thalamus (R) Volume (mm3) 5635 ± 612 5878 ± 641 0.026 0.049 0.39 [0.06, 0.72]

Remaining 129
regions — — — N.S. — —

Values are presented as mean ± standard deviation (SD). p-value represents between-group comparisons for
each anatomical region. Multiple-comparison correction was performed using the Benjamini–Hochberg false
discovery rate (FDR) procedure, and regions with q < 0.05 were considered statistically significant. Effect sizes are
reported as Hedges’ g with 95% confidence intervals (CI). Positive Hedges’ g values indicate lower measurements
in the migraine group relative to controls. Only regions remaining significant after FDR correction are shown.
Abbreviations: SD, standard deviation; CI, confidence interval; FDR, false discovery rate. “N.S.”, not significant;
“—”, results not individually reported because no statistically significant difference was detected.

Compared with the control group, patients with migraine without aura exhibited
lower bilateral amygdala and right thalamic volumes, as well as reduced cortical thickness
in the right anterior insula, left anterior cingulate gyrus, and precuneus. The largest effect
sizes were observed in the right anterior insula (Hedges’ g = 0.61), left anterior cingulate
gyrus (Hedges’ g = 0.59), and bilateral amygdala volumes (Hedges’ g = 0.56–0.58). No
additional anatomical regions demonstrated statistically significant differences following
FDR correction.

3.4. Cerebellar Subregional Analysis

Cerebellar subregional volumetric analysis demonstrated bilateral volume reduc-
tions in Lobule VI, and these differences remained statistically significant after Benjamini–
Hochberg FDR correction (Hedges’ g = 0.43–0.46) (Table 4). Similarly, gray matter volume
analysis revealed significantly lower bilateral gray matter volumes of Lobule VI in the
migraine group, with moderate effect sizes (Hedges’ g = 0.60–0.64), and these findings
remained significant following FDR correction (Table 5).

https://doi.org/10.3390/diagnostics16132085

https://doi.org/10.3390/diagnostics16132085


Diagnostics 2026, 16, 2085 18 of 39

Table 4. Group comparisons of cerebellar subregional volumes obtained from automated cerebellar
segmentation after false discovery rate (FDR) correction.

Anatomical
Region Side

Migraine
Without Aura
Mean ± SD

(cm3)

Control
Mean ± SD

(cm3)
p-Value q (FDR)

Effect Size
Hedges’ g
[95% CI]

Lobule I–II Right 0.060 ± 0.009 0.061 ± 0.008 0.72 0.86 0.05 [−0.34, 0.44]

Lobule I–II Left 0.051 ± 0.008 0.053 ± 0.008 0.76 0.88 0.04 [−0.35, 0.43]

Lobule III Right 0.61 ± 0.08 0.63 ± 0.08 0.49 0.72 0.11 [−0.28, 0.50]

Lobule III Left 0.56 ± 0.07 0.58 ± 0.08 0.53 0.75 0.10 [−0.29, 0.49]

Lobule IV Right 1.84 ± 0.19 1.89 ± 0.20 0.41 0.68 0.14 [−0.25, 0.53]

Lobule IV Left 2.18 ± 0.22 2.24 ± 0.23 0.38 0.65 0.15 [−0.24, 0.54]

Lobule V Right 3.94 ± 0.37 4.03 ± 0.39 0.36 0.63 0.17 [−0.22, 0.56]

Lobule V Left 4.01 ± 0.38 4.08 ± 0.40 0.40 0.66 0.16 [−0.23, 0.55]

Lobule VI Right 8.88 ± 0.71 9.29 ± 0.76 0.011 0.041 0.46 [0.12, 0.80]

Lobule VI Left 8.93 ± 0.69 9.35 ± 0.74 0.014 0.046 0.43 [0.09, 0.77]

Lobule VIIA
(Crus I) Right 11.24 ± 1.08 11.46 ± 1.12 0.18 0.43 0.20 [−0.19, 0.59]

Lobule VIIA
(Crus I) Left 11.31 ± 1.10 11.55 ± 1.14 0.21 0.48 0.19 [−0.20, 0.58]

Lobule VIIA
(Crus II) Right 7.08 ± 0.74 7.23 ± 0.76 0.23 0.50 0.18 [−0.21, 0.57]

Lobule VIIA
(Crus II) Left 7.14 ± 0.75 7.28 ± 0.77 0.28 0.57 0.16 [−0.23, 0.55]

Lobule VIIB Right 4.71 ± 0.46 4.82 ± 0.47 0.31 0.59 0.16 [−0.23, 0.55]

Lobule VIIB Left 5.02 ± 0.49 5.12 ± 0.50 0.34 0.61 0.15 [−0.24, 0.54]

Lobule VIIIA Right 6.32 ± 0.61 6.45 ± 0.63 0.35 0.63 0.14 [−0.25, 0.53]

Lobule VIIIA Left 5.71 ± 0.56 5.83 ± 0.58 0.37 0.65 0.13 [−0.26, 0.52]

Lobule VIIIB Right 3.98 ± 0.39 4.07 ± 0.40 0.054 0.081 0.30 [−0.09, 0.69]

Lobule VIIIB Left 3.58 ± 0.35 3.66 ± 0.36 0.40 0.66 0.14 [−0.25, 0.53]

Lobule IX Right 4.08 ± 0.42 4.16 ± 0.43 0.51 0.73 0.10 [−0.29, 0.49]

Lobule IX Left 3.80 ± 0.39 3.88 ± 0.40 0.55 0.76 0.09 [−0.30, 0.48]

Lobule X Right 0.62 ± 0.08 0.64 ± 0.08 0.45 0.69 0.12 [−0.27, 0.51]

Lobule X Left 0.59 ± 0.07 0.61 ± 0.08 0.48 0.71 0.11 [−0.28, 0.50]
Values are presented as mean ± standard deviation (SD). p-value represents between-group comparisons for
each cerebellar subregion. Multiple-comparison correction was performed using the Benjamini–Hochberg false
discovery rate (FDR) procedure, and regions with q < 0.05 were considered statistically significant. Effect sizes are
reported as Hedges’ g with 95% confidence intervals (CI). Positive Hedges’ g values indicate lower measurements
in the migraine group relative to controls. Statistically significant findings are shown in bold. Abbreviations: SD,
standard deviation; CI, confidence interval; FDR, false discovery rate.

In the cortical thickness analysis, significant cortical thinning was identified in the
right Crus I and right Crus II in patients with migraine without aura. These differences
also remained statistically significant after correction for multiple comparisons and were
associated with moderate effect sizes (Hedges’ g = 0.61–0.66) (Table 6). No statistically
significant differences were observed in the remaining cerebellar lobules with respect to
volume, gray matter volume, or cortical thickness measurements after FDR correction.
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Table 5. Group comparisons of cerebellar subregional gray matter volumes obtained from automated
cerebellar segmentation after false discovery rate (FDR) correction.

Anatomical
Region Side

Migraine
Without Aura
Mean ± SD

(cm3)

Control
Mean ± SD

(cm3)
p-Value q (FDR)

Effect Size
Hedges’ g
[95% CI]

Lobule I–II Right 0.035 ± 0.006 0.036 ± 0.006 0.68 0.84 0.07 [−0.26, 0.40]

Lobule I–II Left 0.022 ± 0.005 0.023 ± 0.005 0.72 0.86 0.05 [−0.28, 0.38]

Lobule III Right 0.53 ± 0.07 0.55 ± 0.07 0.44 0.68 0.13 [−0.20, 0.46]

Lobule III Left 0.49 ± 0.07 0.51 ± 0.07 0.47 0.70 0.12 [−0.21, 0.45]

Lobule IV Right 1.69 ± 0.18 1.75 ± 0.19 0.28 0.55 0.19 [−0.14, 0.52]

Lobule IV Left 2.03 ± 0.21 2.10 ± 0.22 0.25 0.52 0.20 [−0.13, 0.53]

Lobule V Right 3.41 ± 0.33 3.52 ± 0.35 0.22 0.48 0.22 [−0.11, 0.55]

Lobule V Left 3.55 ± 0.34 3.66 ± 0.36 0.24 0.50 0.21 [−0.12, 0.54]

Lobule VI Right 8.19 ± 0.64 8.73 ± 0.68 0.003 0.018 0.64 [0.30, 0.98]

Lobule VI Left 8.24 ± 0.63 8.78 ± 0.67 0.005 0.023 0.60 [0.26, 0.94]

Lobule VIIA
(Crus I) Right 9.86 ± 0.91 10.01 ± 0.94 0.19 0.45 0.23 [−0.10, 0.56]

Lobule VIIA
(Crus I) Left 9.95 ± 0.92 10.10 ± 0.95 0.21 0.47 0.22 [−0.11, 0.55]

