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Abstract

Background Migraine and depression are two of the most common and debilitating conditions. From a clinical per-
spective, they are mostly prevalent in women and manifest a partial overlapping symptomatology. Despite the high
level of comorbidity, previous studies hardly investigated possible common patterns in brain volumetric differences
compared to healthy subjects. Therefore, the current study investigates and compares the volumetric difference pat-
terns in sub-cortical regions between participants with migraine or depression in comparison to healthy controls.

Methods The study included data from 43 930 participants of the large UK Biobank cohort. Using official ICD10 diag-
nosis, we selected 712 participants with migraine, 1 853 with depression and 23 942 healthy controls. We estimated
mean volumetric difference between the groups for the different sub-cortical brain regions using generalized linear
regression models, conditioning the model within the levels of BMI, age, sex, ethnical background, diastolic blood
pressure, current tobacco smoking, alcohol intake frequency, Assessment Centre, Indices of Multiple Deprivation,
comorbidities and total brain volume.

Results We detected larger overall volume of the caudate (mean difference: 66, 95% Cl [-3, 135]) and of the thalamus
(mean difference: 103 mm?, 95% Cl [-2, 208]) in migraineurs than healthy controls. We also observed that individuals
with depression appear to have also larger overall (mean difference: 47 mm?, 95% Cl [-7, 100]) and gray matter (mean
difference: 49 mm?, 95% Cl [2, 95]) putamen volumes than healthy controls, as well as larger amygdala volume (mean
difference: 17 mm?, 95% Cl [-7, 40)).

Conclusion Migraineurs manifested larger overall volumes at the level of the nucleus caudate and of the thalamus,
which might imply abnormal pain modulation and increased migraine susceptibility. Larger amygdala and putamen
volumes in participants with depression than controls might be due to increased neuronal activity in these regions.

Keywords Migraine, Depression, Structural brain MRI, UK Biobank

Introduction
Migraine is a debilitating neurological disorder charac-
terized by severe and recurrent headaches, and one of
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epidemiological studies have shown that migraineurs
have an increased risk of developing depression, anxi-
ety and suicidal behavior when compared to non-
migraineurs [2]. More specifically, major depressive
disorder (MDD) has shown to be the most frequent psy-
chiatric diagnosis among patients with migraine, espe-
cially in chronic or with aura subtypes [3—5]. The relation
between the two disorders is bidirectional, i.e. having one
disorder significantly increases the risk of manifesting the
other one as well [6, 7]. This epidemiological evidence of
a relationship between the two health conditions is not
yet fully understood but might be the result of a partly
overlapping pathophysiology that connects pathological
pathways of migraine and depression.

With regard to clinical presentation, migraine and
depression affect mostly women and are characterized
by heterogeneity and partial overlap of symptoms [1, 8].
Their symptomatology is also shared with similar dis-
orders, e.g. generalized anxiety disorder, and this may
complicate the diagnosis and treatment selection [9].
The overlapping symptomatology and the high degree
of comorbidity of migraine and depression supports the
hypothesis that they might be the results of a common
pathophysiological pathway. In this sense, increasing
attention has been devoted in recent years to structural
and functional brain imaging techniques [10, 11]. In the
case of MDD, structural magnetic resonance imaging
(MRI) studies have shown lower brain volumes in regions
involved in emotional processing including amygdala and
cingulate cortex, but also in other areas such as frontal
cortex, orbitofrontal cortex, hippocampus, striatum
and cerebellum [10, 12-14]. In the case of migraine, the
structural alterations of the brain are related to regions
implicated in pain experience and in visual and motion
processing [11, 15]. Studies have shown that migraineurs
manifested lower volumes in the bilateral insula, frontal/
prefrontal, temporal, parietal and occipital cortices, as
well as the anterior cingulate cortex, basal ganglia and
cerebellum [16, 17]. These studies showed that subjects
with migraine and depression manifest overall differ-
ent volumetric patterns in the brain regions analyzed
(with few exceptions, such the anterior cingulate cortex
and the amygdala). This could be due to the different
choice of parameters used for the MRI scan. Moreover,
the aforementioned studies are generally characterized
by small sample sizes. To overcome these limitations, we
used large-scale UK Biobank data to perform study with
a larger sample size. Another important feature of the UK
Biobank cohort is that for the MRI scans it was adopted
a unique methodology in all the Assessment Centres.
The comprehensive dataset of this cohort grants the
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possibility of a more in-depth analysis of the structural
changes in the various brain regions and to reduce the
confounding level adjusting our statistical model using
many important variables.

