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Abstract

Background/Objectives: Photophobia is one of the most prevalent migraine symptoms, both during
and outside of attacks, but its pathogenesis is unknown. The posterior thalamic nuclei may directly
affect ambient light discomfort. This study examined the link between photophobia and the structure
and morphometry of the thalamus and its subregions, including the lateral geniculate nuclei and
pulvinar subnuclei. Methods: Twenty patients with episodic migraine without aura (MO) and 20
healthy controls (HCs) underwent high-resolution T1-weighted magnetic resonance imaging and
comprehensive ophthalmological assessment. Patients were scanned interictally and none of them
were under preventive therapy. Volumetric segmentation encompassed the whole thalamus and the
lateral geniculate nuclei and pulvinar subregions. Interictal photophobia was evaluated using a
visual analogue scale, ranging from 0 to 10. All thalamic and subregion volumes were used as
independent variables and photophobia levels as dependent variables in general linear models. The
model considered gender as a factor and total intracranial volume as a covariate. Results: No
statistically significant differences were observed in the overall thalamic volume or in any of its
subregions between MO patients and healthy controls (punc > 0.05). No relationships emerged
between thalamic volumes and interictal subjective photophobia levels (p > 0.05). Conclusions: Our
results suggest that photophobia is not linked to thalamic macroscopic volumes alterations during
the interictal phase of MO patients. Further research is needed to determine whether these results
could be extended to patients with migraine with aura or during other phases of the migraine cycle.

Keywords: photophobia; freesurfer; thalamus; segmentation; migraine; MRI

1. Introduction

Despite significant progress in migraine research, the anatomical and functional mechanisms
behind canonical migraine-related symptoms, such as photophobia, remain largely unexplored [1].
Photophobia is typically characterised as an excessive sensitivity to ambient light stimuli [2] and
constitutes one of the principal criteria for migraine diagnosis [3]. Although photophobia is more
common during the migraine pain, patients with migraine may experience it also during the pain-
free interval [4].
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Evidence suggests a correlation between hyperexcitability of the occipital cortex and
photophobia [5-7], alongside a CGRP-dependent mechanism of light sensitisation [8]. For some
researchers, photophobia is facilitated by a subset of intrinsically photosensitive retinal ganglion cells
that link the retina to the spinal trigeminal nucleus, as well as the lateral geniculate and pulvinar
thalamic nuclei [9-12]. The triangulation of thalamic, brainstem, and retinal systems could enable the
perception of the light signal as painful [13].

In this study, we aimed to examine the relationship between the volumes of thalamic nuclei
implicated in visual processing, such as the lateral geniculate nucleus and the pulvinar, and
subjective photophobia levels in patients with migraine without aura during the interictal phase.

The Freesurfer’s automated segmentation software — a probabilistic atlas based on histological
examination of the thalamus that integrates magnetic resonance imaging and histological data
through a 3D reconstruction informed by blockface images and augmented by in vivo magnetic
resonance (MR) segmentations — was used to study thalamic nuclei and subnuclei volumes [14].
Additionally, to rule out a possible influence of alterations of the anterior segment of the eye on
photophobia, a comprehensive series of ophthalmological test were conducted in all participants [2].

2. Materials and Methods

We performed a secondary analysis of the data collected from our previous study, using only
data from patients who also were asked for the subjective interictal photophobia level on the day of
the examination [15]. Twenty patients diagnosed with episodic migraine without aura (MO) in
accordance with the International Classification of Headache Disorders (ICHD III) [3] were recruited
from two Headache Centers (Rome and Latina) (Table 1).

Table 1. Demographic and clinical characteristics of healthy controls (HCs) and patients with migraine without
aura scanned during migraine-free intervals (MO). Data are presented as mean + standard deviation. Group

differences were tested using Student’s t-test.