Lobule VIIA
(Crus II) Right 6.16 ± 0.66 6.28 ± 0.68 0.16 0.42 0.24 [−0.09, 0.57]

Lobule VIIA
(Crus II) Left 6.55 ± 0.69 6.67 ± 0.70 0.18 0.44 0.23 [−0.10, 0.56]

Lobule VIIB Right 4.48 ± 0.44 4.58 ± 0.45 0.26 0.53 0.19 [−0.14, 0.52]

Lobule VIIB Left 4.55 ± 0.44 4.64 ± 0.46 0.31 0.58 0.17 [−0.16, 0.50]

Lobule VIIIA Right 5.84 ± 0.56 5.96 ± 0.58 0.24 0.51 0.20 [−0.13, 0.53]

Lobule VIIIA Left 5.47 ± 0.53 5.58 ± 0.55 0.29 0.56 0.18 [−0.15, 0.51]

Lobule VIIIB Right 3.54 ± 0.35 3.63 ± 0.36 0.061 0.088 0.29 [−0.04, 0.62]

Lobule VIIIB Left 3.24 ± 0.33 3.31 ± 0.34 0.34 0.60 0.16 [−0.17, 0.49]

Lobule IX Right 3.56 ± 0.37 3.65 ± 0.38 0.39 0.64 0.14 [−0.19, 0.47]

Lobule IX Left 3.25 ± 0.34 3.33 ± 0.35 0.42 0.66 0.13 [−0.20, 0.46]

Lobule X Right 0.60 ± 0.08 0.62 ± 0.08 0.33 0.59 0.16 [−0.17, 0.49]

Lobule X Left 0.56 ± 0.07 0.58 ± 0.07 0.37 0.62 0.15 [−0.18, 0.48]
Values are presented as mean ± standard deviation (SD). p-value represents between-group comparisons of
cerebellar subregional gray matter volumes. Multiple-comparison correction was performed using the Benjamini–
Hochberg false discovery rate (FDR) procedure, and regions with q < 0.05 were considered statistically significant.
Effect sizes are reported as Hedges’ g with corresponding 95% confidence intervals (CI). Positive Hedges’ g values
indicate lower measurements in the migraine group relative to controls. Statistically significant findings are
highlighted in bold. Abbreviations: SD, standard deviation; CI, confidence interval; FDR, false discovery rate.

3.5. Thalamic Nuclei Findings

Thalamic nuclei volumetric analysis demonstrated significantly lower bilateral
mediodorsal nucleus (MN) and pulvinar nucleus (PN) volumes, as well as lower right
ventral anterior nucleus (VAN) and right ventral posterolateral nucleus (VPLN) volumes,
in the migraine group compared with the control group. These differences remained sta-
tistically significant after Benjamini–Hochberg FDR correction and were associated with
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moderate to moderately large effect sizes (Hedges’ g = 0.53–0.68) (Table 7). The largest
effect sizes were observed in the bilateral pulvinar nucleus and mediodorsal nucleus. No
statistically significant volumetric differences were identified in the remaining thalamic
nuclei following FDR correction.

Table 6. Group comparisons of cerebellar cortical thickness measurements obtained from automated
cerebellar segmentation after false discovery rate (FDR) correction.

Anatomical
Region Side

Migraine
Without Aura
Mean ± SD

(mm)

Control
Mean ± SD

(mm)
p-Value q (FDR)

Effect Size
Hedges’ g
[95% CI]

Lobule I–II Right 3.22 ± 0.36 3.26 ± 0.37 0.54 0.72 0.10 [−0.23, 0.43]

Lobule I–II Left 3.14 ± 0.35 3.18 ± 0.36 0.51 0.70 0.11 [−0.22, 0.44]

Lobule III Right 3.91 ± 0.40 3.97 ± 0.41 0.39 0.61 0.15 [−0.18, 0.48]

Lobule III Left 4.12 ± 0.41 4.18 ± 0.42 0.42 0.64 0.14 [−0.19, 0.47]

Lobule IV Right 5.21 ± 0.43 5.28 ± 0.45 0.33 0.56 0.16 [−0.17, 0.49]

Lobule IV Left 5.19 ± 0.44 5.26 ± 0.45 0.35 0.58 0.15 [−0.18, 0.48]

Lobule V Right 4.72 ± 0.38 4.80 ± 0.39 0.26 0.49 0.20 [−0.13, 0.53]

Lobule V Left 4.87 ± 0.40 4.94 ± 0.41 0.32 0.55 0.17 [−0.16, 0.50]

Lobule VI Right 4.96 ± 0.36 5.05 ± 0.37 0.17 0.38 0.24 [−0.09, 0.57]

Lobule VI Left 5.01 ± 0.37 5.09 ± 0.38 0.21 0.44 0.21 [−0.12, 0.54]

Lobule VIIA
(Crus I) Right 4.84 ± 0.31 5.06 ± 0.34 0.006 0.031 0.66 [0.32, 1.00]

Lobule VIIA
(Crus I) Left 4.91 ± 0.33 4.99 ± 0.34 0.18 0.39 0.23 [−0.10, 0.56]

Lobule VIIA
(Crus II) Right 4.72 ± 0.30 4.91 ± 0.32 0.011 0.044 0.61 [0.27, 0.95]

Lobule VIIA
(Crus II) Left 4.78 ± 0.31 4.85 ± 0.33 0.25 0.48 0.21 [−0.12, 0.54]

Lobule VIIB Right 5.05 ± 0.37 5.13 ± 0.38 0.20 0.43 0.21 [−0.12, 0.54]

Lobule VIIB Left 5.03 ± 0.36 5.10 ± 0.37 0.28 0.52 0.19 [−0.14, 0.52]

Lobule VIIIA Right 4.91 ± 0.35 4.98 ± 0.36 0.29 0.53 0.18 [−0.15, 0.51]

Lobule VIIIA Left 5.03 ± 0.36 5.10 ± 0.37 0.30 0.54 0.18 [−0.15, 0.51]

Lobule VIIIB Right 4.93 ± 0.34 5.01 ± 0.36 0.19 0.41 0.22 [−0.11, 0.55]

Lobule VIIIB Left 5.09 ± 0.36 5.15 ± 0.37 0.36 0.59 0.16 [−0.17, 0.49]

Lobule IX Right 4.96 ± 0.39 5.02 ± 0.40 0.43 0.65 0.14 [−0.19, 0.47]

Lobule IX Left 4.99 ± 0.40 5.04 ± 0.41 0.48 0.68 0.12 [−0.21, 0.45]

Lobule X Right 3.91 ± 0.37 3.98 ± 0.38 0.34 0.57 0.17 [−0.16, 0.50]

Lobule X Left 3.96 ± 0.38 4.02 ± 0.39 0.41 0.63 0.15 [−0.18, 0.48]
Values are presented as mean ± standard deviation (SD). p-value represents between-group comparisons for each
cerebellar cortical thickness measurement. Multiple-comparison correction was performed using the Benjamini–
Hochberg false discovery rate (FDR) procedure, and regions with q < 0.05 were considered statistically significant.
Effect sizes are reported as Hedges’ g with 95% confidence intervals (CI). Positive Hedges’ g values indicate lower
measurements in the migraine group relative to controls. Statistically significant findings are shown in bold.
Abbreviations: SD, standard deviation; CI, confidence interval; FDR, false discovery rate.
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Table 7. Group comparisons of thalamic nuclei volumes obtained from automated thalamic nuclei
segmentation after false discovery rate (FDR) correction.

Anatomical
Region Side

Migraine
Without Aura
Mean ± SD

(cm3)

Control
Mean ± SD

(cm3)
p-Value q (FDR)

Effect Size
Hedges’ g
[95% CI]

AVN Right 0.101 ± 0.018 0.105 ± 0.019 0.28 0.56 0.18 [−0.15, 0.51]

AVN Left 0.099 ± 0.017 0.103 ± 0.018 0.34 0.62 0.15 [−0.18, 0.48]

VAN Right 0.232 ± 0.036 0.252 ± 0.039 0.014 0.041 0.53 [0.19, 0.87]

VAN Left 0.229 ± 0.035 0.242 ± 0.038 0.071 0.108 0.31 [−0.02, 0.64]

VLAN Right 0.091 ± 0.014 0.095 ± 0.015 0.22 0.49 0.22 [−0.11, 0.55]

VLAN Left 0.096 ± 0.014 0.101 ± 0.015 0.18 0.44 0.25 [−0.08, 0.58]

VLPN Right 0.795 ± 0.078 0.820 ± 0.083 0.083 0.127 0.29 [−0.04, 0.62]

VLPN Left 0.808 ± 0.079 0.834 ± 0.084 0.092 0.136 0.28 [−0.05, 0.61]

VPLN Right 0.281 ± 0.041 0.305 ± 0.045 0.011 0.038 0.56 [0.22, 0.90]

