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Abstract: Background: The cerebellum and the brainstem are two brain structures involved in pain
processing and modulation that have also been associated with migraine pathophysiology. The aim
of this study was to investigate possible associations between the morphology of the cerebellum
and brainstem and migraine, focusing on gray matter differences in these brain areas. Methods:
The analyses were based on data from 712 individuals with migraine and 45,681 healthy controls
from the UK Biobank study. Generalized linear models were used to estimate the mean gray matter
volumetric differences in the brainstem and the cerebellum. The models were adjusted for important
biological covariates such as BMI, age, sex, total brain volume, diastolic blood pressure, alcohol intake
frequency, current tobacco smoking, assessment center, material deprivation, ethnic background,
and a wide variety of health conditions. Secondary analyses investigated volumetric correlation
between cerebellar sub-regions. Results: We found larger gray matter volumes in the cerebellar
sub-regions V (mean difference: 72 mm3, 95% CI [13, 132]), crus I (mean difference: 259 mm3, 95% CI
[9, 510]), VIIIa (mean difference: 120 mm3, 95% CI [0.9, 238]), and X (mean difference: 14 mm3,
95% CI [1, 27]). Conclusions: Individuals with migraine show larger gray matter volumes in several
cerebellar sub-regions than controls. These findings support the hypothesis that the cerebellum plays
a role in the pathophysiology of migraine.

Keywords: migraine; cerebellum; brainstem; structural MRI; UK Biobank

1. Introduction

The cerebellum is a highly organized and major structure of the hindbrain, tightly
connected to the cerebrum, brainstem, and spinal cord [1]. The cerebellum is a fundamental
center for motion control and coordination [2], involved also in processing information
at affective and cognitive levels [3]. Recent studies demonstrated the involvement of the
cerebellum in nociception and pain modulation, highlighting a possible connection with
migraine [4,5]. Moreover, the cerebellum is innervated by the trigeminovascular complex,
a structure that plays a major role in migraine pathophysiology [1]. This complex also
projects in the brainstem, another important brain structure involved in pain perception and
modulation as well as migraine pathogenesis [6]. Thus, the cerebellum and the brainstem
are two major brain regions that play a considerable role in migraine onset and progression,
although the exact pathophysiological mechanism is still under debate. Importantly, large-
scale studies investigating to what extent the involvement of the brainstem and cerebellum
in migraine pathogenesis may be reflected in brain morphological changes are missing.

Structural magnetic resonance imaging (MRI) is a powerful tool used to assess possible
associations between volumetric differences in particular brain regions and the clinical
presentation of brain-related disorders. Structural MRI can reveal volumetric alterations
in certain areas of the brain that may reflect local dysfunction or atrophy, thus helping to
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elucidate the possible pathological pathway of the disorder under investigation. Hitherto,
only a few studies of overall small sample sizes have studied volumetric differences in
the brainstem or cerebellum between individuals with and without migraine. One of the
earliest migraine-related MRI studies assessed structural and functional divergences in
brain volumes between patients with migraine without aura and healthy controls [7]. The
study comprised 42 participants in total, equally distributed between cases and controls.
The authors found that individuals with migraine exhibited lower cerebellar and brainstem
volumes than controls. Another study used structural MRI techniques to assess volumetric
changes between individuals with chronic migraine and healthy controls [6]. The study
comprised 24 women with chronic migraine and 24 controls, matched by age and sex.
Also, this study observed lower brainstem and cerebellar volumes. A subsequent study
addressed gray matter volume differences between chronic migraine individuals and
controls [8]. They performed the brain scan on a total of 40 participants, equally divided
into migraine cases and healthy controls, and found an overall lower gray matter volume
in individuals with migraine. In particular, they found a volume reduction in the right
cerebellum, in the crus II and in the lobule VIIIa, an area known to be involved in trigeminal
nociception [9]. These findings were also supported by another study that used tailored
analytical techniques to assess brain volumetric differences [10]. However, another study
detected increased gray matter volumes in the cerebellum at the level of crus I and II
and the regions VI, VIIb, VIIIa [11], partly contradicting the results obtained in previous
studies [9,10]. Overall, these studies highlighted some major patterns at the level of brain
morphology and provided some evidence for the possible involvement of cerebellar and
brainstem areas in migraine pathophysiology. In particular, the lower gray matter volumes
in certain regions could be due to local dysfunction or atrophy that might in turn lead to
increased migraine or headache susceptibility.

The mentioned studies, however, are generally characterized by small sample sizes.
It is also noteworthy that the statistical analyses adopted in the majority of these studies
rather relied on tests such as t-tests or non-parametric versions of the same test family, not
correcting for confounding. Moreover, the t statistic is a dimensionless measure of a mean
difference between two populations and therefore it is difficult to interpret it in a biologically
meaningful way, especially in relation to MRI measurements. More sophisticated methods,
such as generalized linear regression models, can robustly estimate the mean difference
in volumes of a target brain region, expressed in more concrete units of measure. This
can grant a better evaluation of the biological implication of such volumetric differences.
Moreover, the generalized linear regression allows for the inclusion of a higher variety of
predictors in the model, ensuring a less biased estimation of the population parameters.

The aim of this study is therefore to estimate brain volumetric differences in the
cerebellum and the brainstem between patients with migraine and healthy controls, using
generalized linear models and data from the large UK Biobank cohort. Including more than
700 individuals with migraine and more than 45,000 controls, this comprehensive dataset
can ensure a higher precision due to the large sample size. Moreover, conditioning our
regression models with a complete set of demographic and biological variables allows for a
less biased estimation of the mean volumetric differences between cases and controls.