The purpose of the current study is to provide a more
comprehensive and in-depth set of measurements of sub-
cortical volumetric changes in gray and white matter in
subjects with migraine or depression in comparison to
healthy controls to elucidate common and different mor-
phological features of these two disorders.

Materials and methods

Cohort

Data were provided by the UK Biobank, a biorepository
based on a large population cohort with approximately
half a million participants from the United Kingdom.
This database contains in-depth genetic information as
well as comprehensive health and lifestyle data acces-
sible to approved research. The UK Biobank study prin-
cipal aim is to promote research on a wide range of
important health conditions. Ethical approval for the
UK Biobank study was granted by the North-West Mul-
ticenter Research Ethics Committee (permission UKB
57519). The Regional Ethics Committee of Uppsala (Swe-
den) approved the use of UK Biobank data for the present
study (2017/198).

Primary outcome variables

UK Biobank provided several variables to investigate
subcortical volumes of different brain regions. In par-
ticular, we considered gray matter volumes of thala-
mus, caudate, putamen, pallidum, hippocampus and
amygdala. The volumes were obtained by means of T1
structural brain imaging using FAST tool for segmen-
tation/registration [18]. We also considered overall
volumes (gray and white matter) of thalamus, caudate,
putamen, pallidum, hippocampus, amygdala and
nucleus accumbens. These volumes were obtained by
means of T1 structural brain imaging using FIRST tool
for segmentation/registration [19]. FAST and FIRST
segmentation tools differ in several features and work-
ing assumptions and we adopted both of them since
the UK Biobank researchers performed FIRST-based
analyses only for the overall subcortical regions and
the FAST-based analyses only for measuring the gray
matter volumes of the same areas. All the volumes are
expressed in mm?>. Brain images have been acquired
using 3 T Siemens Skyra (software platform VD13),
with standard Siemens 32-channel RF receive head coil
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[20]. Complete information regarding the neuroimag-
ing process, from machinery used to protocols, can be
retrieved here at the following link: https://biobank.
ctsu.ox.ac.uk/crystal/crystal/docs/brain_mri.pdf.

Covariates

The main predictors of our analyses are the diagnosis of
migraine and depression. To identify the cases (migraine
and depression) and the controls we used the variable
“Diagnoses — ICD10”, which contains the information
of every diagnosis from the inpatient hospital registries
for each participant. We identified the migraine cases
using all the diagnosis of the category G43 and similarly
depression cases the diagnosis under the categories F32
and F33.

To reduce the level of confounding we included in
our statistical model many comorbidities and health-
conditions. In particular, we considered: viral and
bacterial infections of the nervous system (A80, A81—
A85, A87, A88, G00, G02—G@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), psychiatric, mental and behavioral dis-
orders (FOO—F02, FO5—F07, F20, F22, F23, F25, F30,
F31, 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
117 - G97, G99, Q00, Q01, Q03, Q07), cerebrovascu-
lar diseases (160—163, 165—169, G45, G46), head and
spine injuries and fractures (S001, SO07—S010, SO1,
S02, S020—S024, S026—S029, S04, S06—S09), cardio-
vascular diseases (100—I02, 105—I13, 115, 120—128,
130—137, 139, 140—I152, 170—174, 177—I180, 182—I89,
195, 197, 198) and brain cancers (C70—C75, D32, D33,
D43).