VPLN Left 0.314 ± 0.044 0.329 ± 0.047 0.081 0.122 0.29 [−0.04, 0.62]

PN Right 1.108 ± 0.126 1.196 ± 0.132 0.006 0.027 0.68 [0.34, 1.02]

PN Left 1.236 ± 0.135 1.321 ± 0.142 0.009 0.034 0.61 [0.27, 0.95]

LGN Right 0.097 ± 0.018 0.101 ± 0.019 0.31 0.60 0.16 [−0.17, 0.49]

LGN Left 0.088 ± 0.016 0.091 ± 0.017 0.39 0.66 0.13 [−0.20, 0.46]

MGN Right 0.076 ± 0.011 0.079 ± 0.012 0.27 0.55 0.18 [−0.15, 0.51]

MGN Left 0.067 ± 0.010 0.070 ± 0.011 0.25 0.53 0.19 [−0.14, 0.52]

CN Right 0.118 ± 0.017 0.123 ± 0.018 0.19 0.45 0.24 [−0.09, 0.57]

CN Left 0.116 ± 0.017 0.121 ± 0.018 0.23 0.50 0.22 [−0.11, 0.55]

MN Right 0.615 ± 0.071 0.664 ± 0.076 0.004 0.021 0.66 [0.32, 1.00]

MN Left 0.618 ± 0.070 0.660 ± 0.074 0.012 0.039 0.58 [0.24, 0.92]

HN Right 0.019 ± 0.004 0.020 ± 0.004 0.42 0.68 0.12 [−0.21, 0.45]

HN Left 0.020 ± 0.004 0.021 ± 0.004 0.45 0.70 0.11 [−0.22, 0.44]

MTN Right 0.010 ± 0.003 0.011 ± 0.003 0.48 0.72 0.10 [−0.23, 0.43]

MTN Left 0.011 ± 0.003 0.012 ± 0.003 0.51 0.74 0.09 [−0.24, 0.42]

ISN Right 2.170 ± 0.210 2.218 ± 0.224 0.19 0.45 0.23 [−0.10, 0.56]

ISN Left 2.158 ± 0.208 2.205 ± 0.219 0.21 0.48 0.22 [−0.11, 0.55]
Values are presented as mean ± standard deviation (SD). p-value represents between-group comparisons for each
thalamic nucleus. Multiple-comparison correction was performed using the Benjamini–Hochberg false discovery
rate (FDR) procedure, and nuclei with q < 0.05 were considered statistically significant. Effect sizes are reported
as Hedges’ g with 95% confidence intervals (CI). Positive Hedges’ g values indicate lower measurements in
the migraine group relative to controls. Statistically significant findings are shown in bold. Abbreviations: SD,
standard deviation; CI, confidence interval; FDR, false discovery rate; AVN, anteroventral nucleus; VAN, ventral
anterior nucleus; VLAN, ventrolateral anterior nucleus; VLPN, ventrolateral posterior nucleus; VPLN, ventral
posterolateral nucleus; PN, pulvinar nucleus; LGN, lateral geniculate nucleus; MGN, medial geniculate nucleus;
CN, centromedian nucleus; MN, mediodorsal nucleus; HN, habenular nucleus; MTN, midline thalamic nuclei;
ISN, intralaminar nuclei.

3.6. Total Intracranial Volume-Normalized Volumetric Findings

In the confirmatory analyses performed on volumetric parameters that remained
statistically significant after Benjamini–Hochberg FDR correction in the primary analyses,
all significant findings identified in the whole-brain morphometric analyses, cerebellar
subregional analyses, and thalamic nuclei analyses remained statistically significant after

https://doi.org/10.3390/diagnostics16132085

https://doi.org/10.3390/diagnostics16132085


Diagnostics 2026, 16, 2085 22 of 39

adjustment for total intracranial volume (TIV). The corresponding effect sizes remained
largely unchanged following TIV normalization (Hedges’ g = 0.42–0.66), supporting the
robustness of the observed morphometric differences and indicating that the findings were
not primarily driven by interindividual variations in intracranial volume (Table 8).

Table 8. TIV-adjusted volumetric findings that remained significant after false discovery rate
(FDR) correction.

Anatomical
Region

Measurement
Type

Migraine
Without Aura
Mean ± SD

Control
Mean ± SD p-Value q

(FDR)

Effect Size
Hedges’ g
[95% CI]

Right Amyg-
dala

TIV-adjusted
volume (cm3) 1.70 ± 0.21 1.83 ± 0.24 0.011 0.032 0.55 [0.22, 0.88]

Left Amygdala TIV-adjusted
volume (cm3) 1.68 ± 0.20 1.80 ± 0.22 0.014 0.037 0.52 [0.19, 0.85]

Right Thalamus TIV-adjusted
volume (cm3) 5.60 ± 0.60 5.84 ± 0.64 0.021 0.046 0.42 [0.09, 0.75]

Right Lobule VI TIV-adjusted
volume (cm3) 8.84 ± 0.70 9.25 ± 0.75 0.017 0.041 0.45 [0.12, 0.78]

Left Lobule VI TIV-adjusted
volume (cm3) 8.89 ± 0.69 9.30 ± 0.74 0.019 0.044 0.43 [0.10, 0.76]

Right Lobule VI
TIV-adjusted gray

matter volume
(cm3)

8.15 ± 0.63 8.68 ± 0.67 0.005 0.019 0.62 [0.29, 0.95]

Left Lobule VI
TIV-adjusted gray

matter volume
(cm3)

8.20 ± 0.62 8.73 ± 0.66 0.007 0.024 0.59 [0.26, 0.92]

Right VAN TIV-adjusted
volume (cm3) 0.229 ± 0.035 0.249 ± 0.038 0.018 0.043 0.50 [0.17, 0.83]

Right VPLN TIV-adjusted
volume (cm3) 0.278 ± 0.040 0.302 ± 0.044 0.014 0.036 0.54 [0.21, 0.87]

Right PN TIV-adjusted
volume (cm3) 1.097 ± 0.123 1.184 ± 0.129 0.008 0.026 0.66 [0.33, 0.99]

Left PN TIV-adjusted
volume (cm3) 1.225 ± 0.132 1.309 ± 0.139 0.011 0.031 0.60 [0.27, 0.93]

Right MN TIV-adjusted
volume (cm3) 0.608 ± 0.070 0.656 ± 0.074 0.006 0.021 0.64 [0.31, 0.97]

Left MN TIV-adjusted
volume (cm3) 0.611 ± 0.069 0.652 ± 0.073 0.013 0.034 0.57 [0.24, 0.90]

Values are presented as mean ± standard deviation (SD). Volumetric parameters were adjusted for total intracranial
volume (TIV) using the following formula: TIV-adjusted volume = regional volume/individual TIV × mean cohort
TIV. p-value represents between-group comparisons of TIV-adjusted volumetric measures. Multiple-comparison
correction was performed using the Benjamini–Hochberg false discovery rate (FDR) procedure, and regions with
q < 0.05 were considered statistically significant. Effect sizes are reported as Hedges’ g with 95% confidence
intervals (CI). Positive Hedges’ g values indicate lower measurements in the migraine group relative to controls.
Only volumetric parameters that remained significant after TIV adjustment and FDR correction are shown.
Cortical thickness parameters were not subjected to TIV adjustment because they are non-volumetric measures
and are not directly influenced by intracranial volume. Abbreviations: SD, standard deviation; CI, confidence
interval; TIV, total intracranial volume; FDR, false discovery rate; VAN, ventral anterior nucleus; VPLN, ventral
posterolateral nucleus; PN, pulvinar nucleus; MN, mediodorsal nucleus.

To further assess the potential influence of demographic and anthropometric con-
founding variables, all morphometric parameters that remained statistically significant
after FDR correction were reanalyzed using ANCOVA. Adjustment for age, sex, and BMI,
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with additional adjustment for TIV for volumetric measurements, did not materially alter
the statistical significance, direction, or overall pattern of the observed morphometric find-
ings. All previously significant morphometric findings remained statistically significant
following covariate adjustment. The complete ANCOVA-adjusted results are provided in
Supplementary Material S4.

To facilitate interpretation of the principal findings and provide an integrated overview
of the morphometric alterations identified across the different analytical levels, a summary
of all parameters that remained statistically significant after Benjamini–Hochberg false
discovery rate correction is presented in Table 9.

Table 9. Summary of morphometric findings remaining statistically significant after Benjamini–
Hochberg false discovery rate correction.