2. Materials and Methods

We used data collected from the UK Biobank, a large population-based cohort with
approximately half a million participants from all across the United Kingdom. The UK
Biobank repository gathered in-depth information from all the volunteers, from lifestyle
phenotypes to genetic and neuroimaging data. For the UK Biobank study, all people
of age between 40 and 69, registered at the National Health Service (NHS) and living
within 25 miles from any of the 22 assessment centers, were invited to participate. Al-
most 9.2 million invitations were sent by mail to recruit the participants (response rate of
5.47%) [12].
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Ethical approval for the UK Biobank study was granted by the North-West Multicenter
Research Ethics Committee (permission UKB 57519). The Regional Ethics Committee of
Uppsala (Sweden) approved the use of UK Biobank data for the present study (2017/198).

2.1. Structural MRI Analyses

The gray matter volumes of the brainstem and of the different sub-regions of the
cerebellum were obtained via T1 structural MRI using the FAST segmentation tool [13].
Brain images were acquired using 3T Siemens Skyra (software platform VD13), with
standard Siemens 32-channel RF receive head coil [14]. All the volumes are expressed in
mm3. Complete information regarding MRI data acquisition and processing can be found
at the following link: https://biobank.ctsu.ox.ac.uk/crystal/crystal/docs/brain_mri.pdf
(accessed on 1 June 2023).

2.2. Outcome Variables and Covariates

The main outcome variables investigated in our study are the gray matter volumes of
the overall brainstem and cerebellum, as well as all the main sub-regions of the cerebellum.

To decrease the level of bias due to confounding, we conditioned our statistical models
within the levels of several important sociodemographic and biological covariates.

All the medical conditions were identified using the variable “Diagnoses—ICD10”.
This variable contains information on all the diagnoses that a patient has received, retrieved
from all the hospital inpatient records and coded according to the International Classifica-
tion of Disease 10 (ICD10). For the purpose of the present study, we considered a migraine
case as a patient with any diagnosis of migraine (G43).

We also considered a broad set of comorbidities and other disorders that might con-
found our results. For these reasons, we considered the following health conditions: viral
and bacterial infections of the nervous system (A80, A81–A85, A87, A88, G00, G02–G06),
diabetes (E10–E14), diseases of the nervous system (G10–G13, G21, G23–G25, G30–G32,
G36, G37), mental and behavioral disorders due to psychoactive substances (F10–F19), psy-
chiatric, mental, and behavioral disorders (F00–F02, F05–F07, F20, F22, F23, F25, F30–F34,
F38, F40–F45, F48, F50, F53, F54, F62, F63, F68, F99), developmental disorders (F70–F73,
F78–F81, F84, F88, F89), epilepsy and sleep disorders (G40, G41, G47, F51), muscle disorders
(G56, G71–G73, G80–G83), headaches other than migraine (G44), neuropathies (G50–G55,
G57–G63, G70, G90), brain and spine malformations/abnormalities (G91, G93–G97, G99,
Q00, Q01, Q03, Q07), cerebrovascular diseases (I60–I63, I65–I69, G45, G46), head and spine
injuries and fractures (S001, S007–S010, S01, S02, S020–S024, S026–S029, S04, S06–S09),
cardiovascular diseases (I00–I02, I05–I13, I15, I20–I28, I30–I37, I39, I40–I52, I70–I74, I77–I80,
I82–I89, I95, I97, I98), and brain cancers (C70–C75, D32, D33, D43).

Other biological and health-related variables that we took into account for the sta-
tistical analyses were sex, body mass index (BMI), diastolic blood pressure, age, ethnic
background, current tobacco smoking, and alcohol intake frequency. The age is the one
registered when the participants visited the assessment center for the MRI scan. The BMI
was estimated by impedance measurement. The ethnic background was asked during the
initial assessment center interview. The current tobacco smoking status and alcohol intake
frequency were also assessed via a touchscreen questionnaire.

We also considered sociodemographic variables such as the assessment center and the
indices of multiple deprivation (IMDs). The assessment center variable contains informa-
tion on which center was visited by each participant. The indices of multiple deprivation is
a measurement of poverty in small areas, widely used in the United Kingdom. The IMDs
comprise several domains of deprivation, such as income, health, employment, crime,
education barriers to housing and services, and living environment.

https://biobank.ctsu.ox.ac.uk/crystal/crystal/docs/brain_mri.pdf
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2.3. Statistical Analyses

We used descriptive statistics to summarize the general biological and sociodemo-
graphic features of the two study arms. Table 1 displays the results. We also calculated
mean, median, standard deviation (SD), and interquartile range (IQR) for cerebellar sub-
regions and brainstem volumes. In Table 2, we report the results.

Table 1. Descriptive statistics of main biological and sociodemographic factors.