HCs MO Statistics
(n=20) (n=20)
Female (n) 15 15
Age (years) 29.00 £5.06 34.35+11.96 t=-1.84, p=0.08
History of migraine (years) 17.0+12.9
Attack frequency/month (n) 6.3+3.3
Attack duration (hours) 33.2+199
Severity of headache (0-10) 83+1.0
Days from the last migraine attack (n) 58+3.9
MIDAS 21.0+£17.9
HIT-6 61.9+8.0
ASC-12 41+42
Interictal photophobia (0-10) 3.0+1.8

All patients maintained a headache diary provided to them upon reserving a consultation
appointment for at least one month prior to their initial visit. During the first consultation, we
collected detailed information on the patient’s clinical characteristics, including the years from
disease onset, the frequency and duration of migraine episodes each month, the intensity of
headaches (assessed using a VAS scale from 0 to 10), and the days elapsed since the most recent
migraine attack (Table 1). Additionally, all patients were requested to respond to the following
question: In the absence of migraine pain, what is the average intensity of discomfort caused by
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exposure to bright light? (on a scale from 0 to 10, with 0 indicating no discomfort and 10 representing
the highest level of discomfort). Exclusion criteria were the use of preventive therapy in the preceding
three months, side-locked head pain, concomitant diagnosis of other primary or secondary headache
types, and history of other relevant concomitant diseases, including neurological and neuro-
ophthalmological diseases.

Twenty healthy controls (HCs) of similar age and gender were recruited among medical
students and healthcare practitioners for comparative investigation. Exclusion criteria for HCs were
medical or pertinent ophthalmological disorders, personal or familial history of primary headaches
or epilepsy and did not engage in frequent use of drugs. Further exclusion criteria for both HCs and
MOs were the existence of structural brain abnormalities on magnetic resonance imaging (MRI).

All subjects received a complete ophthalmological assessment, which included best-corrected
visual acuity measurements (Snellen Equivalent), slit-lamp biomicroscopy for anterior segment
evaluation, indirect ophthalmoscopy following pupil dilation (Tropicamide 1% drops) for posterior
segment examination, and Goldmann applanation tonometry for intraocular pressure (IOP)
measurement. All participants recruited were right-handed.

All participants were provided with a comprehensive overview of the study and granted written
informed consent. The Ethical Committee of the Faculty of Medicine, Sapienza University of Rome,
authorized the study protocol (Protocol No. 0295/2023).

MRI Protocol

Scanning sessions were scheduled in the afternoon (4:00-7:00 p.m.). Female participants were
uniformly scanned throughout the mid-cycle phase. Participants were directed to refrain from sleep
deprivation and alcohol consumption the day before the scanning procedure. Caffeinated beverages
were banned on the day of the scan. All patients with MO were scanned during the interictal phase,
i.e, minimum of three consecutive days before or after a migraine attack as verified through follow-
up telephone interviews. Additionally, symptomatic medication was prohibited on the day of the
scan.

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 mm3, base resolution 320, field of view 256 mm, slice thickness 0.8 mm).

Imaging Data Processing: Thalamus Subunits Analysis

Thalamic segmentation was performed utilising a feature in Freesurfer 7.4.1
(https://surfer nmr.mgh.harvard.edu/fswiki/SubregionSegmentation), a Python application that
delineates the thalamus into 25 nuclei, employing a probabilistic atlas derived from histology data
[14].

Two experienced investigators (F.C. and 1.G.) examined each participant’s and thalamic
segmentations, ultimately excluding those with artefacts.

We collected the volumes of the following thalamic nuclei: lateral geniculate, pulvinar anterior,
pulvinar medial, pulvinar lateral, pulvinar inferior; their volumes were calculated and recorded for
each participant in the group (Figure 1).
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Figure 1. Thalamic nuclei segmentation. FreeSurfer 3D rendering of thalamic nuclei in their lateral-medial (left)
and caudal-rostral (right) aspects on T1-weighted multiecho MPRAGE data of a representative sample subject.
Lateral geniculate nucleus (LGN), Pulvinar inferior (Pul), Pulvinar medial (PuM), Pulvinar anterior (PuA),
Pulvinar lateral (PuL).

Statistical Analysis

Descriptive and inferential statistics were used, concentrating on volumetric differences between
groups and the correlation between volumes and clinical factors in the MO group. SPSS for Windows
(v.21 IBM Corp.) were used for the analysis.

The total intracranial volume (TIV) of each participant was computed using Freesurfer (version
7.4.1) [16-24].

To evaluate differences in the subnuclei volumes between groups (dependent variables), we
applied a general linear model (GLM) that used age and TIV as covariates (independent variables)
and gender and group as factors. Additionally, we applied a new GLM to assess the relationship
between the volume of the MO group in each thalamic subunit (dependent variables) and values of
photophobia (covariates of interest), controlling for age and TIV (covariates of no interest) and
incorporating gender as a factor.