Anatomical
Domain

Anatomical
Region

Measurement
Type

Direction of
Change in

Migraine Group

q
(FDR)

Effect Size
(Hedges’ g)

[95% CI]

Whole-
brain morphometry Right amygdala Volume ↓ 0.029 0.58 [0.25, 0.92]

Whole-brain
morphometry Left amygdala Volume ↓ 0.032 0.56 [0.22, 0.89]

Whole-brain
morphometry Right thalamus Volume ↓ 0.049 0.39 [0.06, 0.72]

Whole-brain
morphometry

Right anterior
insula

Cortical
thickness ↓ 0.038 0.61 [0.27, 0.95]

Whole-brain
morphometry

Left anterior
cingulate

gyrus

Cortical
thickness ↓ 0.041 0.59 [0.25, 0.93]

Whole-brain
morphometry Precuneus Cortical

thickness ↓ 0.045 0.54 [0.21, 0.88]

Cerebellar
subregional analysis Right Lobule VI Volume ↓ 0.041 0.46 [0.12, 0.80]

Cerebellar
subregional analysis Left Lobule VI Volume ↓ 0.046 0.43 [0.09, 0.77]

Cerebellar
subregional analysis Right Lobule VI Gray matter

volume ↓ 0.018 0.64 [0.30, 0.98]

Cerebellar
subregional analysis Left Lobule VI Gray matter

volume ↓ 0.023 0.60 [0.26, 0.94]

Cerebellar
subregional analysis Right Crus I Cortical

thickness ↓ 0.031 0.66 [0.32, 1.00]

Cerebellar
subregional analysis Right Crus II Cortical

thickness ↓ 0.044 0.61 [0.27, 0.95]

Thalamic nuclei
analysis

Right ventral
anterior

nucleus (VAN)
Volume ↓ 0.041 0.53 [0.19, 0.87]

Thalamic nuclei
analysis

Right ventral
posterolateral

nucleus (VPLN)
Volume ↓ 0.038 0.56 [0.22, 0.90]

Thalamic nuclei
analysis

Right pulvinar
nucleus (PN) Volume ↓ 0.027 0.68 [0.34, 1.02]
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Table 9. Cont.

Anatomical
Domain

Anatomical
Region

Measurement
Type

Direction of
Change in

Migraine Group

q
(FDR)

Effect Size
(Hedges’ g)

[95% CI]

Thalamic nuclei
analysis

Left pulvinar
nucleus (PN) Volume ↓ 0.034 0.61 [0.27, 0.95]

Thalamic nuclei
analysis

Right mediodorsal
nucleus (MN) Volume ↓ 0.021 0.66 [0.32, 1.00]

Thalamic nuclei
analysis

Left mediodorsal
nucleus (MN) Volume ↓ 0.039 0.58 [0.24, 0.92]

Values shown represent only findings that remained statistically significant after Benjamini–Hochberg false
discovery rate (FDR) correction. Direction of change refers to lower measurements in the migraine group relative
to controls. Effect sizes are reported as Hedges’ g. Positive Hedges’ g values indicate lower morphometric
measurements in patients with migraine without aura compared with migraine-negative controls. q values
represent FDR-adjusted significance levels. Abbreviations: FDR, false discovery rate; VAN, ventral anterior
nucleus; VPLN, ventral posterolateral nucleus; PN, pulvinar nucleus; MN, mediodorsal nucleus. “↓” indicates
reduced measurements in the migraine group relative to the control group.

4. Discussion
In the present study, a multiplatform neuroimaging approach integrating whole-brain

volumetry, cerebellar subregional analyses, and thalamic nuclei assessment identified
morphometric alterations involving cortical, limbic, thalamic, and cerebellar structures
in adolescents aged 12–17 years with migraine without aura. The fact that these findings
were not confined to a single anatomical region but were observed across multiple func-
tionally interconnected cortical and subcortical structures suggests that migraine may not
be adequately characterized as a localized brain disorder. In particular, the concurrent
structural alterations identified within anatomical systems known to participate in pain
modulation, sensory integration, emotional processing, salience attribution, and cortical–
subcortical information transfer support the concept that migraine may be associated with a
distributed neuroanatomical pattern within the developing brain. Accordingly, the present
findings are broadly consistent with contemporary neurobiological models proposing that
migraine is not a disorder arising from a single structural focus but rather is associated
with morphometric alterations involving anatomical regions implicated in pain processing,
emotional regulation, sensory integration, and cortical–subcortical communication [41–45].
Notably, the findings related to the thalamic nuclei and cerebellar subregions represent
some of the most distinctive and potentially novel contributions of the present study to the
existing literature.

An important consideration when interpreting the present findings is that the study
focused on a neurodevelopmentally more homogeneous pediatric cohort aged 12–17 years,
thereby minimizing the pronounced developmental variability characteristic of early child-
hood. This age range represents a critical neurodevelopmental period during which cortical
maturation, white matter development, and the refinement of anatomical organization
between cortical and subcortical systems continue to progress, although with less variability
than in younger children. Synaptic pruning, experience-dependent neuroplasticity, myelina-
tion, and the maturation of distinct cortical and subcortical networks remain active during
this stage and exert substantial influences on brain structural organization. Consequently,
migraine-related morphometric alterations may reflect not only ongoing disease processes
but also the dynamic developmental mechanisms of the maturing brain. Neuroimaging
findings reported in adult migraine populations may be influenced by long-term disease
burden, repeated pain exposure, environmental factors, and age-related neuroanatomical
changes. In contrast, findings obtained from a neurodevelopmentally more homogeneous
adolescent cohort may provide insight into earlier stages of the structural organization
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patterns associated with migraine. Therefore, direct extrapolation of results from adult
cohorts to pediatric populations may not be appropriate, and age-specific neuroimaging
studies are needed to improve our understanding of the neurodevelopmental biology of
migraine [46–49].

In the present study, lower bilateral amygdala volumes and reduced cortical thickness
of the left anterior cingulate gyrus were observed in the migraine group, suggesting that
migraine may be associated with morphometric alterations in limbic structures involved in
emotional processing and the affective dimensions of pain. The limbic system comprises
a network of neuroanatomical structures implicated in the evaluation of the emotional
aspects of pain, the formation of pain expectancy, the maintenance of learned pain-related
responses, and the modulation of pain memory. As a key component of this system, the
amygdala has been linked to the affective evaluation of nociceptive stimuli and central
sensitization processes, whereas the anterior cingulate cortex is considered one of the
principal regions involved in the emotional dimension of pain, attentional processing, and
the regulation of behavioral responses [5,9,16]. Several neuroimaging studies conducted in
adult migraine populations have reported findings supporting the involvement of these
structures in migraine pathophysiology. Schwedt et al. identified altered functional re-
sponses in pain-processing regions, including the anterior cingulate cortex and insula, in
patients with episodic migraine and suggested that these regions may play important roles
in migraine-related processes [16]. Similarly, a systematic review by Schramm et al. empha-
sized the presence of functional alterations within large-scale brain systems encompassing
the limbic network, salience-processing regions, and pain-related structures in individuals
with migraine [9]. In a more recent study, Kosuge et al. reported reduced amygdala volume,
particularly in the right amygdala, in patients with migraine and suggested that this finding
may reflect migraine-related alterations within the limbic system [50]. Likewise, Ou et al.
demonstrated both structural and functional abnormalities in subregions of the anterior
cingulate cortex in individuals with migraine and proposed that these changes may be
associated with altered pain-processing mechanisms [51]. Nevertheless, findings regard-
ing the amygdala and anterior cingulate cortex remain inconsistent across the literature.
While some studies have reported volume loss or cortical thinning, others have described
increased volumes or failed to identify significant morphometric differences [5,9,50,51].
Evidence in pediatric migraine populations is even more limited. Bell et al. identified
age-related functional alterations in pediatric migraine patients and emphasized the impor-
tance of interpreting migraine within a neurodevelopmental framework [6]. Guarnera et al.
reported differences in cortical thickness and gyrification across several cortical regions
in pediatric patients with migraine without aura [13]. Furthermore, a review by Webb
et al. highlighted that neuroimaging findings in pediatric migraine do not fully mirror
those reported in adult populations and should therefore be interpreted in the context of
ongoing neurodevelopment [14]. This heterogeneity may be attributable to differences
in age distribution, migraine subtype, disease duration, imaging methodology, sample
size, and segmentation techniques. In addition, the continued neurodevelopment and
experience-dependent plasticity of limbic structures such as the amygdala and anterior
cingulate cortex during childhood and adolescence may contribute to variability across
studies. Within this context, the identification of both bilateral amygdala volume reductions
and anterior cingulate cortical alterations in our neurodevelopmentally more homogeneous
cohort of adolescents aged 12–17 years suggests that migraine may be associated not only
with the sensory dimension of pain but also with morphometric differences in limbic struc-
tures involved in its emotional and cognitive components. Overall, our findings are broadly
consistent with the existing literature supporting a potential role of the limbic system in
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migraine pathophysiology. However, prospective longitudinal studies are required to
clarify the directionality and biological significance of these associations.