Migraineurs Controls
N = 712 N = 45,681

Sex
Women 527 (74%) 23,977 (53%)

Men 185 (26%) 21,704 (47%)
Age (mean ± SD 1) 63 ± 8 64 ± 8
BMI (mean ± SD 1) 27 ± 5 27 ± 4

IMD (median, IQR 2) 12.4, [7.1, 20.5] 11.3, [6.7, 19.9]
Current tobacco smoking

Yes, on most or all days 10 (2%) 616 (2%)
Only occasionally 14 (2%) 911 (2%)

No 682 (96%) 43,825 (96%)
Prefer not to answer 0 (0%) 8 (0%)

Alcohol intake frequency
Daily or almost daily 60 (8%) 7678 (17%)

Three or four times a week 136 (19%) 12,786 (28%)
Once or twice a week 174 (25%) 11,976 (26%)

One to three times a month 97 (14%) 5236 (12%)
Special occasions only 135 (19%) 4725 (10%)

Never 104 (15%) 2942 (7%)
Prefer not to answer 0 (%) 17 (0%)

1 Standard deviation. 2 Interquartile range.

The aim of this study is to estimate the mean volumetric differences between individu-
als with migraine and controls at the level of the brainstem and cerebellum. Therefore, we
used a generalized linear regression model to estimate the volumetric difference parameter.
The outcome variable is the volume of a brain region and is expressed in mm3. This can
allow for a more straightforward biological evaluation of the results. The main predictor is
the variable that encodes the diagnosis information (0 refers to controls and 1 to migraine).
We conditioned the model within the levels of other predictors to reduce the bias due to
confounding. For the choice of the appropriate set of predictors to include in our model,
we used causal directed acyclic graphs (cDAGs). In particular, we included in the cDAG
the body mass index (BMI) [15–17], age [18–20], sex, total brain volume (normalized for
head size), diastolic blood pressure, alcohol intake frequency, current tobacco smoking,
assessment center, indices of multiple deprivation (IMDs), ethnic background, and all the
disorders specified in Section 2.2. The cDAG for our study is portrayed in Figure 1.

In our causal model, migraine is considered the exposure and the brain morphological
alteration the outcome. According to this model, the minimal sufficient adjustment required
is to condition the regression model within the levels of age, alcohol intake, assessment
center, BMI, comorbidities and other disorders, current tobacco smoking, diastolic blood
pressure, ethnic background, IMDs, sex, and total volume.

Y = α + βmigXmig + βageXage + βalcXalc + βAssCXAssC + βBMI XBMI + βcomXcom + βsmokXsmok+

+βdiasBPXdiasBP + βethXeth + β IMDXIMD + βsexXsex + βtotVolXtotVol + ε
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Table 2. Descriptive statistics for the gray matter volumes of brainstem and all cerebellar lobular
sub-regions displayed for cases and controls. We calculated mean, median, standard deviation (SD),
and interquartile range (IQR). All measures are expressed in mm3.

Brain Region Migraineurs (N = 712) Controls (N = 45,681)

Cerebellum
Mean = 89,511, Median = 89,482 Mean = 90,346, Median = 90,472

SD = 10,564 SD = 11,158
IQR = [82,646, 96,887] IQR = [83,227, 97,605]

I–IV cerebellum
Mean = 3899, Median = 3881 Mean = 3965, Median = 3940

SD = 550 SD = 575
IQR = [3518, 4228] IQR = [3567, 4328]

V cerebellum
Mean = 5174, Median = 5134 Mean = 5230, Median = 5199

SD = 707 SD = 732
IQR = [4710, 5623] IQR = [4728, 5697]

VI cerebellum
Mean = 14,688, Median = 14,761 Mean = 14,855, Median = 14,841

SD = 2126 SD = 2201
IQR = [13,251, 16,206] IQR = [13,385, 16,299]

Crus I cerebellum
Mean = 21,819, Median = 21,766 Mean = 21,952, Median = 21,838

SD = 3145 SD = 3230
IQR = [19,688, 23,883] IQR = [19,764, 24,026]

Crus II cerebellum
Mean = 16,012, Median = 15,815 Mean = 16,190, Median = 16,133

SD = 2196 SD = 2307
IQR = [14,631, 17,409] IQR = [14,673, 17,648]

VIIb cerebellum
Mean = 8037, Median = 8041 Mean = 8114, Median = 8109

SD = 1217 SD = 1322
IQR = [7222, 8810] IQR = [7280, 8960]

VIIIa cerebellum
Mean = 8521, Median = 8507 Mean = 8569, Median = 8624

SD = 1382 SD = 1473
IQR = [7641, 9428] IQR = [7649, 9540]

VIIIb cerebellum
Mean = 5761, Median = 5730 Mean = 5837, Median = 5818

SD = 1018 SD = 1049
IQR = [5017, 6443] IQR = [5119, 6515]

IX cerebellum
Mean = 4433, Median = 4400 Mean = 4463, Median = 4409

SD = 830 SD = 866
IQR = [3821, 5007] IQR = [3850, 5015]

X cerebellum
Mean = 1167, Median = 1170 Mean = 1172, Median = 1168

SD = 165 SD = 166
IQR = [1059, 1274] IQR = [1062, 1278]

Brainstem
Mean = 4834, Median = 4755 Mean = 4857, Median = 4794

SD = 797 SD = 848
IQR = [4293, 5323] IQR = [4301, 5333]

Brain volume
Mean = 1,503,249, Median = 1,500,440 Mean = 1,490,284, Median = 1,490,310

SD = 74,378 SD = 73,870
IQR = [1,451,903, 1,556,158] IQR = [1,439,020, 1,541,320]
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Figure 1. Causal directed acyclic graph (cDAG) representing our causal assumptions for the model.
In red are represented all the nodes that produce confounding. The cDAG was drawn using
DAGitty v3.0.

