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3T MRI thalamic segmentation reveals no @
macrostructural changes in interictal episodic
migraine without aura compared to healthy
controls

Irene Giardina'"f, Antonio Di Renzo?!, Davide Chiffi?, Giada Giuliani®, Gabriele Sebastianelli®, Francesco Casillo?,
Chiara Abagnale?, Lucia Ziccardi*®, Andrea Pucci®, Vincenzo Parisi®/, Marta Altieri?, Vittorio Di Piero?,
Gianluca Coppola* and Francesca Caramia’

Abstract

Background The thalamus plays a central role in the pathophysiology of migraine, particularly through its
involvement in the thalamocortical network. Structural changes in this region may underlie the altered sensory
processing observed in migraine. This study aimed to assess volumetric differences in the thalamus and its subregions
between patients with episodic migraine without aura and healthy controls, using MRI acquired during the interictal
phase.

Methods Thirty patients with episodic migraine without aura (MO) and 30 healthy controls (HCs) of comparable age
and sex underwent high-resolution T1-weighted MRI and full ophthalmological evaluation. All patients were scanned
during the interictal phase and were not receiving preventive treatment. Volumetric segmentation made using
FreeSurfer's automatic segmentation software (v7.4.1) included the entire thalamus and 25 subregions. General linear
models were used to assess volumetric differences, controlling for age, sex, and total intracranial volume.

Results No statistically significant differences were found in the total thalamic volume or in any of its subregions
between MO patients and HCs (P ncorrected >0-05). Moreover, no correlations emerged between thalamic volumes and
clinical characteristics of migraine (attack frequency, attack duration, severity of pain, HIT-6, MIDAS, ASC-12, and days
since the last attack, Prpg correcteg >0-05). No relevant ophthalmological abnormalities were detected.

Conclusions Our findings suggest that thalamic macroscopic volumes are not altered during the interictal phase

in patients with MO and without relevant ocular abnormalities. Complementary approaches—such as functional or
microstructural imaging—may be required to further elucidate thalamic involvement in migraine pathophysiology.
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Introduction

A substantial amount of evidence indicates that the
thalamus is critically involved in the pathophysiology of
migraine, as emphasized by recent advances in neuroim-
aging and electrophysiology [1, 2].

The failure of thalamocortical drive appears to under-
lie the electrical anomalies observed in the migraine-
affected brain [3]. During the interictal period of
migraine, visual and somatosensory high-frequency thal-
amocortical activity has been shown to be altered [1, 4,
5] and correlated with the degree of lateral inhibition in
the somatosensory cortex [6]. The amplitude of thalamo-
cortical loop activity exhibited a substantial correlation
with the clinical progression of migraine, as spontane-
ous exacerbation was linked to diminished drive activity,
whereas spontaneous amelioration was connected with
increased drive activity [7].

Findings from animal models suggest that the thalamus
mediates the antinociceptive response to common acute
[8, 9] and preventive [10-12] migraine treatments and
may significantly influence the development of sensory
hypersensitivity to visual stimuli, particularly concern-
ing the pulvinar subnucleus [13]. The BOLD signal in the
pulvinar, measured using functional MRI during a session
of 15 pain stimuli, was found to be bilaterally increased in
interictal migraine patients compared to the decreased
signal in healthy controls [14]. In another fMRI study,
the BOLD signal of the mediodorsal thalamic subnucleus
was increased in individuals with vestibular migraine and
positively correlated with attack frequency [15].

From a structural and morphological perspective,
numerous human studies have reported specific tha-
lamic alterations in migraine, using different MRI-based
analysis approaches. Abnormal microstructural diffusive
metrics were detected in the thalamic nuclei during inter-
ictal migraine, correlating with the time elapsed since the
most recent attack [16—18]. Magon et al. [19] examined
migraine patients in the interictal phase using multi-
atlas automated segmentation and deformation-based
morphometry, revealing significant volume reductions
in specific nuclei related to the limbic system—includ-
ing dorsal anterior, central, and lateral regions— com-
pared to healthy controls. They found no shape changes
or associations with attack frequency or duration [19].
However, some of their patients were on preventive med-
ications for migraine that, according to previous stud-
ies, may alter structure and function of their brain and
the clinical progression of the disease [20-26]. Another
volumetric study reported generalized brain volume
reduction, including the thalamus, in patients with both
episodic and chronic migraine, although it did not spec-
ify the timing of MRI in relation to the migraine cycle
and the inclusion of patients under migraine prevention
[27]. Shin et al. utilized FreeSurfer to segment thalamic
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subnuclei in a cohort of MO patients, revealing increased
volumes of the right anteroventral nucleus and bilateral
medial geniculate nuclei, alongside decreased volumes
of the bilateral parafascicular nuclei compared to healthy
controls [28]. In Shin et al. (2019), patients were scanned
during headache-free intervals; however, the occurrence
of migraine attacks in the days preceding or following the
scanning session was not explicitly assessed. This leaves
open the possibility that some patients may have been
scanned during the peri-ictal phase, a period character-
ized by potential fluctuations in cerebral metabolic and
functional activity [29-32].

The aim of our study was to investigate the volume
of the thalamus and its subregions performing 3T MRI
and using FreeSurfer’s automatic segmentation software
[33] in a well-characterized sample of patients with epi-
sodic migraine without aura (MO), scanned during the
interictal phase and not receiving preventive medica-
tion, compared to a group of healthy controls (HCs). This
study intentionally focused on preventive-naive patients
with episodic migraine without aura scanned interictally
to minimize clinical and pharmacological heterogene-
ity and to isolate disease-related macrostructural effects.
We further regressed the volume of the thalamus and its
subregions with patients’ clinical features, such as attacks
frequency, attacks duration, severity of pain, HIT-6,
MIDAS, ASC-12, and days since the last attack. Further-
more, as prior MRI studies indicated structural anoma-
lies associated with neuro-ophthalmological disorders
[34], we conducted a series of tests to exclude patients
with these conditions.

We tested the hypothesis that the thalamic volume and
its subregions may differ between MO patients and HCs,
and that these volumetric measures may correlate with
clinical migraine characteristics.