An additional framework through which the present findings may be interpreted
is central sensitization, a neurobiological process characterized by enhanced responsive-
ness of nociceptive pathways within the central nervous system following repeated or
sustained nociceptive input [7,10,11]. Contemporary models of migraine propose that
recurrent activation of the trigeminovascular system may contribute not only to transient
pain generation but also to longer-term alterations in neural systems involved in sensory
processing, pain modulation, and salience attribution [7,42,52]. Within this context, the
concurrent morphometric alterations identified in the anterior insula, anterior cingulate
cortex, amygdala, and thalamus are of particular interest because these regions occupy
central positions within anatomical networks implicated in the processing, evaluation,
integration, and modulation of nociceptive information. The anterior insula and anterior
cingulate cortex constitute major components of the salience network and are involved in
interoceptive awareness, attentional allocation to biologically relevant stimuli, cognitive–
emotional appraisal of pain, and behavioral response generation [9,42,51]. The amygdala
contributes to affective pain processing, pain-related learning, emotional regulation, and
descending modulatory mechanisms, whereas the thalamus functions as a critical relay and
filtering structure responsible for the integration and transmission of nociceptive and sen-
sory information to distributed cortical systems [7,18,52]. Consequently, the co-occurrence
of structural alterations across these anatomically and functionally interconnected regions
may be compatible with a neurobiological framework in which repeated migraine-related
nociceptive activation is associated with activity-dependent reorganization within cortical,
limbic, and thalamocortical networks. Nevertheless, the present findings should not be
interpreted as direct evidence of central sensitization. Because the current investigation
was designed as a structural morphometric study and did not include quantitative sensory
testing, electrophysiological assessments, functional connectivity analyses, or longitudinal
clinical measurements, direct evaluation of sensitization-related mechanisms was beyond
its scope. Therefore, central sensitization is best regarded as a biologically plausible in-
terpretive framework that may help contextualize the observed morphometric alterations
rather than as a mechanistic conclusion directly established by the present data.

The reduced cortical thickness observed in the right anterior insula and left anterior
cingulate gyrus in our study suggests a potential association between migraine and mor-
phometric alterations in anatomical regions involved in salience processing, attentional
control, and the cognitive–emotional dimensions of pain. Salience processing refers to
the neurobiological mechanisms responsible for identifying behaviorally relevant internal
and external stimuli, prioritizing sensory inputs, and directing attentional resources to-
ward salient information. Among the principal structures implicated in these processes,
the anterior insula and anterior cingulate cortex are thought to contribute to the detec-
tion of painful stimuli, the cognitive and emotional appraisal of pain, and the generation
of appropriate behavioral responses [9,51]. Numerous voxel-based morphometry and
cortical thickness studies in migraine populations have reported structural alterations
involving these regions. Schmitz et al. identified gray matter changes in pain-processing
regions, including the insula and cingulate cortex, in patients with migraine and suggested
that these findings may reflect central neurobiological mechanisms associated with the
disorder [53]. Similarly, Rocca et al. reported morphometric alterations involving the
anterior cingulate cortex, insula, and related cortical regions in migraine patients [54].
Reviews by Messina et al. have highlighted the anterior insula and anterior cingulate
cortex as among the most consistently affected regions in migraine neuroimaging studies,
emphasizing their roles within anatomical systems involved in salience attribution and
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pain processing. Likewise, Chong et al., in their review of cortical morphometry studies,
concluded that structural alterations involving the insular and cingulate cortices may be
associated with migraine-related neurobiological processes [55]. More recently, Ou et al.
demonstrated both structural and functional abnormalities in anterior cingulate cortex
subregions in patients with migraine and suggested that these alterations may be linked
to pain-processing mechanisms [51]. However, the direction of the reported findings re-
mains inconsistent across studies. While some investigations have demonstrated cortical
thinning, others have reported increased cortical thickness or no significant morphometric
differences [5,9,51,53–55]. Evidence from pediatric migraine populations is comparatively
limited. Bell et al. identified age-dependent functional alterations in pediatric migraine
patients and emphasized the importance of interpreting migraine within a neurodevel-
opmental framework [6]. Guarnera et al. reported differences in cortical thickness and
gyrification across several cortical regions in pediatric patients with migraine without
aura [13]. Furthermore, Webb et al. highlighted in their review that neuroimaging findings
in pediatric migraine do not fully correspond to those reported in adult cohorts and should
therefore be interpreted in the context of ongoing neurodevelopment [14]. This heterogene-
ity may reflect differences in study populations, migraine subtypes, disease duration, attack
frequency, imaging methodologies, and analytical strategies. The morphometric alterations
observed in the anterior insula and anterior cingulate cortex in our cohort suggest that mi-
graine may be associated not only with the sensory aspects of pain but also with structural
differences in regions involved in salience attribution, cognitive appraisal, and behavioral
responses to pain. Importantly, when considered alongside the limbic alterations identified
in the present study, these findings suggest that migraine-related morphometric differences
may involve anatomically interconnected systems participating in salience attribution,
cognitive appraisal, and pain modulation, highlighting the potential interaction between
sensory and affective dimensions of migraine.

The reduced cortical thickness of the precuneus observed in the migraine group sug-
gests that migraine may be associated not only with pain-processing mechanisms but also
with morphometric alterations in brain regions involved in internally directed cognitive
functions and self-referential processing. The precuneus is considered a core anatomical
component of the default mode network (DMN) and has been implicated in self-awareness,
autobiographical memory, internally generated thought processes, and cognitive activities
that occur independently of external stimuli. In addition, the precuneus is thought to
maintain extensive connections with cortical systems involved in cognitive control, atten-
tional regulation, and internally directed cognition. Functional neuroimaging studies of
migraine have also reported alterations involving the DMN. Zhang et al. demonstrated
increased functional connectivity and enhanced regional homogeneity within the pre-
cuneus/posterior cingulate cortex in patients with migraine without aura and proposed
that this region may represent an important hub for pain sensitivity and DMN-related
processes [56]. Similarly, Tessitore et al. reported alterations in DMN functional con-
nectivity in patients with migraine without aura and suggested that these findings may
reflect migraine-related functional abnormalities [57]. Coppola et al. further demonstrated
that connectivity between the DMN and insula during acute migraine attacks may be
associated with pain severity [58]. More recently, Schramm et al., in a systematic review,
highlighted recurring connectivity alterations across multiple functional brain systems,
including the DMN, in individuals with migraine [9]. In contrast to the relatively consistent
functional findings, structural MRI results involving the precuneus have been less uniform.
Considerable variability exists among studies evaluating regional volumes and cortical
thickness, and reported findings have not been entirely consistent. Such discrepancies may
be attributable to differences in sample characteristics, migraine subtypes, disease dura-
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tion, imaging methodologies, and analytical approaches. The precuneal cortical thinning
identified in the present study suggests that migraine may not be exclusively related to
pain perception but may also involve morphometric alterations in regions associated with
self-referential awareness and internally directed cognitive processes. Importantly, when
interpreted alongside the limbic and salience-related alterations identified in the present
study, the precuneal findings suggest that migraine-associated morphometric differences
may extend beyond pain-processing systems and involve regions contributing to internally
directed cognitive processes and large-scale network organization.

The reduced right thalamic volume observed in the migraine group is consistent with
the proposed central role of the thalamus in migraine pathophysiology. The thalamus
serves as a major relay station for nociceptive information originating from the trigemi-
novascular system and plays a critical role in the filtering, integration, and modulation of
sensory inputs before their transmission to cortical regions. Goadsby et al. characterized
migraine as a disorder of sensory processing and emphasized that pain signals arising from
the trigeminovascular system are relayed to cortical areas through thalamic centers [7].
Similarly, Akerman et al. highlighted the importance of diencephalic structures, particularly
the thalamus, in the processing of pain-related information in migraine [18]. In a more
recent review, Younis et al. suggested that the thalamus may contribute not only to pain
transmission but also to several clinical manifestations of migraine, including photophobia,
phonophobia, cutaneous allodynia, and central sensitization [52]. Functional neuroimaging
studies further support this concept. Martinelli et al. demonstrated alterations in thala-
mocortical connectivity during experimentally induced migraine attacks and proposed
that the thalamus participates in dynamic neurophysiological processes associated with
migraine [59]. However, findings from structural MRI studies have been less consistent.
While some investigations have reported volumetric or microstructural thalamic alterations,
others have failed to identify significant differences [52,59–61]. This heterogeneity may be
related to variations in migraine subtype, aura status, disease duration, attack frequency,
and imaging methodologies. Within this context, the reduced thalamic volume identi-
fied in our cohort suggests that migraine may be associated with structural alterations
in anatomical systems involved in the processing, filtering, and cortical transmission of
sensory information within the developing brain. Nevertheless, the present study was not
designed to evaluate functional connectivity or network organization, and therefore no di-
rect conclusions can be drawn regarding the potential impact of the observed morphometric
differences on thalamocortical communication. Furthermore, owing to the cross-sectional
nature of the study, the directionality of this association cannot be determined.