Y represents the overall gray matter volume of the cerebellar sub-region or the brain-
stem. We interpolated this model with the cohort data to obtain an estimation of the
regressor βmig. We also estimated the standard error (SE) and the confidence interval (CI),
setting a general confidence level at 95%. We did not correct our confidence level for
the multiplicity problem, and therefore our results are to be considered exploratory. We
checked the most important model assumptions [21].

We performed statistical inference on the basis of estimation statistics, which is a
much more powerful and informative tool than hypothesis testing [22–24]. Accordingly,
no statistical test was performed and therefore no measure of statistical significance was
reported [25–28]. Furthermore, we calculated Cohen’s d to assess the relative magnitude of
the effect sizes that we estimated [29]. We used the formula [30]

d =
t(n1 + n2)√

n1n2
√

d f

where t is the difference between the means (βmig) divided by the corresponding standard
error, n1 and n2 are the sample sizes of migraineurs and controls, respectively, and df are
the degrees of freedom for the t value, i.e., d f = n1 + n2 − 2. To interpret the values of d
thus obtained, we referred to the usual classification, as proposed by Cohen: small (d = 0.2),
medium (d = 0.5), and big effect (d = 0.8) [29–31].

Moreover, we calculated the relative error (expressed in percentage) to give a quantita-
tive measure of the precision level of our estimations

εr =
SE

βmig
× 100%

After the exclusion of the participants without an MRI brain scan, the final sample
comprised 712 participants with migraine and 45,681 healthy controls. We ran the gener-
alized linear regression models to estimate the mean difference in gray matter volumes
at the cerebellar and brainstem level between the two target populations. Researchers
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of the UK Biobank study subdivided the cerebellum into the ten different lobular areas,
i.e., subregions I–IV, V, VI, crus I and II, VIIb, VIIIa and VIIIb, IX, and X. For each region,
they reported the right, left, and vermis volumes (where applicable according to standard
anatomy). We summed these values together to study the overall gray matter volumetric
differences. In the case of the brainstem, they measured the overall gray matter volume.
We thus report the results of our analyses according to this division.

As a secondary analysis, we aimed at estimating the co-variation of the various cerebel-
lar sub-regions. Therefore, we performed a multivariate multiple linear regression, where
the outcome variable was a vector Y containing all the cerebellar sub-regions. We included
in this model the same predictors of the univariate multiple linear regression. From this
model, we extracted the covariance matrix and converted it into the correlation matrix.

All statistical analyses were conducted using R and RStudio (R version 4.1.1 [64 bits],
RStudio version 1.4.1106). The complete script used for data curation and the statistical
analyses is available on GitHub at the following link: https://github.com/OresteAffatato/
Cerebellum_Brainstem_Migraine_Project (accessed on 1 June 2023).

3. Results

In Table 2, we report the general descriptive statistics for brainstem and cerebellar
volumes. In general, within each group (case or control), we can observe that the mean
and median are very similar. Furthermore, the distributions of the volumes of each region
are characterized by high dispersion, as we can see from the high values of the standard
deviations and the wide IQR. Comparing individuals with migraine and controls, we
observe that, also between these groups, the means and medians are very similar. Based on
the wide dispersion that is also seen here, we conclude that the distributions of volumes
for each brain region of cases and controls have extensive overlapping.

Table 3 displays the results regarding volumetric differences between migraine cases
and controls in the investigated cerebellar brain regions and brainstem. Of note, individ-
uals with migraine manifested larger volumes than controls in the sub-regions V (mean
difference: 72 mm3, 95% CI [13, 132]), crus I (mean difference: 259 mm3, 95% CI [9, 510]),
VIIIa (mean difference: 120 mm3, 95% CI [0.9, 238]), and X (mean difference: 14 mm3, 95%
CI [1, 27]).

In most cases, i.e., the brainstem and the majority of the cerebellar sub-regions, estima-
tions are characterized by small standardized effect sizes, as measured by the Cohen’s d,
and by low precision, as measured by SE and εr.

Figure 2 portrays a forest plot of the main results for the cerebellar sub-regions. Even
though the estimates are characterized by different levels of precision, we can see that,
overall, migraineurs tend to have larger volumes than controls at the level of the cerebellar
sub-regions. Individual with migraine appear to have a larger overall cerebellar volume
than controls (mean difference: 771 mm3, 95% CI [−87, 1630]). Even though this estimate
is less precise than the others at the sub-regional level, it is reasonable to assume that the
overall increase in the cerebellar volume seen in individuals with migraine is a result of
increases seen at the sub-regional level.

Figure 3 displays the correlation matrix of the multivariate multiple linear regression.
All the cerebellar sub-regions appear to be positively correlated with each other. The
correlation coefficients vary from a minimum of 0.34 to a maximum of 0.84. The correlation
coefficients tend to be larger between adjacent sub-regions and overall confirm the same
pattern observed above, i.e., at the cerebellar sub-regional level, individuals with migraine
manifest larger volumes than controls.

https://github.com/OresteAffatato/Cerebellum_Brainstem_Migraine_Project
https://github.com/OresteAffatato/Cerebellum_Brainstem_Migraine_Project
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Table 3. Mean gray matter volumetric differences between individuals with migraine and controls.
Volumes all measured in mm3.