Methods

Participants

A total of 60 participants were prospectively enrolled.
Thirty patients (Table 1) diagnosed with episodic MO
were recruited from the Headache Centres of Rome and
Latina. Diagnosis was established according to the Inter-
national Classification of Headache Disorders (ICHD III)
[35]. Patients underwent MRI scans during the interictal
phase, defined as at least three consecutive days without
migraine attacks before and after the scan, as confirmed
through follow-up phone interviews made > 4 days after
the day of the scan. Patients experienced unilateral or
bilateral migraine headaches but did not consistently
report pain on the same side for every attack. Patients
receiving preventive treatment within the previous
three months were excluded. Other primary or second-
ary headache types were ruled out through clinical and/
or instrumental evaluation, if necessary. We excluded
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Table 1 Demographic and clinical characteristics of healthy
controls (HCs) and patients with migraine without aura scanned
during migraine-free intervals (MO)

HCs MO Statistics
(n=30) (n=30)
Women (n) 23 25 Chi?=0417,
p=0519
Age (years) 2840+836 32.17+£10.89 t=-1.50,
p=0.138
Disease duration (years)
Attack frequency/month 57+30
(n)
Attack duration (hours) 33.7+£200
Days from the last 734238
migraine attack (n)
Number of days with 45425
acute medication intake/
month (n)
MIDAS 20.7+16.8
Q1-Q3:
15.25-21.00
HIT-6 612476
Q1-Q3:
58.75-64.00
ASC-12 43+4.1
Q1-Q3:
2.75-5.25

Data are presented as meanzstandard deviation, with interquartile ranges
(Q1-Q3) additionally reported for MIDAS, HIT-6, and ASC-12 due to non-normal
distribution. Group differences were tested using student’s t-test or Chi-square
test as appropriate

patients with a history of other neurological diseases,
metabolic disorders, systemic hypertension, and connec-
tive, autoimmune or neuro-ophthalmological diseases
(such as glaucoma or optic neuritis). Indeed, all subjects
underwent full ophthalmological evaluation includ-
ing best-corrected visual acuity measurements (Snellen
Equivalent), slit-lamp biomicroscopy for anterior seg-
ment examination, indirect ophthalmoscopy after pupil
dilation (tropicamide 1% drops) for posterior segment
examination, and Goldmann applanation tonometry for
intraocular pressure (IOP) measurement and chromatic
perception testing by Ishihara plates.

The use of symptomatic medication was not allowed
on the day of the scan. Out of the 40 patients initially
recruited, 10 were excluded according to our exclu-
sion criteria: 4 experienced a migraine attack during the
examination, 1 was excluded due to the identification of a
minor aneurysm, and 5 were omitted due to a finding of
white matter hyperintensity.

Thirty HCs of comparable age and sex were recruited
from among medical students and healthcare profession-
als for comparative analysis. This strategy was adopted
to allow strict health screening and reduce potential
systemic or neurological comorbidities that could con-
found morphometric analyses. They displayed no evident
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medical or relevant ophthalmological conditions, per-
sonal or familial history of primary headaches or epi-
lepsy, nor regular substance use. All recruited subjects
were right-handed.

Female participants were consistently scanned at
mid-cycle. All scanning sessions were conducted in the
afternoon (4:00-7:00 p.m.). Participants were instructed
to avoid sleep deprivation and alcohol use on the day
prior to scanning. Caffeinated drinks were prohibited
on the day of the scan. Additional exclusion criteria
for both HCs and MO were the presence of structural
brain abnormalities on MRI. All participants received a
detailed explanation of the study and provided written
informed permission. The study protocol was approved
by the Ethical Committee of the Faculty of Medicine,
Sapienza University of Rome (Protocol No. 0295/2023).

MRI protocol

All participants underwent MRI on a 3 Tesla Siemens
Magnetom Vida scanner, using a 32-channel head coil.
High-resolution T1-weighted sagittal magnetization-
prepared rapid gradient echo (MPRAGE) sequences were
acquired (TR: 2300 ms, TE: 2.25 ms, 208 sagittal slices,
voxel dimensions 0.8 x 0.8 x 0.8 mm?, base resolution 320,
field of view 256 mm, slice thickness 0.8 mm).

Imaging data processing: thalamus subunits analysis
Thalamic segmentation was conducted using a function-
ality available in FreeSurfer 7.4.1 (https://surfer.nmr.mgh
.harvard.edu/fswiki/SubregionSegmentation), a Python
program that segments the thalamus into 25 nuclei, using
a probabilistic atlas based on histological data [33].

Two expert researchers (EC. and L.G.) carefully
inspected each participant’s and thalamus segmentations,
eventually discarding those with artifacts; none of the
thalamus segmentation was inaccurate.

The thalamic structure was partitioned into right and
left subunits: anteroventral, laterodorsal, lateral posterior,
ventral anterior, ventral anterior magnocellular, ventral
lateral anterior, ventral lateral posterior, ventral postero-
lateral, ventromedial, centromedian, central lateral, para-
central, reuniens (medial ventral), mediodorsal medial
magnocellular, mediodorsal lateral parvocellular, lateral
geniculate, limitans (suprageniculate), paratenial, pulvi-
nar anterior, pulvinar medial, pulvinar lateral, pulvinar
inferior, medial geniculate nucleus, parafascicular, central
medial; their volumes were calculated and recorded for
each participant in the group (see Fig. 1).

Descriptive and inferential statistics were evaluated,
focusing our attention on volumetric differences between
groups and relationships assessments between volumes
and clinical variables in MO group using SPSS for Win-
dows (v.21 IBM corp.).
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Fig. 1 Thalamic nuclei segmentation. FreeSurfer 3D rendering of thalamic nuclei in their lateral-medial (top row), ventral-dorsal (middle row) and caudal-
rostral (bottom row) aspects on T1-weighted multiecho MPRAGE data of a representative sample subject. Lateral geniculate nucleus (LGN), Medial ge-
niculate nucleus (MGN), Pulvinar inferior (Pul), Pulvinar medial (PuM), Limitans (Suprageniculate) (L-Sg), Ventral posterolateral (VPL), Centromedian (CM),
Ventral lateral anterior (VLa), Pulvinar anterior (PuA), Mediodorsal medial (MDm), Parafascicular (Pf), Ventral anterior magnocellular (VAmc), Mediodorsal
lateral (MDI), Central medial (CeM), Ventral anterior (VA), Reuniens (medial ventral) (MVre), Ventromedial (VM), Central lateral (CL), Pulvinar lateral (PuL),
Paratenial (Pt), Anteroventral (AV), Paracentral (Pc), Ventral lateral posterior (VLp), Lateral posterior (LP), Laterodorsal (LD)

The TIV of each participant also was computed using
FreeSurfer (version 7.4.1) [36—44]. A general linear model
(GLM) was constructed, utilizing the subnuclei volumes
of each participant’s group as the dependent variables,
while age and total intracranial volume (TIV) served as
covariates (independent variables), with sex and group as
factors, to assess any variations between groups.