Beyond central sensitization, abnormal habituation and altered sensory gain con-
trol constitute additional neurophysiological frameworks that may help contextualize the
present findings [11]. Habituation refers to the progressive attenuation of neural responses
during repetitive sensory stimulation and is generally considered an adaptive mechanism
that prevents excessive allocation of neural resources to recurring sensory inputs. How-
ever, accumulating electrophysiological evidence suggests that individuals with migraine
frequently exhibit deficient habituation across multiple sensory modalities, characterized
by persistent or exaggerated responses to repetitive stimulation [11]. This phenomenon
has been interpreted as reflecting abnormalities in sensory gating, cortical excitability
regulation, and thalamocortical processing. Within this framework, the thalamus is of
particular relevance because it serves as a major hub for the filtering, integration, and
transmission of sensory information to distributed cortical networks [7,52]. Accordingly,
the nucleus-specific thalamic alterations identified in the present study may be biologically
meaningful in the context of abnormal sensory processing mechanisms that have been
repeatedly implicated in migraine. The bilateral involvement of the pulvinar nucleus is
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especially noteworthy. The pulvinar participates in visual attention, multisensory integra-
tion, attentional selection, and sensory filtering processes and has been proposed as an
important regulator of sensory information flow across large-scale brain networks [52,60].
Given that migraine is frequently associated with photophobia, phonophobia, sensory
hypersensitivity, and enhanced responsiveness to environmental stimuli, the pulvinar
alterations observed in the present study may be compatible with contemporary models
proposing dysregulated sensory gain control and impaired filtering of sensory informa-
tion. Nevertheless, because the present investigation did not include electrophysiological
assessments, sensory testing paradigms, or functional neuroimaging analyses, no direct
conclusions can be drawn regarding habituation deficits or sensory gain abnormalities.
Therefore, these mechanisms should be regarded as biologically plausible interpretive
frameworks that may help contextualize the observed morphometric alterations rather
than as direct mechanistic explanations established by the current data.

Beyond the global thalamic findings, the separate evaluation of individual thalamic
nuclei represents one of the most distinctive aspects of the present study. Thalamic nuclei
analysis demonstrated significantly lower bilateral mediodorsal nucleus and pulvinar nu-
cleus volumes, as well as reduced right ventral anterior nucleus and right ventral posterolat-
eral nucleus volumes, in the migraine group compared with the control group. Importantly,
all of these differences remained statistically significant after Benjamini–Hochberg FDR
correction, reducing the likelihood that the observed findings can be attributed to chance
effects arising from multiple comparisons. These results suggest that migraine-related
morphometric alterations may not be uniformly distributed throughout the thalamus but
instead may preferentially involve specific thalamic subregions. Such a pattern supports
the notion that nucleus-level analyses may provide additional neuroanatomical informa-
tion beyond that obtained from global thalamic volumetric measurements and may reveal
region-specific structural alterations that would otherwise remain undetected. The tha-
lamus is not a functionally homogeneous structure; rather, its individual nuclei exhibit
distinct connectivity patterns with specific cortical and subcortical regions. The mediodor-
sal nucleus is primarily associated with emotional and cognitive processes through its
extensive connections with prefrontal and limbic structures, whereas the ventral nuclei
are principally involved in somatosensory information processing and transmission. The
pulvinar nucleus has been implicated in visual attention, multisensory integration, and
the processing of sensory information. Consequently, assessment of total thalamic volume
alone may overlook nucleus-specific alterations potentially associated with migraine. You-
nis et al. emphasized that understanding migraine pathophysiology requires evaluation of
the thalamus through its functional subcomponents rather than as a single anatomical en-
tity [52]. Supporting this concept, Shin et al. reported volumetric differences in individual
thalamic nuclei in adults with migraine and suggested that specific thalamic subregions
may be selectively involved in the disorder [60]. In contrast, Giardina et al. found no signif-
icant macrostructural differences in either total thalamic volume or thalamic subregions in
patients with episodic migraine without aura examined during the interictal period [61].
These discrepant findings suggest that thalamic nuclei measurements may be influenced by
sample characteristics, timing of imaging, disease-related factors, and analytical methodolo-
gies. In the present study, the most prominent and bilaterally distributed findings involved
the mediodorsal and pulvinar nuclei. The mediodorsal nucleus is closely connected to the
prefrontal cortex and limbic structures and has been associated with emotional regulation,
cognitive appraisal, and behavioral response processes. In this context, the bilateral reduc-
tion in mediodorsal nucleus volume is particularly noteworthy when considered alongside
the morphometric alterations identified in the amygdala and anterior cingulate cortex.
Although functional interactions among these regions were not assessed in the present
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study, the co-occurrence of structural alterations in anatomical regions implicated in similar
emotional and cognitive functions represents an intriguing observation. Similarly, bilateral
pulvinar nucleus volume reduction constitutes one of the most notable findings of the study.
The pulvinar is involved in visual attention, multisensory integration, and sensory filtering.
Given the clinical manifestations of migraine, including photophobia, phonophobia, and
sensory hypersensitivity, the morphometric alterations observed at the level of the pulv-
inar may be biologically meaningful. Moreover, the effect sizes observed for the pulvinar
nucleus were among the largest in the present study, suggesting that this region may be
particularly relevant to migraine-associated structural alterations. The reductions observed
in the right ventral anterior nucleus and right ventral posterolateral nucleus should be
interpreted as more limited and lateralized findings. The ventral posterolateral nucleus is
recognized as a principal thalamic relay nucleus involved in somatosensory information
transmission, whereas the ventral anterior nucleus contributes to functions associated with
motor and premotor cortical networks. The biological significance of these findings remains
uncertain and requires confirmation in larger cohorts. Notably, studies investigating thala-
mic nuclei at the subnuclear level in pediatric migraine populations remain exceedingly
scarce. Existing pediatric neuroimaging literature has focused predominantly on global
brain volumetry, cortical thickness measurements, or functional neuroimaging approaches,
whereas detailed evaluation of thalamic subregions has largely been overlooked [4,6,13,14].
Therefore, by separately examining individual thalamic nuclei in a neurodevelopmentally
more homogeneous cohort of adolescents aged 12–17 years, the present study addresses
an important gap in the literature. Overall, our findings suggest that migraine may be
associated not only with global thalamic alterations but also with selective morphometric
differences involving specific thalamic subregions. However, because the present study
was not designed to evaluate functional connectivity, no direct conclusions can be drawn
regarding whether these structural alterations are associated with functional interactions
among thalamic nuclei or within broader thalamocortical networks.

The observation of reduced bilateral Lobule VI volumes and gray matter volumes in
the migraine group is consistent with the growing body of literature suggesting a potential
role for the cerebellum in migraine pathophysiology. Traditionally, the cerebellum has
been primarily associated with motor coordination and balance; however, accumulating
anatomical and functional evidence indicates that it may also contribute to pain modula-
tion, sensory integration, autonomic regulation, and higher cognitive processes [12,15,17].
Noseda et al. proposed that the cerebellum constitutes an important component of the
neuroanatomical systems potentially involved in the generation of migraine symptoms [12].
Similarly, Rudolph et al. emphasized that cerebellar function extends beyond motor con-
trol and includes participation in cognitive and affective processes [15]. In the context
of migraine, Matoso et al. reported structural alterations involving cerebellar regions
in patients with episodic migraine and highlighted the potential importance of the cere-
bellum in migraine biology [44]. Lobule VI is generally regarded as a transitional zone
between sensorimotor and cognitive cerebellar territories and has been associated with
somatosensory information processing, pain modulation, and multisensory integration [17].
Therefore, the bilateral reductions in both total volume and gray matter volume of Lobule
VI identified in our study suggest that migraine-related morphometric alterations may
involve not only cortical and thalamic structures but also cerebellar subregions implicated
in sensory processing and modulation. The bilateral nature of these findings is particularly
noteworthy, as it argues against a chance lateralization effect and may instead reflect a
more widespread neuroanatomical pattern. Nevertheless, because of the cross-sectional
design of the present study, it is not possible to determine whether these morphometric
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differences represent predisposing factors for migraine, consequences of the disorder, or
adaptive changes that develop over the course of the disease.