Brain Region Mean ± SE 95% Confidence
Interval εr Cohen’s d

Cerebellum 771 ± 438 [−87, 1630] 57% 0.08

I–IV cerebellum 9 ± 24 [−38, 57] 267% 0.02

V cerebellum 72 ± 30 [13, 132] 42% 0.10

VI cerebellum 93 ± 88 [−81, 266] 95% 0.05

Crus I cerebellum 259 ± 128 [9, 510] 49% 0.08

Crus II cerebellum 57 ± 96 [−131, 245] 168% 0.03

VIIb cerebellum 67 ± 55 [−42, 175] 82% 0.05

VIIIa cerebellum 120 ± 60 [0.9, 238] 50% 0.09

VIIIb cerebellum 64 ± 44 [−21, 149] 69% 0.06

IX cerebellum 16 ± 37 [−57, 89] 231% 0.02

X cerebellum 14 ± 7 [1, 27] 50% 0.09

Brainstem 27 ± 32 [−36, 89] 119% 0.04

Figure 2. Forest plot displaying the mean differences and the corresponding 95% CIs for each
cerebellar sub-region.
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Figure 3. Correlation matrix extracted from the multivariate multiple linear regression. Here, the
correlation coefficients between the difference cerebellar sub-regions are reported, with regard to
migraine diagnosis, adjusting for all the other covariates.

4. Discussion

To the best of our knowledge, this is the first study that has estimated volumetric
brain differences between individuals with migraine and controls at the cerebellar and
brainstem level in a considerably large cohort applying confounder-adjusted quantitative
methods. Notably, we found larger gray matter volumes in the sub-regions V (mean
difference: 72 mm3, 95% CI [13, 132]), crus I (mean difference: 259 mm3, 95% CI [9, 510]),
VIIIa (mean difference: 120 mm3, 95% CI [0.9, 238]), and X (mean difference: 14 mm3, 95%
CI [1, 27]). We were also able to show that the cerebellar sub-regions are characterized
by a medium-to-high gradient of positive volumetric correlation, conditioning the model
within the levels of a broad range of important biological covariates. The results of this MRI
study provide evidence, albeit indirect, of the involvement of the cerebellum in migraine
pathophysiology.

Larger gray matter volumes at the cerebellar level might be associated to abnormal
brain activity. Other studies on migraine showed decreased functional connectivity between
the lobule VIII and brain regions known to be involved in migraine pathogenesis [32]. In
particular, studies observed decreased functional connectivity between the primary so-
matosensory cortex and the ipsilateral sub-region VIIIb and between the right dorsal
premotor cortex and the ipsilateral lobule VIII in migraine patients compared to a healthy
control [32–34]. Therefore, larger volumes in the cerebellar sub-regions (especially in
the lobule VIII) might be the consequence of a compensatory mechanism for the altered
functional connectivity with sensorimotor regions. This in turn might affect multisensory
and pain processing, thus resulting in increased migraine susceptibility [33]. Moreover,
abnormal activity at the level of the cerebellum might contribute to an increased activity of
calcitonin gene-related peptide (CGRP), a neuropeptide generally found in high concentra-
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tion in the cerebellum [11]. The CGRP is one of the most important signaling molecules
involved in nociception in the trigeminal system, is highly expressed in the cerebellum, and
plays a major role in migraine pathogenesis [1,35–37]. Abnormal activity and modulation
of CGRP in the cerebellum might thus imply increased migraine susceptibility [32].

Previous studies observed that migraine patients have a lower volume at the level
of the brainstem than healthy controls [6,7,33,38]. The brainstem is the major center for
pain processing and modulation of the trigeminal system and therefore a dysfunction at
the level of the brainstem might contribute to migraine onset [33]. We observed volumetric
differences that were not significantly large at the level of the brainstem, as all instances of
Cohen’s d were close to zero.

It is currently not known to what extent the quantitative shifts in the volume of the
cerebellum or brainstem are associated with putative functional dysregulations. We consid-
ered and discussed the largest estimated differences between the two target populations,
assessed with both the absolute difference and the Cohen’s d, and the most precise, consid-
ering the SE and the εr as measures of absolute and relative precision, respectively. Overall,
our analyses showed that the mean volumetric differences at the cerebellar and brainstem
level between the populations of individuals with migraine and controls are generally very
small. This can be inferred both from the beta parameters of the regression model, the
absolute mean difference, and from the Cohen’s ds, as a measure of the relative difference,
normalized by the standard error. In particular, all the Cohen’s ds that we calculated are
very close to zero, with the exception of the cerebellar sub-regions V, crus I, VIIIa, VIIIb,
and X, even though the present study does not allow us to conclude anything about the real
biological meaning and significance of these differences. The presented results constitute
only a first step toward a biologically sound evaluation of the volumetric differences and
their clinical implications.

A strength of the present study is the application of regression methods to estimate the
mean volumetric differences. This is a powerful tool that can allow for an estimation of the
population parameter in biologically meaningful units of measure and for more complex
and less biased analyses by the inclusion of a wide range of important predictors. Previous
studies focused mostly on standardized dimensionless or non-parametric tests, which
cannot allow for a clear interpretation of the effect size. We provided estimates expressed
in cubic millimeters, which can be easily interpreted. Moreover, we also provided a more
thorough assessment of the estimate effect sizes and relative precision via the Cohen’s d
and the relative error.

Another strength of our study is the large sample size, which is two orders of magni-
tude larger than all the previous studies that have addressed the same research question.
We were also able to perform a thorough model creation, including several important
predictors in our models, through the comprehensive set of variables provided by the UK
Biobank. In particular, we used the official ICD10 diagnosis variable, directly retrieved
from the inpatient hospital registries. Through a complete and thorough assessment of
important comorbidities and brain-related health conditions, we were able highly reduce
the level of bias due to confounding.