A new GLM was developed to evaluate the correlation
between the MO group volume of each thalamic subunit
(dependent variables) and each clinical variable (covari-
ates of interest), while adjusting for age and TIV (covari-
ates of no interest) and including sex as a factor.

The Anderson-Darling and/or Kolmogorov-Smirnov
tests were conducted for each model’s covariate and
responses to evaluate normality distributions.

P-values were set up at 0.025 (Bonferroni correction)
for the volume differences between groups of the entire
thalamus (left and right) and its subunits at p<0.05,
adjusted for multiple comparisons by the Benjamini-
Hochberg method.

Finally, p-values were adjusted to a 0.05 false discovery
rate (Benjamini-Hochberg) to account for multiple com-
parisons arising from the number of regions of interest
and clinical factors assessed (N=7).

Clinical variables included attack frequency (n/month),
attack duration (hours), pain severity (0—10 visual ana-
logue scale), HIT-6, MIDAS, ASC-12, and days (n) since
the last attack.
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Results

Table 1 presents the demographic and clinical character-
istics of HCs and patients with interictal MO. No statis-
tically significant differences in age or sex distribution
were observed between groups. None of the patients had
a migraine attack within the three days following the MRI
scan, as confirmed by a follow-up telephone call con-
ducted >4 days after the day of the scan.

Table 2 summarizes the volumes of the whole thalamus
and its subregions in both hemispheres. No significant
volumetric differences were found between MO patients
and HCs for total thalamic volume (p_uncorrected > 0.05,
Fig. 2) or any of the 25 bilateral thalamic subunits
(p_uncorrected > 0.05).

A general linear model was also used to assess asso-
ciations between thalamic volume and clinical mea-
sures (Table 3). No statistically significant correlations
were observed between total thalamic volume and clini-
cal variables (p_uncorrected>0.05). Some subregional
volumes showed uncorrected associations (p_uncor-
rected < 0.05), but none of these survived correction for
multiple comparisons (p_FDRcorrected > 0.05; Table 4).

Finally, Table 5 reports the ophthalmological screen-
ing results. All participants, both HCs and MO patients,
showed clear optical media consistent in transparent cor-
nea and absence of any lens opacity (i.e. absence of cata-
ract) at the anterior segment examination. No subject
reported a history of glaucoma (IOP values were within
normal values). At the observation of the posterior seg-
ment, neuroophthalmological diseases (as optic neuritis
or optic nerve edema) or macular/retinal disorders (like
retinal detachment, central serous chorio-retinopathy,
macular hole) were not found.

Discussion

Our results indicate the absence of statistically significant
differences in the macrostructural features of thalamic
grey matter between patients with migraine without aura
(MO) and healthy controls (HCs). Furthermore, no asso-
ciations were found between thalamic macrostructural
measures and migraine clinical characteristics.

This study examined the thalamus and its 25 subnuclei
using FreeSurfer automatic segmentation software, which
relies on a probabilistic atlas derived from histological
analysis of the thalamus, combining magnetic resonance
imaging and histological data through a 3D reconstruc-
tion informed by blockface images and enhanced via in
vivo MR segmentations. The resultant atlas, depicted as
an adaptive tetrahedral mesh, had significant concor-
dance with classical histological data and showed excel-
lent reliability in automated segmentation tasks [33]. We
meticulously verified that MO patients were scanned
during the interictal phase and not in the peri-ictal phase,
meaning they had not experienced attacks in the three
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days preceding and following the examination. To fur-
ther reduce clinical heterogeneity, we focused exclusively
on episodic MO; accordingly, our conclusions pertain
to this phenotype and are not intended to generalize to
migraine with aura. Moreover, we rigorously excluded
patients receiving prophylactic treatment for migraine
or presenting neuro-ophthalmological disorders. This is
due to previous MRI studies revealing structural abnor-
malities linked to neuro-ophthalmological conditions
[34] and the fact that including patients on preventive
migraine medications may not only influence the clini-
cal progression of the disease but also modify both the
structure and function of the migraine-affected brain,
potentially biasing the study’s results either directly or
indirectly. Current evidence indicates that preventive
medications frequently employed for migraine manage-
ment, including beta-blockers, antiepileptics, and mono-
clonal antibodies targeting the calcitonin gene-related
peptide (CGRP), may modify the structure and function
of the migraine-affected brain [20—24]. Moreover, disease
progression might lead to distinct patterns of functional
activity, whether it is beneficial or unfavourable [25, 26].

While a prior investigation revealed microstruc-
tural abnormalities at the thalamic level through DTI
sequences (notably, increased fractional anisotropy and
decreased mean diffusivity) [16, 18], the findings of the
current study indicate that microstructural alterations
may not be associated with macrostructural volumetric
changes in grey matter.

A previous study similarly examined patients with
MO during the interictal phase using FreeSurfer for seg-
mentation. Increased volumes of the right anteroventral
nucleus and bilateral medial geniculate nuclei, alongside
decreased volumes of the bilateral parafascicular nuclei,
were detected in 35 patients with migraine compared to
40 HCs [28]. Nonetheless, their statistical analysis did
not consider essential factors such as age and sex, and
model fit indices were not reported, unlike our study,
which utilized a stringent statistical methodology includ-
ing these covariates. By contrast, our study applied rig-
orous statistical modeling, including these covariates,
and additionally verified the interictal status of patients
with structured screening around the scanning session.
Naguib et al. [27] used FreeSurfer with 1.5 Tesla MRI and
analyzed T1-weighted images alongside T2 and FLAIR
sequences to evaluate grey and white matter structures,
including the thalami, in patients with 14 episodic and
11 chronic migraine patients. Although their study
did not focus on thalamic subunits, did not report the
migraine phase during scanning, and employed lower
field strength, they reported thalamic volume reductions
only when episodic and chronic patients were combined.
These effects disappeared when the groups were analyzed
separately.
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Table 2 Mean volumes (mm?) +standard deviations and interquartile ranges (25th-75th percentile) of thalamic subunits and total

right and left thalamus in patients with episodic migraine without aura (MO) and healthy controls (HCs)