Beyond the evidence implicating the cerebellum in migraine, the relationship between
the posterior cerebellum and higher cognitive functions is also of particular interest. In the
present study, reduced cortical thickness was identified in the right Crus I and right Crus
II. Contemporary cerebellar neuroscience research has demonstrated that the posterior
cerebellum, particularly the Crus I and Crus II regions, is involved in executive functions,
attentional control, working memory, and higher-order cognitive processes [15,17]. Func-
tional neuroimaging studies have further shown that these regions constitute important
components of functional systems associated with the frontoparietal network, executive
control network, and DMN. Guell and Schmahmann demonstrated that Crus I and Crus
II contribute to cognitive processing through their extensive anatomical and functional
connections with prefrontal and parietal cortical regions [17]. Likewise, Rudolph et al.,
in their review of cerebellar cognitive-affective functions, emphasized the close involve-
ment of posterior cerebellar regions in higher cognitive processes [15]. Although studies
specifically investigating cerebellar cognitive systems in migraine remain relatively limited,
Zhou et al. reported alterations in the dynamic resting-state functional organization of pa-
tients with migraine and suggested that these changes may extend beyond pain-processing
mechanisms alone [8]. Similarly, the systematic review by Schramm et al. highlighted
that migraine is associated with abnormalities across several functional systems, includ-
ing the DMN and executive control networks [9]. However, the present study was not
designed to evaluate functional connectivity, and therefore no direct conclusions can be
drawn regarding whether the observed structural alterations are reflected in these func-
tional systems. Within this context, the cortical thinning observed in Crus I and Crus II
suggests that migraine-related morphometric alterations may not be restricted to regions
traditionally associated with pain processing but may also involve cerebellar subregions
implicated in attention, cognitive control, and higher-order cognitive functions. Impor-
tantly, when these findings are considered together with the morphometric alterations
identified in the precuneus, anterior insula, anterior cingulate cortex, thalamus, and specific
thalamic nuclei, they suggest that cerebellar structural differences may coexist with alter-
ations in regions implicated in sensory integration, attentional regulation, and higher-order
cognitive processing.

An important consideration in the interpretation of the present findings concerns the
biological significance and temporal directionality of the observed morphometric alter-
ations. Because the current study employed a cross-sectional design, it is not possible to
determine whether the identified structural differences represent consequences of migraine,
pre-existing neuroanatomical characteristics associated with disease susceptibility, or adap-
tive neuroplastic responses that develop over time. Consequently, the observed alterations
should not be interpreted as unequivocal markers of disease-related structural injury. Sev-
eral non-mutually exclusive explanatory frameworks may be considered. First, repeated
activation of trigeminovascular pathways, recurrent nociceptive processing, sensory hy-
persensitivity, and long-term exposure to migraine-related neurobiological mechanisms
may contribute to activity-dependent structural remodeling within cortical, limbic, thala-
mic, and cerebellar systems [5,7,9]. Within this framework, the observed morphometric
differences could represent consequences of recurrent migraine-related physiological pro-
cesses. Alternatively, some structural characteristics may precede the clinical manifestation
of migraine and constitute neuroanatomical traits that influence susceptibility to altered
sensory processing, pain modulation, or migraine development itself. A third possibility
is that the identified alterations reflect adaptive or maladaptive neuroplastic responses
occurring in response to recurrent migraine experiences, thereby representing compen-
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satory reorganization rather than direct pathological injury. This issue may be particularly
relevant in pediatric populations because adolescence is characterized by ongoing cortical
maturation, synaptic refinement, myelination, and experience-dependent neuroplastic-
ity [23,28,46,48,49]. Consequently, the structural differences observed in the present cohort
may reflect dynamic interactions between migraine-related biological mechanisms and neu-
rodevelopmental processes rather than fixed anatomical abnormalities. Future longitudinal
studies incorporating repeated clinical and neuroimaging assessments will be necessary to
determine whether these morphometric alterations precede migraine onset, emerge during
disease progression, or evolve as adaptive neuroplastic responses over time.

Overall, the morphometric alterations identified in the present study suggest that
migraine may be associated with a distributed neuroanatomical pattern involving multiple
cortical, subcortical, and cerebellar structures rather than a single localized anatomical re-
gion. At the cortical level, the alterations observed in the anterior insula, anterior cingulate
cortex, and precuneus involve regions implicated in pain processing, attentional regulation,
and cognitive appraisal. At the limbic level, the volumetric reductions identified in the
amygdala may reflect processes related to the emotional dimensions of pain. In addition,
the findings involving the thalamus and specific thalamic nuclei suggest that morphome-
tric alterations within anatomical systems responsible for the processing, filtering, and
cortical transmission of sensory information may also be associated with migraine. At
the cerebellar level, the structural differences identified in Lobule VI, Crus I, and Crus
II indicate that migraine-related morphometric alterations may not be confined to pain-
processing mechanisms alone but may also involve cerebellar subregions associated with
sensory integration, cognitive control, and higher-order cognitive functions. Taken together,
these findings support the conceptualization of migraine as a condition associated with
distributed morphometric alterations involving cortical, limbic, thalamic, and cerebellar
structures [7,9,12,15,52]. Among the most notable and distinctive findings of the present
study were the bilateral volume reductions observed in the mediodorsal and pulvinar nu-
clei, together with the bilateral alterations identified in Lobule VI and the cortical thinning
observed in the right Crus I and Crus II. Nevertheless, the observed effect sizes generally
ranged from small to moderate, suggesting that the findings reflect subtle morphometric
differences associated with migraine rather than pronounced structural abnormalities.

The present study has several notable strengths. First, to minimize neurodevelopmen-
tal variability associated with early childhood, the analysis was restricted to a neurodevel-
opmentally more homogeneous cohort of adolescents aged 12–17 years. In addition, only
patients with migraine without aura were included, thereby reducing clinical heterogeneity
within the study population. From a statistical perspective, Benjamini–Hochberg FDR cor-
rection was applied to account for multiple comparisons, and all volumetric measurements
were normalized to total intracranial volume in an effort to reduce both false-positive
findings and the influence of potential confounding factors. Importantly, the persistence of
significant findings after total intracranial volume normalization suggests that the observed
differences cannot be explained solely by interindividual variation in head size. Another
important strength is the implementation of a multiplatform neuroimaging workflow that
combined vol2Brain for whole-brain volumetric assessment, FreeSurfer for thalamic nu-
clei segmentation, and 3D Slicer for segmentation verification and quality control. This
integrated approach enabled the complementary strengths of different software platforms
to be leveraged, facilitating a comprehensive neuroanatomical evaluation. Furthermore,
segmentation accuracy was systematically assessed through detailed quality control pro-
cedures, and excellent interobserver agreement was achieved (ICC = 0.96), supporting
the reproducibility of the volumetric measurements. Collectively, these methodologi-
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cal features enhance both the robustness of the study design and the reliability of the
reported findings.