A major limitation of our study is the cross-sectional setting. For this reason, we were
not able to assess any causal relationship. Another limitation of the present study is the
average age of the UK Biobank cohort. This cohort comprises mostly elderly people, the
majority being older than 60 years, whereas migraine is known to be most prevalent in
the younger part of the general population [39]. Therefore, our results might be valid for
a population of individuals with a life history of severe migraine (due to the diagnosis
at the hospital) rather than younger people with ongoing morbidity. Moreover, the UK
Biobank study is characterized by an uncommonly low response rate (almost 6%) [12].
Therefore, our findings can hardly be generalized, as it is difficult to establish a plausible
direction of the bias. Another limitation of our study is the high variance of the estimates,
which is probably due to some feature of the UK Biobank sampling process, and to the
data collection.
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5. Conclusions

The cerebellum and the brainstem are two major structures of the brain, deeply
involved in mechanisms of pain processing. We found larger gray matter volumes in
sub-regions V, crus I, VIIIa, VIIIb, and X of the cerebellum in individuals with migraine
than controls. Moreover, many anatomically proximal sub-regions manifested high positive
volumetric correlation. Future studies have to further elucidate to what extent these
volumetric differences in the cerebellum are in order to be considered biologically significant
and how they may reflect changes in important cerebellar signaling pathways that are
implicated in migraine susceptibility.

Author Contributions: Conceptualization, O.A. and J.M.; methodology, O.A.; software, O.A.; valida-
tion, O.A. and J.M.; formal analysis, O.A.; investigation, O.A.; resources, O.A. and G.R.; data curation,
O.A. and G.R.; writing—original draft preparation, O.A.; writing—review and editing, O.A., J.M.,
G.R. and H.B.S.; visualization, O.A.; supervision, J.M. and G.R.; project administration, J.M., G.R.
and H.B.S.; funding acquisition, J.M. and H.B.S. All authors have read and agreed to the published
version of the manuscript.

Funding: O.A. and J.M. were supported by Uppsala University’s centre for Women’s Mental Health
during the Reproductive lifespan—WoMHeR. H.B.S. was supported by the Swedish Research Council
and the Swedish Brain Foundation. G.R. was supported by Svenska Sällskapet för Medicinsk
Forskning. Open access funding was provided by Uppsala University.

Institutional Review Board Statement: We declare that we have ethical permission to use UK
Biobank data (UKB project number 57519). The Regional Ethics Committee of Uppsala (Sweden)
approved the use of UK Biobank data for the present study (2017/198).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data that support the findings of this project are available from UK
Biobank. All data generated during this study are included in this paper.

Acknowledgments: We thank all the participants for their support in this research. We owe special
thanks to Anna Eliasson for technical assistance with the dataset. We thank also WoMHeR for
providing the funding. O.A. is particularly grateful to Schmidt for the important discussions that
they had on the topic.

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

Abbreviations
The following abbreviations are used in this manuscript:

MRI magnetic resonance imaging
BMI body mass index
SD standard deviation
IQR interquartile range
SE standard error
CI confidence interval
DAG directed acyclic graph

References
1. Kros, L.; Aristizábal, C.A.A.; Khodakhah, K. Cerebellar involvement in migraine. Cephalalgia 2018, 38, 1782–1791. [CrossRef]

[PubMed]
2. Apps, R.; Garwicz, M. Anatomical and physiological foundations of cerebellar information processing. Nat. Rev. Neurosci. 2005, 6,

297–311. [CrossRef] [PubMed]
3. Schmahmann, J.D.; Caplan, D. Cognition, emotion and the cerebellum. Brain 2006, 129, 290–292. awh729. [CrossRef] [PubMed]
4. Saab, C.Y.; Willis, W.D. The cerebellum: Organization, functions and its role in nociception. Brain Res. Rev. 2003, 42, 85–95.

[CrossRef]
5. Moulton, E.A.; Schmahmann, J.D.; Becerra, L.; Borsook, D. The cerebellum and pain: Passive integrator or active participator?

Brain Res. Rev. 2010, 65, 14–27. [CrossRef]
6. Bilgiç, B.; Kocaman, G.; Arslan, A.B.; Noyan, H.; Sherifov, R.; Alkan, A.; Asil, T.; Parman, Y.; Baykan, B. Volumetric differences

suggest involvement of cerebellum and brainstem in chronic migraine. Cephalalgia 2016, 36, 301–308. [CrossRef]

http://doi.org/10.1177/0333102417752120
http://www.ncbi.nlm.nih.gov/pubmed/29357683
http://dx.doi.org/10.1038/nrn1646
http://www.ncbi.nlm.nih.gov/pubmed/15803161
http://dx.doi.org/10.1093/brain/awh729
http://www.ncbi.nlm.nih.gov/pubmed/16434422
http://dx.doi.org/10.1016/S0165-0173(03)00151-6
http://dx.doi.org/10.1016/j.brainresrev.2010.05.005
http://dx.doi.org/10.1177/0333102415588328


Biomedicines 2023, 11, 2528 12 of 13

7. Jin, C.; Yuan, K.; Zhao, L.; Zhao, L.; Yu, D.; von Deneen, K.M.; Zhang, M.; Qin, W.; Sun, W.; Tian, J. Structural and functional
abnormalities in migraine patients without aura: Brain abnormalities in migraine patients without aura. NMR Biomed. 2013, 26,
58–64. [CrossRef]