We considered also important biological covariates
such as sex, body mass index (BMI), diastolic blood pres-
sure, age, ethnic background, current tobacco smoking,
and alcohol intake frequency. Moreover, we included
sociodemographic variables such as Assessment Center
and the indices of multiple deprivation (IMD). The
Assessment Center variable contains information on
which center was visited by each participant. The IMD
is a measurement of poverty in small areas, an indicator
widely used in the United Kingdom. The IMD comprise
several domains of deprivation such as income, health,
employment, crime, education barriers to housing and
services, and living environment.
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Statistical methods

We used descriptive statistics to summarize the gen-
eral features of the two study arms. Table 1 displays the
results. We also calculated mean, median, standard devi-
ation (SD), and interquartile range (IQR) for all the sub-
cortical regions. In Table 2 we reported the results for the
overall volumes, while in Table 3 we reported the results
for the gray matter volumes.

The primary aim of this study is to estimate the volu-
metric differences in several subcortical brain regions
between cases (migraine or depression) and healthy con-
trols. To do this we used multiple linear models, where
the outcome variable Y is the volume (expressed in mm?)
of the target brain region. We conditioned the model
within the levels of several covariates to reduce the bias
due to confounding. For the choice of the appropriate
set of predictors we used causal directed acyclic graphs
(cDAGs). The ¢cDAG summarizing our model assump-
tions is displayed in Fig. 1. In particular, we considered as
relevant predictors for our model body mass index (BMI)
[21-23], age [24-26], sex, ethnical background, diastolic
blood pressure, current tobacco smoking, alcohol intake

Table 1 Descriptive statistics of main sociodemographic factors

Migraine Depression  Controls
N=712 N=1853 N=43930

Sex

Women 527 (74%) 1180 (64%) 22881 (52%)

Men 185(26%) 673 (36%) 21 049 (48%)
Age (mean +SD) 63+8 63+8 64+8
BMI (mean+SD) 27+5 28+5 26+4
Ethnic background

British 644 (90%) 1701 (92%) 39962 (91%)

Irish 18 (2%) 54 (3%) 1122 (3%)

Any other white back- 25 (4%) 54 (3%) 1364 (3%)
ground

Others 25 (4%) 44 (2%) 1482 (3%)

IMD (median, IQR) 127,211 13[8,25] 117, 20]
Current tobacco smoking

Yes, on most or all days 14 (2%) 89 (5%) 828 (2%)

Only occasionally 10 (1%) 49 (3%) 569 (1%)

No 682 (97%) 1696 (92%) 42223 (97%)

Prefer not to answer 0 (0%) 0 (0%) 8 (0%)
Alcohol intake frequency

Daily or almost daily 60 (8%) 295 (16%) 7389 (17%)

Three or four times a week 136 (20%) 301 (16%) 12 426 (28%)

Once or twice a week 174 (25%) 241 (12%) 11 596 (26%)

One or three 97 (13%) 400 (21%) 5009 (12%)
times a month

Special occasions only 135(20%) 377 (19%) 4447 (11%)

Never 104 (14%) 295 (16%) 2 745 (6%)

Prefer not to answer 0 (0%) 1 (0%) 16 (0%)
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Table 2 Descriptive statistics for the overall volumes (expressed in mm?) of the subcortical regions under study displayed for cases
and controls (FIRST segmentation tool). We calculated mean, median, standard deviation (SD), and interquartile range (IQR)

Brain region Migraine (N=712) Depression (N=1 853) Controls (N=43 930)
Thalamus Mean=15 064, Median=15 035 Mean=15 076, Median=15 026 Mean=15 264, Median=15 193
SD=1377 SD=1558 SD=1496
IQR=[14131,15990] IQR=[14 067, 15 990] IQR=1[14 238, 16 206]
Caudate Mean =6 843, Median=6 768 Mean=6 891, Median=6 855 Mean=6 927, Median=6 882
SD=841 SD=877 SD=846
IQR=[6 262, 7 382] IQR=1[6 302, 7 417] IQR=[6 346, 7 454]
Putamen Mean=9 364, Median=9 325 Mean=9471, Median=9 396 Mean=9 552, Median=9 499
SD=1083 SD=1225 SD=1165
IQR=[8 600, 10 100] IQR=1[8 635, 10 244] IOR=[8 753,10 296]
Pallidum Mean =3 469, Median=3 420 Mean =3 490, Median =3 460 Mean=3 547, Median=3 509