The Anderson-Darling and/or Kolmogorov-Smirnov tests were performed for each model’s
covariates and responses to examine normality distributions. P-values were established at 0.025
(Bonferroni correction) for volume discrepancies between groups of the entire thalamus (left and
right) and its subunits at p < 0.05, adjusted for multiple comparisons using the Benjamini-Hochberg
method to address for the number of regions of interest.

3. Results

Twenty patients with MO (15 females, mean age 29.00 + 5.06) and 20 HCs (15 females, mean age
34.35 + 11.96) were recorded. Participants with MO had a mean of 6.3 + 3.3 headache days per month.
Mean interictal photophobia was 3.0 + 1.8. Complete demographic and clinical characteristics of the
participants are reported in Table 1.

None of the patients showed any relevant ophthalmological condition and all of them had IOP
<20 mmHg and BCVA of 20/20 Snellen in both eyes.

Table 2 reports the volumes of the entire thalamus and its subregions in both hemispheres. No
statistically significant differences were found between MO patients and HCs in either total thalamic
volume or its subregions (puncorrected > 0.05, Table 2).

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). Results from general linear models (GLMs) assessing between-group differences are reported.
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Left Right
Inferential Inferential
HCs MO o HCs MO o
statistics statistics
Lateral 304.81 + 304.77 +
geniculate 52.77 264.4+449 | F=0.76; 45.60 275.0+50.6 | F=0.06;
nucleus 270.19 - 229.8 -310.1 p=0.39 268.98 — 244.3 -310.4 p=0.81
(LGN) 342.93 334.25
258.15 + 236.45 + 287.71 + 259.43 +
Pulvinar
50.21 4251 F=296; 56.17 41.13 F=0.57;
inferior
Pul 213.93 - 201.37 — p=0.09 241.56 — 231.49 — p=0.46
u
(Pub 295.78 266.20 328.45 287.72
1181.50 = 1105.4 1300.82 1199.3 +
Pulvinar
185.27 150.4 F=2.16; 201.51 147.8 F=0.83;
medial
1016.70 — 9719 - p=0.15 1119.74 - 1073.5 - p=0.37
(PuM)
1284.45 1235.7 1461.13 1316.5
246.60 + 260.87 + 24428 +
Pulvinar 229.24 +
40.66 F=1.85; 38.70 32.02 F=1.37;
anterior 31.42
223.51 - p=0.18 226.02 — 219.14 - p=0.25
(PuA) 203.7 — 256.4
271.38 287.91 270.55
205.99 + 189.81 + 217.01 + 199.05 +
Pulvinar 48.33 38.30 F=1.80; 52.24 34.69 F=0.98;
lateral (PuL) 161.67 — 153.21 - p=1.88 177.49 — 172.83 — p=0.33
248.88 223.64 250.18 209.91
Whole 7527 + 1286 6821 + 830 F=021;, | 7775+1184 7153 +903 F=0.46;
thalamus 6527 — 8285 | 6327 - 7608 p=0.65 6717 — 8508 | 6438 —7763 p=0.50

Additionally, no significant relationships emerged between photophobia values and total
volume of the entire thalamus or of its subregions (puncorrectea > 0.05, Table 3). Multiple comparison
corrections were not performed because all p-values were greater than 0.05.

Table 3. General linear model (F; p) values between photophobia scale and left and right thalamic subregion

volumes.
Left Right
Lateral geniculate nucleus (LGN) 0.01;0.914 0.00; 0.976
Pulvinar inferior (Pul) 0.44; 0.517 0.05; 0.831
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Pulvinar medial (PuM) 0.82;0.380 0.14; 0.717
Pulvinar anterior (PuA) 1.33; 0.267 1.60; 0.225
Pulvinar lateral (PuL) 0.66; 0.429 0.01; 0.936
Whole thalamus 3.55; 0.079 0.60; 0.451

4. Discussion

The most notable finding of this study is the absence of any relationship between the perceived
level of photophobia during the interictal phase and thalamic volumes, both total and its subregions
(lateral geniculate nuclei and pulvinar subnuclei). These results suggest that interictal light sensitivity
is not associated with macrostructural volumetric abnormalities in the thalamus and in the lateral
geniculate nuclei and pulvinar subnuclei.