Several limitations of the present study should be acknowledged. First, the retro-
spective single-center design does not completely eliminate the possibility of selection
bias. In addition, because of the cross-sectional nature of the study, neither the tem-
poral evolution nor the causal direction of the observed structural alterations could be
determined. Another important limitation is the lack of available data regarding pu-
bertal developmental status. Because pubertal information was not retrospectively ac-
cessible, the potential influence of pubertal maturation on the observed morphometric
differences could not be evaluated. Although the study was restricted to individuals aged
12–17 years to reduce neurodevelopmental variability associated with early childhood and
the migraine and control groups were comparable with respect to age and sex distribution,
pubertal maturation is known to influence brain development substantially. Therefore, the
inability to assess Tanner stage or hormonal markers should be considered a significant
limitation. Moreover, chronological age may not fully reflect biological maturation status,
and adolescents of similar age may exhibit substantially different stages of pubertal devel-
opment. Although age and sex distributions were comparable between groups and the
study population was restricted to a relatively narrow developmental age range, residual
neurodevelopmental variability cannot be completely excluded. The composition of the
control group also warrants careful consideration. The control cohort did not consist of
completely asymptomatic healthy volunteers but rather of individuals who underwent
cranial MRI for clinical indications. Nevertheless, all control participants underwent com-
prehensive neurological evaluation, demonstrated structurally normal MRI findings, and
had no history of neurological, neurodevelopmental, psychiatric, or systemic disorders
that could influence brain morphology. Furthermore, all control MRI examinations were
independently re-evaluated by an experienced neuroradiologist to minimize the possibility
of overlooked structural abnormalities. Consequently, the control group was carefully
selected to enhance its suitability for neuroanatomical comparisons and may be regarded
as a well-characterized clinical control cohort. However, the use of hospital-based controls
rather than community-based healthy vol unteers represents an inherent methodological
limitation and raises the possibility of residual confounding. Although the neurological
complaints prompting MRI referral were transient, non-focal, and ultimately not asso-
ciated with identifiable structural abnormalities, it cannot be completely excluded that
factors leading to MRI referral may have influenced brain morphology. Therefore, this
issue should be considered when interpreting the observed morphometric differences
between groups. Importantly, the use of community-based healthy pediatric controls was
not feasible within the context of the present retrospective cross-sectional study. Because
MRI examinations are not routinely performed in asymptomatic children without a clinical
indication, retrospective imaging archives rarely contain high-quality three-dimensional
MRI datasets from completely healthy pediatric volunteers. Consequently, the identifi-
cation of a sufficiently large, age-matched cohort of neurologically normal children with
standardized volumetric MRI acquisitions is often not possible in retrospective pediatric
neuroimaging studies. Furthermore, the prospective acquisition of research-dedicated MRI
examinations in healthy children presents substantial ethical, regulatory, and practical
challenges. Institutional Review Boards generally apply strict scrutiny to non-clinically
indicated MRI studies in pediatric populations, particularly when prolonged imaging
protocols, participant compliance, motion-related image degradation, and, in younger age
groups, concerns regarding the potential need for sedation must be considered. These
factors substantially limit the feasibility of establishing community-based healthy pediatric
MRI cohorts. For these reasons, the use of carefully selected clinical controls with struc-
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turally normal MRI findings is a widely accepted methodological approach in pediatric
neuroimaging research [6,13,14]. This strategy has been frequently adopted in retrospective
pediatric neuroimaging studies to address practical and ethical constraints associated with
recruiting healthy pediatric participants [6,14]. Nevertheless, the possibility of residual
confounding cannot be entirely excluded, and this limitation should be taken into account
when considering the generalizability of the present findings to the broader pediatric
population. Another methodological consideration relates to atlas suitability in pediatric
neuroimaging. Although vol2Brain and FreeSurfer have been extensively utilized in pedi-
atric neuroimaging research, the anatomical atlases and probabilistic models underlying
these segmentation frameworks were primarily developed using adult or predominantly
adult neuroanatomical datasets. Consequently, developmental differences between the
study population and the atlas populations may influence segmentation performance
and introduce subtle atlas-related bias. This issue is particularly relevant in automated
morphometric analyses because neurodevelopmental processes continue throughout the
pediatric developmental period, affecting cortical, subcortical, cerebellar, and thalamic
structures. Therefore, the possibility of minor segmentation inaccuracies associated with
atlas transferability should be acknowledged. However, the present study was restricted
to individuals aged 12–17 years, a relatively advanced stage of neurodevelopment during
which global brain morphology and the gross anatomical organization of major cerebral,
cerebellar, and thalamic structures more closely resemble adult configurations than those
observed in younger pediatric populations. This characteristic may reduce, although not
completely eliminate, the potential impact of atlas-related anatomical mismatch. Further-
more, the segmentation frameworks used in the present study incorporate methodological
features intended to improve anatomical adaptability. The FreeSurfer thalamic nuclei mod-
ule employs a probabilistic atlas informed by high-resolution ex vivo MRI and histological
delineation of thalamic nuclei, whereas vol2Brain utilizes multi-atlas, patch-based seg-
mentation strategies combined with nonlinear registration procedures. These approaches
are designed to accommodate interindividual anatomical variability and may reduce sus-
ceptibility to segmentation errors arising from anatomical differences between subjects
and atlas templates. To further minimize the possibility of atlas-related inaccuracies, all
segmentation outputs underwent systematic visual quality-control assessment using the
native three-dimensional T1-weighted images. Segmentation masks were reviewed in axial,
sagittal, and coronal planes to evaluate anatomical plausibility, boundary integrity, and
consistency with individual anatomy. In addition, secondary quality-control assessment
and interobserver reliability analysis demonstrated excellent reproducibility. No systematic
atlas-related missegmentations were identified during these evaluations. Nevertheless,
because a dedicated age-specific pediatric atlas was not used, subtle atlas-related segmenta-
tion inaccuracies cannot be entirely excluded. Accordingly, this issue should be considered
when interpreting the morphometric findings and represents an inherent limitation of the
present study. Another limitation relates to statistical power. Because this was a retro-
spective study, an a priori sample size calculation was not performed before participant
inclusion. However, a post hoc power assessment based on the final study population of
74 patients with migraine without aura and 70 healthy controls demonstrated approx-
imately 85% statistical power to detect a moderate effect size (d = 0.50) and approxi-
mately 90% power to detect an effect size of d = 0.54 at a two-sided significance level of
α = 0.05. These findings suggest that the study was adequately powered to detect moderate
morphometric differences between groups. Nevertheless, given the large number of inves-
tigated whole-brain, cerebellar, and thalamic measurements, smaller regional effects may
not have been detected, particularly after correction for multiple comparisons. Therefore,
although the present sample size was sufficient for detecting moderate group differences,
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the possibility of false-negative findings for subtle morphometric alterations cannot be
entirely excluded. Future multicenter studies with larger cohorts may provide additional
sensitivity for identifying smaller effect sizes and further validating the present findings.
The use of a 1.5-T MRI system may also have limited the detection of subtle morphometric
features that could potentially be identified using higher-field-strength imaging platforms.
Finally, because the primary objective of the study was to evaluate structural morphometric
differences between migraine and control groups, detailed analyses examining associa-
tions between imaging findings and clinical variables, such as disease duration, attack
frequency, and other migraine characteristics, were not performed. Furthermore, standard-
ized migraine severity and disability measures, such as the Pediatric Migraine Disability
Assessment (PedMIDAS), Migraine Disability Assessment Scale (MIDAS), and Headache
Impact Test (HIT-6), were not consistently available because of the retrospective study
design, precluding more comprehensive clinical–imaging correlation analyses. Therefore,
the present findings primarily reflect group-level neuroanatomical differences. Future
multicenter longitudinal studies incorporating detailed clinical–imaging correlations will
be necessary to clarify the relationship between morphometric alterations and clinical
disease characteristics. Such investigations may contribute to a more comprehensive un-
derstanding of the neuroanatomical alterations and developmental morphometric changes
associated with migraine without aura.

5. Conclusions
In this study, multiplatform morphometric neuroimaging analyses performed in ado-

lescents aged 12–17 years with migraine without aura revealed morphometric alterations
involving cortical, limbic, thalamic, and cerebellar structures. Among the most notable and
distinctive findings were the volume reductions observed in the bilateral mediodorsal and
pulvinar thalamic nuclei, bilateral Lobule VI, and the cortical thinning identified in the
right Crus I and Crus II. The combined assessment of whole-brain morphometry, cortical
thickness measurements, cerebellar subregional analyses, and thalamic nuclei segmentation
suggests that migraine-related morphometric alterations in the developing brain are not
confined to a single anatomical region but may involve a distributed pattern affecting mul-
tiple cortical, subcortical, and cerebellar structures. These findings support the concept that
migraine may not be adequately explained by a localized neuroanatomical abnormality and
may instead be associated with distributed morphometric differences involving cortical,
limbic, thalamic, and cerebellar systems.

The focus on a neurodevelopmentally more homogeneous cohort of adolescents aged
12–17 years and the exclusive inclusion of patients with migraine without aura allowed the
observed morphometric patterns to be evaluated within a more controlled developmental
framework. Furthermore, the integrated use of vol2Brain, FreeSurfer, and 3D Slicer enabled
a comprehensive multiplatform analysis encompassing multiple neuroanatomical systems.
Nevertheless, the biological significance, clinical implications, and temporal evolution
of the observed morphometric alterations cannot be determined from the current study
design. Future longitudinal, multicenter, and multimodal neuroimaging investigations
are therefore warranted to further elucidate the relationship between these structural
alterations and migraine, as well as their potential neurodevelopmental significance.

In conclusion, the present findings contribute to the pediatric migraine neuroimaging
literature and provide a foundation for future investigations focusing on the morpho-
metric alterations observed in thalamic nuclei and cerebellar subregions. By integrating
whole-brain morphometry, cerebellar subregional analysis, and thalamic nuclei segmen-
tation within a neurodevelopmentally more homogeneous cohort of adolescents aged
12–17 years, our multiplatform approach enabled a more comprehensive characterization
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of migraine-associated neuroanatomical differences. Notably, the thalamic nuclei and
cerebellar subregional findings that remained significant after correction for multiple com-
parisons suggest that these anatomical structures may represent particularly important
targets for future validation studies.
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tative output of automated global brain volumetric analysis generated using the Vol2Brain pipeline
from a high-resolution isotropic 3D T1-weighted MRI examination of a pediatric patient with migraine
without aura. Supplementary Material S2. Representative output of automated cerebellar subregional
volumetric analysis generated using the Vol2Brain pipeline from a high-resolution isotropic 3D
T1-weighted MRI examination of a pediatric patient with migraine without aura. Supplementary Ma-
terial S3. Computational pipeline for FreeSurfer-based thalamic nuclei segmentation. Supplementary
Material S4. Confirmatory ANCOVA analyses of morphometric findings that remained statistically
significant after primary FDR correction.
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