Left Right
HCs MO Inferential HCs MO Inferential
statistics statistics
Lateral geniculate 305.22+47.45 272.98+43.08 F=248; 306.09+4041 277.99+4895 F=1.96;
nucleus (LGN) 269.31-337.41 246.85-314.16 p=0.12 277.06-328.35 24441-311.91 p=0.17
Medial geniculate 118.15+2245 109.28+15.76 F=1.11; 127.89+22.88 120.64+17.22 F=067;
nucleus (MGN) 10041-134.34 101.03-115.60 p=030 106.43-140.36 109.90-132.67 p=042
Pulvinar inferior (Pul) 262.65+44.29 243.33+£38.26 F=0.01; 287.85+46.71 264.23+42.33 F=0.35;
227.99-293.65 218.25-265.90 p=091 259.83-312.55 233.57-293.50 p=0.56
Pulvinar medial (PuM)  1197.10+165.10 1130.20+£132.00 F=0.00; 1312.10£176.00 1219.7+£142.30 F=040;
1065.60 —1319.50 1031.4-1239.30 p=0.95 1156.1-1455.50 1075.8-1343.60 p=053
Limitans (Supragenicu- 25.58+7.82 23.36+4.74 F=0.01; 23.18+6.16 22.85+4.38 F=0.76;
late) (L-Sq) 19.85-30.43 18.81-27.82 p=093 18.98-27.66 19.92-25.17 p=039
Ventral posterolateral 981.50+192.70 914.60+122.70 F=0.09; 1029.70+£201.80 1007.50+£152.0 F=0.85;
(VPL) 834.80-997.70 834.80-997.70 p=0.77 8735-1181.40 886.20-1102.30 p=0.360
Centromedian (CM) 271.10+42.65 253.09+29.10 F=030; 277.52+46.78 262.98+40.03 F=0.00;
234.38-293.33 23841-271.7 p=059 240.52-304.32 231.33-286.79 p=0.98
Ventral lateral anterior ~ 715.50+119.10 645.60+74.80 F=1.39; 71630£103.1 665.70+87.70 F=0.14;
(VLa) 638.30-762.30 604.90-702.80 p=024 637.70-786.30 596.50-734.10 p=0.71
Pulvinar anterior (PuA)  247.07 +35.09 232.22+27.87 F=0.00; 262.27+33.99 248.66+30.10 F=0.01;
226.45-260.36 213.74-252.19 p=0.95 232.93-282.55 220.51-272.11 p=091
Mediodorsal medial 851.10+128.90 823.50+93.00 F=0.5T1; 886.50+£87.10 843.50+91.50 F=033;
(MDm) 813.00-943.80 770.70-880.00 p=048 834.20-963.10 790.50-919.30 p=0.57
Parafascicular (Pf) 63.99+12.28 59.51+9.21 F=045; 66.74+12.42 65.69+11.78 F=0.81;
56.51-74.35 53.96-65.77 p=0.50 60.17-72.87 60.86-73.42 p=037
Ventral anterior mag- 37.00+647 33.93+3.60 F=0.25; 38.38+596 35.25+4.48 F=0.27;
nocellular (VAmc) 32.56-39.78 31.02-36.06 p=062 34.43-4237 31.84-39.04 p=061
Mediodorsal lateral 31820+64.60 290.98+38.25 F=0.52; 315.61£33.76 303.95+32.37 F=0.00;
(MDI) 276.10-343.10 266.83-304.64 p=047 294.49-335.97 287.95-329.38 p=1.00
Central medial (CeM) 79.64+14.48 74.45+9.62 F=0.04; 8248+14.27 77.87+£11.26 F=0.05;
66.64-87.24 66.53-84.09 p=0.85 69.91-92.14 68.69-86.28 p=0.85
Ventral anterior (VA) 483.10+91.00 436.08+51.03 F=043; 464.40+69.10 430.10+58.60 F=0.00;
425.50-522.60 391.60-467.95 p=051 408.10-512.20 383.70-473.50 p=097
Reuniens (medial 15.73+£351 14.94+2.28 F=0.20; 1713317 16.03+£2.74 F=0.04;
ventral) (MVre) 13.52-17.79 12.98-16.36 p=0.66 14.78-19.61 14.19-18.33 p=0.84
Ventromedial (VM) 26.71+6.70 2554+4.03 F=0.06; 2785+622 27.86+506 F=1.12;
21.98-29.96 22.75-28.00 p=0.81 23.33-32.15 23.74-31.38 p=0.30
Central lateral (CL) 39.25+8.12 37414597 F=0.02; 4251+£9.57 38.28+826 F=0.84;
32.64-44.84 33.32-41.83 p=0.88 34.88-49.69 31.61-42.01 p=036
Pulvinar lateral (Pul) 210.74+49.45 192.24+33.77 F=0.00; 220.28+49.75 20695+37.33 F=0.23;
168.52-250.34 165.43-221.78 p=097 178.81-252.00 178.83-229.84 p=0.64
Paratenial (Pt) 7.72+132 7.10+0.87 F=0.60; 849+1.40 8.09+1.11 F=0.04;
6.61-8.56 6.46-7.87 p=044 7.25-9.55 7.11-898 p=085
Anteroventral (AV) 152.80+30.54 144.09+17.23 F=0.16; 161.93+27.03 153.84+20.31 F=0.10;
135.30-157.46 130.53-158.17 p=0.69 140.31-188.22 137.01-167.72 p=0.76
Paracentral (Pc) 440+0.70 408+0.54 F=0.38; 509+0.77 4724059 F=040;
3.83-4.95 3.81-443 p=0.54 4.56-5.62 4.13-5.26 p=053
Ventral lateral posterior  930.70+153.70 843.40+974 F=1.31; 938.70+£142.30 879.80+118.00 F=0.02;
(VLp) 818.60-983.60 801.2-912.50 p=0.26 827.30-1021.5 787.40-969. 50 p=0.88
Lateral posterior (LP) ~ 144.60+25.12 129.79+13.86 F=198; 139.75+24.42 130.51+18.74 F=002;
128.74-161.63 120.24-139.89 p=0.17 124.95-154.96 116.65-142.41 p=0.90
Laterodorsal (LD) 3343+875 32.00+6.69 F=0.00; 3537+894 3265+962 F=0.26;
25.50-4041 26.92-35.05 p=097 28.08-43.68 26.83-37.67 p=061
Whole thalamus 7553+£1132 6974+728 F=0.50; 7794+1039 7345 +846 F=0.02;
6771-8070 6541-7591 p=049 6941-8479 6566-8072 p=0.89