8. Coppola, G.; Petolicchio, B.; Di Renzo, A.; Tinelli, E.; Di Lorenzo, C.; Parisi, V.; Serrao, M.; Calistri, V.; Tardioli, S.; Cartocci,
G.; et al. Cerebral gray matter volume in patients with chronic migraine: Correlations with clinical features. J. Headache Pain 2017,
18, 115. [CrossRef]

9. Mehnert, J.; Schulte, L.; Timmann, D.; May, A. Activity and connectivity of the cerebellum in trigeminal nociception. NeuroImage
2017, 150, 112–118. [CrossRef]

10. Qin, Z.; He, X.-W.; Zhang, J.; Xu, S.; Li, G.-F.; Su, J.; Shi, Y.-H.; Ban, S.; Hu, Y.; Liu, Y.-S.; et al. Structural changes of cerebellum and
brainstem in migraine without aura. J. Headache Pain 2019, 20, 93. [CrossRef]

11. Mehnert, J.; May, A. Functional and structural alterations in the migraine cerebellum. J. Cereb. Blood Flow Metab. 2019, 39, 730–739.
[CrossRef] [PubMed]

12. Allen, N.; Sudlow, C.; Downey, P.; Peakman, T.; Danesh, J.; Elliott, P.; Gallacher, J.; Green, J.; Matthews, P.; Pell, J.; et al. UK
Biobank: Current status and what it means for epidemiology. Health Policy Technol. 2012, 1, 123–126. [CrossRef]

13. Zhang, Y.; Brady, M.; Smith, S. Segmentation of brain MR images through a hidden Markov random field model and the
expectation-maximization algorithm. IEEE Trans. Med. Imaging 2001, 20, 45–57. [CrossRef] [PubMed]

14. Miller, K.L.; Alfaro-Almagro, F.; Bangerter, N.K.; Thomas, D.L.; Yacoub, E.; Xu, J.; Bartsch, A.J.; Jbabdi, S.; Sotiropoulos, S.N.;
Andersson, J.L.R.; et al. Multimodal population brain imaging in the UK Biobank prospective epidemiological study. Nat.
Neurosci. 2016, 19, 1523–1536. [CrossRef]

15. Pannacciulli, N.; Del Parigi, A.; Chen, K.; Le, D.S.N.T.; Reiman, E.M.; Tataranni, P.A. Brain abnormalities in human obesity: A
voxel-based morphometric study. NeuroImage 2006, 31, 1419–1425. [CrossRef]

16. Raji, C.A.; Ho, A.J.; Parikshak, N.N.; Becker, J.T.; Lopez, O.L.; Kuller, L.H.; Hua, X.; Leow, A.D.; Toga, A.W.; Thompson, P.M.; et al.
Brain structure and obesity. Hum. Brain Mapp. 2010 , 31, 353–364. [CrossRef]

17. Masouleh, S.K.; Arélin, K.; Horstmann, A.; Lampe, L.; Kipping, J.A.; Luck, T.; Riedel-Heller, S.G.; Schroeter, M.L.; Stumvoll,
M.; Villringer, A.; et al. Higher body mass index in older adults is associated with lower gray matter volume: Implications for
memory performance. Neurobiol. Aging 2016, 40, 1–10. [CrossRef]

18. Király, A.; Szabó, N.; Tóth, E.; Csete, G.; Faragó, P.; Kocsis, K.; Must, A.; Vécsei, L.; Kincses, Z.T. Male brain ages faster: The age
and gender dependence of subcortical volumes. Brain Imaging Behav. 2016, 10, 901–910. [CrossRef]

19. Courchesne, E.; Chisum, H.J.; Townsend, J.; Cowles, A.; Covington, J.; Egaas, B.; Harwood, M.; Hinds, S.; Press, G.A. Normal
Brain Development and Aging: Quantitative Analysis at in Vivo MR Imaging in Healthy Volunteers. Radiology 2000, 216, 672–682.
[CrossRef]

20. Scahill, R.I.; Frost, C.; Jenkins, R.; Whitwell, J.L.; Rossor, M.N.; Fox, N.C. A Longitudinal Study of Brain Volume Changes in Normal
Aging Using Serial Registered Magnetic Resonance Imaging. Arch. Neurol. 2003, 60, 989. [CrossRef]

21. Gelman, A.; Hill, J.; Vehtari, A. Regression and Other Stories; Cambridge University Press: Cambridge, UK, 2021.
22. Lash, T.L.; VanderWeel, T.J.; Haneuse, S.; Rothman, K.J. Modern Epidemiology, 4th ed.; Wolters Kluwer: Minato City, Japan, 2020.
23. Elkins, M. R.; Pinto, R. Z.; Verhagen, A.; Grygorowicz, M.; Söderlund, A.; Guemann, M.; Gómez-Conesa, A.; Blanton, S.;

Brismée, J.-M.; Agarwal, S.; et al. Statistical inference through estimation: Recommendations from the International Society of
Physiotherapy Journal Editors. J. Physiother. 2022, 68, 1–4. [CrossRef] [PubMed]

24. Amrhein, V.; Greenland, S.; McShane, B. Scientists rise up against statistical significance. Nature 2019, 567, 305–307. [CrossRef]
[PubMed]

25. Lang, J.M.; Rothman, K.J.; Cann, C.I. That Confounded P-Value. Epidemiology 1998, 9, 7–8. [CrossRef]
26. Cohen, J. The earth is round (p < 0.05). Am. Psychol. 1994, 49, 997–1003. [CrossRef]
27. Goodman, S. A Dirty Dozen: Twelve P-Value Misconceptions. Semin. Hematol. 2008, 45, 135–140. [CrossRef]
28. Halsey, L.G. The reign of the p-value is over: What alternative analyses could we employ to fill the power vacuum? Biol. Lett.