Although various conditions may be associated with photophobia, the cerebral processes
underlying its generation remain unidentified.

Several evidence support a link between the trigeminovascular system and the visual system in
the development of photophobia [2]. Anatomically, second-order neurons from the spinal trigeminal
nucleus project to the posterior thalamus, encompassing the pulvinar [9,11,25]. Indeed, outside
migraine, photophobia is also a common symptom in both meningitis and subarachnoid
haemorrhage [26], both conditions with involvement of the meninges. Additionally, it has to be noted
that the integrity of the visual system is not strictly essential for the perception of light discomfort, as
blind individuals can still report this sensation [26].

In line with this, in previous study, some authors found no differences in the retinal cone visual
pathway (both M-L cones and S-cone systems) between healthy controls and subjects with migraine
with and without aura recorded during the interictal phase. Additionally, no correlation emerged
with subjective discomfort to environmental light exposure [27], suggesting that the retinal cone
visual pathway does not play a direct role in interictal photophobia.

Some authors have hypothesized a direct link between the retina and the trigeminal system, as
well as an indirect pathway via the dilatation of the choroidal arteries [2]. These alternative pathways
include the non-image producing pathway, which involves the activation of retinal ganglion cells
[28], whose axons transmit signals to the visual cortices through the optic nerve, the lateral geniculate
nucleus, and the pulvinar in the posterior thalamus [29]. They proposed that the aggravation of
migraine headache by light is mediated by photic signals relayed from the retina through the optic
nerve to central neurones that process nociceptive signals from the meninges and to hypothalamic
nuclei, including the suprachiasmatic nucleus, which play a role in regulating autonomic functions
and emotions [30]. Case findings indicate that the pulvinar exhibited markedly enhanced bilateral
activation during photophobia [10,11], and photophobia has been seen in individuals with
demyelinating lesions affecting the posterior thalamus [31]. However, hypermetabolism of the
posterior thalamus has been documented in individuals with essential blepharospasm, another
condition associated with photophobia [32]. Notwithstanding this evidence, our study’s results
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indicate that the degree of photophobia experienced during the pain-free interval is unrelated to these
macrostructural metrics of the visual thalamus.

Nonetheless, our results do not rule out the involvement of the thalamic nuclei in migraine
photophobia from a metabolic and/or functional point of view. Suzuki et al. [33] found that the
bilateral thalamus had hypermetabolism in patients with migraine who experience interictal
photophobia compared to patients who do not. However, it is important to note that the authors did
not grade the level of photophobia. Another study using functional MRI in response to visual stimuli
found no significant relationship between the blood oxygen level dependent (BOLD) response of the
lateral geniculate nuclei and the level of visual discomfort in patients with both migraine with and
without aura [34]. During photophobia, a distinct functional activation pattern was observed in the
ventroposteromedial thalamus alongside the trigeminal system [25].

In addition to the thalamus, substantial evidence indicates functional cortical involvement,
encompassing both visual and sensorimotor aspects, in the pathophysiology of photophobia during
the pericritical phase of migraine. Electrophysiological evidence indicates a negative correlation
between subjective photophobia levels and the amplitude of the electroencephalographic response
to intermittent photic stimulation [35], as well as with post-movement beta event-related
synchronization, which reflects post-activation excitability in the sensorimotor cortices [36].
Consequently, we cannot rule out that other areas of the brain besides the direct visual pathway may
play a role in the pathophysiology of photophobia.

Our study has some limitations. These include the small sample size and the use of a subjective
photophobia rating scale, which may cause reporting biases. However, no objective and validated
tests for photophobia exist to date. Additionally, the inclusion of patients without aura only during
the interictal phase limits the generalizability of our results to other migraine phases, as well as to
patients with migraine with aura.

5. Conclusions

Our study found no relationship between the subjective experience of photophobia and the
neuronal density of the visual thalamic nuclei during the interictal phase of migraine, suggesting that
interictal photophobia is not associated with macrostructural abnormalities in the thalamus and its
subnuclei. These results support the idea that migraine is not characterized by macrostructural
abnormalities, while metabolic and/or functional abnormalities cannot be ruled out based on our
findings. Future research should investigate whether this phenomenon also occurs during the
presence of aura and at other phases of the migraine cycle.
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