Results from general linear models (GLMs) assessing between-group differences are reported
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Fig. 2 Box-plots showing the volumes of the entire thalamus in both hemispheres in healthy controls (HCs) and patients with interictal migraine without

aura (MO)

Other studies have used different methodological
approaches. Magon et al. [19]. employed high-field 3
Tesla MRI and a multi-atlas segmentation algorithm
(MAGEeT Brain) in conjunction with deformation-based
shape analysis. This method facilitated a detailed inves-
tigation of the volumes and shapes of thalamic subnuclei
in 131 migraine patients versus 115 controls. Significant
volumetric decreases were detected in nuclei involved
in the cortico—subcortical network (including the cen-
tral nuclear complex, anterior nucleus, and dorsolateral
nucleus), as well as in striatal volume. No correlations
between the volumes of thalamic nuclei and clinical vari-
ables were identified, aligning with our results. Details
regarding preventive treatment status at scan and peri-
scan attack monitoring were not specified, potentially
introducing heterogeneity relative to our interictal, pre-
ventive-naive sample [19].

In contrast, Matharu et al. [45] used voxel-based mor-
phometry (VBM) with 2 Tesla MRI to investigate global
and regional brain volume differences, including the thal-
amus, in 11 migraine with and 17 without aura patients.
No macroscopic structural alterations were detected.

Overall, these methodological discrepancies under-
score the difficulties in comparing volumetric and
morphometric results across migraine neuroimaging
research. FreeSurfer-based segmentation provides a
reproducible and widely accessible method that com-
plements multi-atlas and VBM approaches, enabling a
detailed investigation of thalamic anatomy in episodic
MO. Our work contributes to this effort by combining
high-resolution imaging, advanced segmentation, and
rigorous statistical modeling. Nonetheless, the absence of
detected macrostructural anomalies in our patients does
not rule out the involvement of the thalamus in migraine
pathophysiology. Two resting-state functional MRI inves-
tigations identified modified thalamic connectivity with
cortical regions during spontaneously occurring migraine

episodes [46, 47]. A study investigated thalamic subre-
gions in patients with interictal episodic migraine using
a functional connectivity-based parcellation method
(SPM12 and DPABI), revealing a reduction in functional
connectivity between anterior, medial, and posterior tha-
lamic subregions and brain areas predominantly asso-
ciated with the medial pain processing system and the
default mode network [48]. Other authors investigating
the dynamic properties of thalamo-cortical networks
in interictal migraine patients discovered a significant
negative correlation between headache frequency and
functional connectivity between the posterior thalamus
and middle occipital gyrus, as well as a positive correla-
tion with functional connectivity between the posterior
thalamus and precuneus [49]. The interaction between
the thalamus and cortex may predispose individu-
als to recurrent attacks, as evidenced by the correlation
between abnormal low-frequency functional activity in
the thalamus, particularly within its medial dorsal subnu-
cleus, and the frequency of headache attacks in a mixed
cohort of migraine patients with and without aura [50].
However, others observed augmented intrinsic functional
connectivity of the thalami, with increased connection to
frontal regions, which was inversely linked with headache
severity [51].

In line with these observations, our results suggest that
migraine recurrence may not induce plastic changes in
thalamic volume, reinforcing the hypothesis that func-
tional or microstructural—rather than macrostructural—
alterations underlie thalamic involvement in migraine.
Although no statistically significant group differences
were detected, absence of evidence is not evidence of
absence; the effect sizes (Table 6) indicate that any volu-
metric differences, if present, are likely small. By contrast,
interictal DTI studies reported thalamic microstructural
alterations (increased FA/decreased MD), sometimes
varying with time since last attack [16, 18], suggesting
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Table 3 Linear relationship between clinical variables and left and right thalamic volumes (F, p, R%%)