2019, 15, 20190174. [CrossRef]
29. Cohen, J. Statistical Power Analysis for the Behavioral Sciences ; Routledge: London, UK, 2013. [CrossRef]
30. Nakagawa, S.; Cuthill, I.C. Effect size, confidence interval and statistical significance: A practical guide for biologists. Biol. Rev.

2007, 82, 591–605. [CrossRef]
31. Fritz, C.O.; Morris, P.E.; Richler, J.J. Effect size estimates: Current use, calculations, and interpretation. J. Exp. Psychol. Gen. 2012,

141, 2–18. [CrossRef]
32. Wang, M.; Tutt, J.O.; Dorricott, N.O.; Parker, K.L.; Russo, A.F.; Sowers, L.P. Involvement of the cerebellum in migraine. Front. Syst.

Neurosci. 2022, 16, 984406. [CrossRef]
33. Qin, Z.; Su, J.; He, X.-W.; Ban, S.; Zhu, Q.; Cui, Y.; Zhang, J.; Hu, Y.; Liu, Y.-S.; Zhao, R.; et al. Disrupted functional connectivity

between sub-regions in the sensorimotor areas and cortex in migraine without aura. J. Headache Pain 2020, 21, 47. [CrossRef]
34. Zhang, J.; Su, J.; Wang, M.; Zhao, Y.; Zhang, Q.-T.; Yao, Q.; Lu, H.; Zhang, H.; Li, G.-F.; Wu, Y.-L.; et al. The sensorimotor network

dysfunction in migraineurs without aura: A resting-state fMRI study. J. Neurol. 2017, 264, 654–663. [CrossRef] [PubMed]
35. Russo, A.F. Calcitonin Gene-Related Peptide (CGRP): A New Target for Migraine. Annu. Rev. Pharmacol. Toxicol. 2015, 55, 533–552.

[CrossRef] [PubMed]
36. Edvinsson, L.; Ho, T.W. CGRP receptor antagonism and migraine. Neurotherapeutics 2010, 7, 164–175. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/nbm.2819
http://dx.doi.org/10.1186/s10194-017-0825-z
http://dx.doi.org/10.1016/j.neuroimage.2017.02.023
http://dx.doi.org/10.1186/s10194-019-1045-5
http://dx.doi.org/10.1177/0271678X17722109
http://www.ncbi.nlm.nih.gov/pubmed/28737061
http://dx.doi.org/10.1016/j.hlpt.2012.07.003
http://dx.doi.org/10.1109/42.906424
http://www.ncbi.nlm.nih.gov/pubmed/11293691
http://dx.doi.org/10.1038/nn.4393
http://dx.doi.org/10.1016/j.neuroimage.2006.01.047
http://dx.doi.org/10.1002/hbm.20870
http://dx.doi.org/10.1016/j.neurobiolaging.2015.12.020
http://dx.doi.org/10.1007/s11682-015-9468-3
http://dx.doi.org/10.1148/radiology.216.3.r00au37672
http://dx.doi.org/10.1001/archneur.60.7.989
http://dx.doi.org/10.1016/j.jphys.2021.12.001
http://www.ncbi.nlm.nih.gov/pubmed/34952811
http://dx.doi.org/10.1038/d41586-019-00857-9
http://www.ncbi.nlm.nih.gov/pubmed/30894741
http://dx.doi.org/10.1097/00001648-199801000-00004
http://dx.doi.org/10.1037/0003-066X.49.12.997
http://dx.doi.org/10.1053/j.seminhematol.2008.04.003
http://dx.doi.org/10.1098/rsbl.2019.0174
http://dx.doi.org/10.4324/9780203771587
http://dx.doi.org/10.1111/j.1469-185X.2007.00027.x
http://dx.doi.org/10.1037/a0024338
http://dx.doi.org/10.3389/fnsys.2022.984406
http://dx.doi.org/10.1186/s10194-020-01118-1
http://dx.doi.org/10.1007/s00415-017-8404-4
http://www.ncbi.nlm.nih.gov/pubmed/28154971
http://dx.doi.org/10.1146/annurev-pharmtox-010814-124701
http://www.ncbi.nlm.nih.gov/pubmed/25340934
http://dx.doi.org/10.1016/j.nurt.2010.02.004
http://www.ncbi.nlm.nih.gov/pubmed/20430315


Biomedicines 2023, 11, 2528 13 of 13

37. Edvinsson, L.; Haanes, K.A.; Warfvinge, K. Does inflammation have a role in migraine? Nat. Rev. Neurol. 2019, 15, 483–490.
[CrossRef]

38. Jia, Z.; Yu, S. Grey matter alterations in migraine: A systematic review and meta-analysis. NeuroImage Clin. 2017, 14, 130–140.
[CrossRef]

39. Ashina, M. Migraine. N. Engl. J. Med. 2020, 383, 1866–1876. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1038/s41582-019-0216-y
http://dx.doi.org/10.1016/j.nicl.2017.01.019
http://dx.doi.org/10.1056/NEJMra1915327

	Introduction
	Materials and Methods
	Structural MRI Analyses
	Outcome Variables and Covariates
	Statistical Analyses

	Results
	Discussion
	Conclusions
	References