Page 8 of 13

N° Attacks  Attacks duration  Severity of pain  HIT-6 MIDAS ASC-12 Days since the last attack
LGN (2.85;0.14; 0.13;0.72; (3.04; 0.09; (0.09;0.77;  (1.11,030;  (0.07;0.79; (1.51;0.23
(L/R) 60.38) 56.10) 60.6) 56.02) 57.75) 55.99) 58.39);
(3.07;0.09; (0.00; 0.96; (5.50; 0.03; (0.64;043; (2.50;0.13; (0.03;0.87; (4.16;0.05;
44.78) 38.01) 49.20) 39.54) 43.64) 38.07) 46.84)
MGN (2.55;0.12; (0.00; 0.98; (4.63;0.04; (0.02; 0.89; (0.03;0.87; (0.06;0.81; (0.21; 0.65;
(L/R) 40.22) 34.11) 44.40) 34.16) 34.19) 34.27) 34.66)
(5.13;0.03; (1.51;0.23; (4.93; 0.03; (0.93;0.34; (0.06;081;  (1.22;0.28; (0.09;0.77;
44.52) 36.94) 44.21) 35.52) 33.29) 36.25) 33.37)
Pul (0.02; 0.90; (1.16;0.29; (0.87;0.36; (1.02;,0.32; (4.48;0.04; (0.24;0.63; (0.13;0.72;
(L/R) 63.50) 65.09) 64.71) 64.91) 69.03) 63.82) 63.67)
(0.02;0.88; (0.84;0.37; (1.21;0.28; (0.12;0.73; (3.69; 0.04; (1.29;0.27; (1.90;0.18;
36.54) 38.56) 3942) 36.78) 44.65) 39.60) 40.97)
PuMm (0.38;0.54; (2.25;0.15; (1.19;0.28; (1.80;0.19;  (1.69;0.21;  (0.53;047; (0.48; 0.49;
(LR) 56.61) 59.59) 57.96) 58.91) 58.74) 56.86) 56.78)
(0.07;0.79; (0.01;0.92; (1.01,0.32; (0.01,0.92; (1.02;,0.32; (0.17,0.68; (3.05,0.09;
46.11) 45.97) 48.05) 45.98) 48.06) 46.32) 51.84)
-Sg (1.86;0.18; (0.08;0.78; (0.19;0.67; (1.33;0.26; (0.78;0.38; (0.66;0.42; (1.28;0.27;
(L/R) 33.44) 28.72) 29.03) 32.10) 30.67) 30.35) 31.97)
(4.96;0.04 (0.01;091; (0.02;0.89; (0.04;0.85; (0.10;0.76;  (0.04;0.84; (0.72;0.40;
39.40) 28.07) 28.08) 28.13) 28.31) 28.14) 30.06)
VPL (0.70;047; (0.23;0.63; (0.16; 0.69; (169,021,  (0.56;046; (0.52;,048; (0.62;0.44;
(L/R) 35.59) 34.40) 34.22) 37.97) 35.23) 35.12) 35.37)
(1.46;0.24; (0.37;0.55; (3.12;0.09; (0.75;0.39; (1.43;0.24; (0.70;041; (1.57,0.22;
49.17) 46.99) 52.18) 47.78) 49.11) 47.68) 49.39)
(@Y (0.47;0.50; (1.72; 0.20; (0.35; 0.56; (3.51;0.07; (195017,  (0.00;0.99; (0.00; 0.95;
(L/R) 49.10) 51.47) 48.86) 54.53) 51.89) 48.14) 48.15)
(3.04,0.93; (0.00; 0.95; (4.65; 0.04; (1.86;0.18;  (0.99;0.33;  (0.09;0.76; (0.00; 0.98;
45.49) 38.87) 4845) 43.10) 41.19) 39.08) 38.86)
V6a (1.30;0.27; (0.07;0.79; (0.01;0.92; (2.33;0.14; (0.16; 0.69; (2.03;0.17; (2.05;0.16;
(L/R) 47.58) 45.03) 44.89) 49.57) 4522) 49.00) 49.05)
(2.79;,0.17; (0.00;0.971 (240;0.14; (1.24,0.28; (3.74,0.07; (0.13,0.72; (0.65;043;
62.29) 58.09) 61.75) 60.06) 63.19) 58.31) 59.15)
PUA (0.14;0.71; (2.57;0.12; (3.06; 0.09; (0.54;047;  (0.15;0.70;  (0.08;0.78; (1.23;0.28;
(L/R) 49.33) 53.80) 54.60) 50.11) 49.35) 49.21) 51.43)
(0.01;0971; (0.72;0.40; (0.66;0.42; (0.01;0.92; (0.46; 0.50; (0.05;0.83; (3.46;0.28;
40.59) 42.23) 42.10) 40.59) 41.64) 40.67) 47.79)
MDm (042;0.52; (1.92;0.18; (0.79;0.38; (1.92;0.18; (2.79;0.11; (041;053; (1.65;0.21;
(L/R) 19.91) 24.35) 21.06) 24.35) 26.72) 19.87) 23.60)
(0.01;0.91; 0.19;067; (0.93;0.34; (0.00,092; (1.56;0.22;  (0.03;0.86; (4.84;0.04;
23.33) 23.86) 26.05) 23.29) 27.80) 23.39) 35.73)
Pf (1.15;0.29; (1.14;0.30; (2.21;0.15; (3.60;0.07; (4.66;0.04; (0.77,0.39; (0.10;0.76;
(L/R) 46.84) 46.83) 48.92) 5141) 53.14) 46.06) 44.62)
(0.74; 0.40; (0.29;0.59; (1.78;0.19; (0.28; 0.60; (1.30; 0.26; (0.00; 0.95; (0.23; 0.64;
52.89) 52.02) 54.72) 52.03) 53.88) 51.49) 51.92)
VAmc (067;042; (2.49;0.13; (0.00; 0.97; (3.24;0.08;, (091,050, (0.08;0.77; (0.63;043;
(L/R) 46.21) 49.77) 44.77) 51.11) 46.71) 44.95) 46.12)
(1.16;0.29; (1.06;0.31; (0.00; 0.96; (0.64,043; (3.38,0.08; (0.29;0.59; (2.08;0.16;
40.47) 40.26) 37.73) 39.28) 45.15) 38.45) 42.50)
MDI (0.50; 0.49; (1.29;0.27; (1.40;0.25; (143;0.24; (0.22; 0.64; (0.02;0.88; (0.38;0.54;
(L/R) 19.89) 22.29) 22.62) 22.70) 18.99) 18.36) 19.51)
(0.31;0.58; (0.03;0.85; (1.26;0.27, (0.01;090; (0.77;039; (0.05;0.82; (1.83;0.19;
30.24) 29.47) 37.76) 2941) 3149) 29.52) 34.18)
CeM (1.00; 0.33; (2.79;0.11; (069;041;3848)  (2.18,0.15;  (2.13;0.16;  (0.15;0.70; (0.11;0.74;
(L/R) 39.22) 43.12) (0.06;0.81; 41.84) 41.74) 37.15) 37.06)
(1.26;0.27; (0.80;0.38; 24.88) (0.02; 0.90; (1.11;0.30; (0.13;0.72; (0.52;048;
28.33) 27.03) 24.75) 27.90) 25.10) 26.25)
VA (1.40; 0.25; (0.25;0.62; (0.00; 0.96; (4.95;0.03; (0.27,060;  (0.01;093; (1.76; 0.20;
(L/R) 59.07) 57.20) 56.78) 63.29) 57.25) 58.49) 59.63)
(0.75;0.39; (0.00; 0.99; (0.14;0.71; (0.79;0.38;  (3.07;0.09;  (0.55;0.46; (1.54;0.23;
65.06) 64.01) 64.22) 65.12) 67.95) 64.02) 66.10)
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Table 3 (continued)

Page 9 of 13

N° Attacks  Attacks duration ~ Severity of pain  HIT-6 MIDAS ASC-12 Days since the last attack

MV(Re) (0.14,0.72; (2.59;0.12; (0.10; 0.75; (0.39;0.54; (0.50;0.49; (1.04,0.32; (0.28; 0.60;

(L/R) 51.73) 56.03) 51.67) 52.22) 5242) 5341) 52.02)
(0.06; 0.81; (0.68;042; (0.01;0.95; (042;0.52; (041;0.53; (0.51;048; (0.06; 0.80;
18.00) 19.98) 17.83) 19.15) 19.13) 19.46) 18.01)

VM (0.02;0.90; (0.90;0.35; (0.00; 0.96; (4.06; 0.05; (2.27;0.14; (0.01;0.93; (0.01;0.93;

(L/R) 21.68) 24.37) 21.63) 32.58) 28.14) 21.65) 21.65)
(1.19;0.28; (0.52;,048; (341, 0.08; (0.62; 044, (0.51,048; (0.55;0.46; (1.04,0.32;
47.63) 46.24) 51.70) 46.45) 46.23) 46.31) 47.33)

CL (0.36; 0.55; (2.92;0.10; (1.32;0.26; (042;052; (1.11;030;  (1.76;0.20; (027;061;

(L/R) 17.90) 25.43) 20.91) 18.10) 20.28) 22.20) 17.62)
(0.20; 0.66; (0.20; 0.66; (0.02;0.88; (094,034, (0.26;061; (041,053; (1.01;0.32;
44.25) 44.26) 43.86) 45.84) 44.39) 44.71) 45.98)

Pul (0.32;0.58; (241;0.13; (0.12,0.73; (0.14,0.71; (2.05;0.16; (10.23;0.00; (0.13,0.72;

(L/R) 52.01) 55.68) 51.64) 51.68) 55.08) 65.51) 51.65)
(0.86; 0.36; (1.05;0.32; (1.72;0.20; (198;0.17,  (3.35008;,  (0.06;0.87; (0.33;0.57;
61.11) 61.39) 62.36) 63.73) 64.53) 59.86) 60.29)

Pt (0.02; 0.89; (0.54:047; (0.00; 0.95; (0.33;0.57;  (0.27;060;  (0.03;0.86; (0.24; 0.63;

(L/R) 42.87) 44.04) 42.84) 43.57) 43.45) 42.90) 43.37)
(2.91;0.10; (0.05;0.83; (3.15;0.09; (0.11;0.74; (041;0.53; (0.31;0.58; (1.65;0.21;
49.67) 43.93) 50.10) 44.06) 44.72) 44.50) 47.29)

AV (157,0.22; (0.53;,047; (0.53,047, (067,042, (0.02;0.89; (0.58;045; (3.06; 0.09;

(L/R) 40.13) 37.70) 37.70) 38.04) 36.42) 37.68) 43.31)
(0.60; 0.44; (0.06;0.81; (0.10; 0.75; (0.64;043; (021,065, (0.17;068; (5.89;0.02;
50.55) 49.47) 49.56) 50.63) 49.78) 49.70) 59.02)

Pc (1.10; 0.30; (0.38;0.54; (0.09;0.77, (5.47;0.03; (2.02;0.17; (0.08;0.78; (0.11;0.74;

(L/R) 41.07) 39.40) 38.69) 49.52) 43.06) 38.66) 38.75)
(0.22;0.64; (0.31;0.58; (0.27;067; (1.48;0.24; (5.85;0.02; (0.00; 0.95; (2.65;0.21;
45.36) 45.55) 45.47) 47.95) 55.32) 44.89) 50.16)

Vip (1.12; 0.30; (0.08; 0.79; (0.08;0.78; (174,020,  (0.60;045;  (1.64,0.21; (2.09;0.16;

(L/R) 43.68) 41.33) 41.34) 44.97) 42.53) 44.78) 45.69)
(2.56;0.12; (0.05;0.82; (2.10;0.16; (1.22;0.28; (3.28;0.08; (0.13;0.73; (0.54;047,
56.34) 51.97) 55.61) 54.10) 57.46) 52.11) 52.89)

LP (1.11,0.30; (1.09;0.31; (0.09; 0.76; (0.00; 0.99; (0.29;0.59; (0.15;0.70; (0.47,0.50;

(L/R) 37.98) 37.94) 3547) 35.23) 35.97) 3561) 36.43)
(0.05;0.82; (3.48;0.07; (0.47;0.50; (149;0.23; (0.27;061;  (0.34;0.56; (0.15;0.70;
43.36) 50.18) 44.29) 46.43) 43.85) 43.99) 43.59)

LD (0.15; 0.70; (1.85;0.18; (1.20; 0.28; (0.22;064; (0.02;090; (2.11;0.16; (0.52;0.48;

(L/R) 20.15) 25.20) 23.34) 20.37) 19.73) 25.94) 21.32)
(0.30;0.57; (0.82;0.37; (4.62;0.04; (1.91,0.28; (1.02,0.32; (0.26;0.62; (0.11,0.74;
25.95) 27.44) 36.76) 30.37) 28.01) 25.82) 25.39)

Whole thalamus ~ (1.17;0.29; (0.97;033; (0.07; 0.80; (240;0.13;  (1.18,029;  (0.14,0.771; (1.36;0.25;

(L/R) 51.96) 51.60) 49.85) 54.13) 51.99) 49.99) 52.30)
(1.23;0.28; (0.03;0.87; (240;0.13; (039,054, (266;0.12;  (0.03;0.86; (2.55;0.12;
55.14) 52.97) 57.05) 53.64) 57.44) 52.98) 57.28)

that microstructural/physiological perturbations can
exist without detectable macrostructural volume loss.
Current and prior neuroimaging and electrophysiologi-
cal findings suggest that one of the pathogenic mecha-
nisms of migraine is influenced by intricate disruption of
thalamocortical connectivity and the temporal activation
of neural networks. This impaired brain pattern, termed
thalamocortical dysrhythmia, encompasses morphologi-
cal and functional changes in the thalamus that result
in insufficient cortical functional regulation, as demon-
strated by electrophysiological studies [1, 4, 5, 52]. This
dysrhythmia may result in disturbances in the processing

of both painful and non-painful information, potentially
leading to neurological symptoms [2].

This study has some limitations. First, we did not evalu-
ate the same individuals at various stages of the migraine
cycle, encompassing pre-ictal, ictal, and post-ictal phases.
Second, the study design lacked long-term monitoring to
assess whether spontaneous fluctuations or prophylactic
treatments may cause macrostructural plasticity in the
thalamus. Finally, despite our sample size being larger
than that of other comparable research and the use of a
more stringent statistical approach, the relatively small
number of participants may restrict the generalizability
of our results. Although no formal power analysis was
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Table 4 FDR-corrected p values for uncorrected significant associations (p-uncorrected < 0.05) from Table 3

N° Attacks Attacks duration Severity of pain HIT-6 MIDAS ASC-12 Days since the last attack
LGN 0.72; n.s. (=not significant) 0.47;041 0.92; 0.66; 0.97; 0.68;
(L/R) 0.72 0.71 0.58 0.97 0.68
MGN 0.72; ns. 0.41;041 0.94; 0.90; 0.97; 0.84;
(L/R) 0.72 0.71 0.87 097 0.84
Pul 0.93;093 ns. 0.75; 0.68 0.971; 0.58; 0.97; 0.84;
(L/R) 0.67 0.58 0.97 0.68
PuM 0.83; ns. 0.68; 0.94; 0.64; 0.97; 0.80;
(L/R) 093 0.74 0.67 0.66 097 0.68
-Sg 0.72; ns. 0.98;0.98 0.67; 0.69; 0.97; 0.70;
(L/R) 0.72 094 0.82 0.97 0.80
VPL 0.81; n.s. 0.98;047 0.67; 0.74; 0.97; 0.80;
(L/R) 0.72 0.71 0.66 0.97 0.68
(@Y 0.83; ns. 0.93; 0.67; 0.58; 1.00; 0.97;
(L/R) 093 041 0.67 0.66 0.97 0.98
VLa 0.72; ns. 0.98;0.61 0.67; 0.78; 097, 0.68;
(L/R) 0.72 067 0.58 0.97 0.80
PUuA 0.90; 0.93 ns. 0.47;0.78 0.74; 0.78; 0.97; 0.70;
(L/R) 0.94 0.74 097 0.70
MDm 0.83; n.s. 0.76;0.75 0.67; 0.58; 0.97; 0.68;
(L/R) 093 0.94 0.66 0.97 0.68
Pf 0.72; ns. 0.61; 0.67; 0.71; 0.97; 0.84;
(L/R) 0.81 0.67 0.81 0.66 097 0.84
VAmMc 0.81; ns. 0.98;0.98 0.67; 0.67; 0.97; 0.80;
(L/R) 0.72 0.71 0.58 0.97 0.68
MDI 0.83; ns. 0.68; 0.67; 0.76; 0.97; 0.84;
(L/R) 0.83 0.68 0.94 0.69 0.97 0.68
CeM 0.74; ns. 0.78; 0.67; 0.58; 0.97; 0.84;
(L/R) 0.72 0.98 0.94 0.66 0.97 0.80
VA 0.72; ns. 0.98;0.98 067, 0.75; 097, 0.68;
(L/R) 0.72 0.71 0.58 0.97 0.68
MV(Re) 0.81;0.93 ns. 0.98;0.98 0.77; 0.74; 0.97; 0.84;
(L/R) 0.77 0.74 097 0.86
VM 0.93;0.72 n.s. 0.98; 047 0.67; 0.58; 0.97; 0.97;
(L/R) 0.71 0.74 0.97 0.74
CL 0.83; ns. 0.68; 0.77; 0.66; 097, 0.84;
(L/R) 0.89 0.98 0.71 0.75 097 0.74
PuL 0.83; ns. 0.98;0.67 0.91; 0.58; 0.20; 0.84;
(L/R) 0.79 0.67 0.58 097 084
Pt 0.93;0.72 ns. 0.98; 047 0.79; 0.72; 0.97; 0.84;
(L/R) 091 0.74 0.97 0.68
AV 0.72; n.s. 0.85; 0.71; 0.90; 0.97; 0.68;
(L/R) 0.82 0.98 0.71 0.76 0.97 0.68
Pc 0.72; ns. 0.98;0.98 067, 0.58; 097, 0.84;
(L/R) 0.89 0.67 0.58 0.97 0.68
VLp 0.72; ns. 0.98; 0.61 0.67; 0.74; 0.97; 0.68;
(L/R) 0.72 067 0.58 097 0.80
LP 0.72; ns. 0.98;0.86 0.94; 0.75; 0.97; 0.80;
(L/R) 093 0.67 0.75 0.97 0.84
LD 0.90;0.83 ns. 0.68; 0.85; 0.90; 097, 0.80;
(L/R) 041 0.67 0.66 097 0.84

conducted, our sample size is consistent with previous
morphometric studies using FreeSurfer thalamic seg-
mentation in migraine. However, we cannot exclude that
subtle volumetric differences exist below our detection
threshold. Given the use of covariates (age, sex, TIV) and
the probabilistic, modulated estimation of volumes via

FreeSurfer, statistical sensitivity may have been further
reduced.

Moreover, although healthy controls were recruited
from among medical students and healthcare profession-
als to allow strict application of health screening criteria,
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Table 5 Ophthalmological features for healthy controls (HCs)
and patients with migraine without aura scanned during
migraine-free intervals (MO)

HCs MO

(n=30) (n=30)
Visual Acuity (Decimal Snellen Equivalent)  1.00+0.00 1.00+0.00
Intraocular pressure (mmHg) 1340+130 12.80+1.70
Refractive error (dioptre spherical 0.75+0.25 0.25+0.25
equivalent) 1.00+0.00 1.00+0.00

Chromatic perception (Ishihara plates ratio)
Data are presented as mean + standard deviation

this may further limit the extension of our findings to the
general population.

Conclusions

In conclusion, our investigation found no macrostruc-
tural volumetric anomalies in the thalami and their
subnuclei bilaterally in patients with MO during the
pain-free phase and without receiving preventative medi-
cation, in comparison to healthy controls. Similar pat-
terns—absence of macrostructural alterations alongside
functional and microstructural abnormalities—have been
reported in other primary headache disorders such as
cluster headache, as well as in neurological conditions
like schizophrenia and restless legs syndrome [53-55].
More studies should be devoted to the investigation of
structural changes in patients with migraine with aura
and its clinical subtypes, and in those who have severe
migraine symptoms that necessitate the use of preven-
tive medications. Moreover, future research combining
multimodal imaging techniques with longitudinal study
designs will be essential to further elucidate the dynamic
neurobiological underpinnings of migraine and guide the
development of personalized therapeutic strategies.
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