Hippocampus

Amygdala

Nucleus Accumbens

SD=438
IQR=[3171,3737]

Mean=7 535, Median="7 546
SD=847
IQR=[7 012, 8 044]

Mean =2 400, Median=2 392
SD=414

IOR=[2103, 2 688]

Mean =864, Median=873
SD=205

IQR=[734,991]

SD=470
IQR=[3 180, 3 760]

Mean=7 551, Median=7 531
SD=920
IQR=[6 967, 8 143]

Mean=2 467, Median=2 461
SD=423

IQR=[2 179, 2 735]

Mean =854, Median =844
SD=218

IQR=[710, 996]

SD=468
IQR=[3237,3812]

Mean=7 639, Median=7 640
SD=895
IQR=[7 069, 8 207]

Mean=2 489, Median=2 478
SD=438

IQR=1[2192,2772]
Mean=871, Median=869
SD=211

IQR=[727,1012]

frequency, Assessment Centre, IMD, comorbidities and
major health-related conditions (i.e. all the health condi-
tions we mentioned in the Covariates sub-section) and
total brain volume (grey and white matter, normalized for
head size).

UK Biobank provided two separate values for each
region, the left and the right part. We summed these two
values, so Y represents the overall volume of that region.
X giag is the categorical variable which represents the diag-
nosis (migraine or depression and healthy controls). This
is the equation we interpolated with our data

Y = o + BuiagXdiag + BsexXsex + BageXage + BamiXpmr + BaichXaich + BsmokXsmok + BospXpaP + BrvpXimp
+ ,BAssCXAssC + ﬁComorbXComorb + IsethnXethn + .BbminXbmin +¢

Table 3 Descriptive statistics for the gray matter volumes (expressed in mm?) of the subcortical regions under study displayed for
cases and controls (FAST segmentation method). We calculated mean, median, standard deviation (SD), and interquartile range (IQR)

Brain region Migraine (N=712) Depression (N=1 853) Controls (N=43 930)
Thalamus Mean=5 458, Median=5 429 Mean=5 510, Median=5 487 Mean=5 526, Median=>5 494
SD=548 SD=567 SD=579
IQR=[5 095, 5 833] IQR=[5 120, 5 835] IQR=[5 142, 5 867]
Caudate Mean=6 279, Median=>5 970 Mean =6 400, Median=6 062 Mean =6 334, Median=6 049
SD=1430 SD=1579 SD=1461
IQR=15 386, 6 737] IQR=[5 439, 6 905] IQR=[5417, 6 860]
Putamen Mean=3 881, Median=3 815 Mean =3 908, Median=3 847 Mean =3930, Median=3 866
SD=866 SD=914 SD=860
IQR=13 306, 4 355] IQR=[3315,4 397] IQR=[3 358,4 427]
Pallidum Mean =96, Median=79 Mean=100, Median=81 Mean =103, Median=84

Hippocampus

Amygdala

SD=69

IQR=158, 107]

Mean =8 374, Median=8 338
SD=822

IQR=[7852,8917]

Mean =3 828, Median=3 808
SD=482

IQR=1[3 526, 4 140]

SD=85

IQR=[60, 112]

Mean=8 418, Median=8 367
SD=862

IQR=[7 847, 8 946]

Mean=3 811, Median=3 804
SD=516

IQR=[3 475, 4 144]

SD=82

IQR=1[62, 115]

Mean=8 535, Median=8 505
SD=837

IQR=[7 967, 9 060]

Mean =3 906, Median=3 895
SD=488

IQR=[3 587, 4 222]
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Fig. 1 Causal directed acyclic graph (cDAG) for our causal model. In red are represented all the paths that introduce confounding. The cDAG

was drawn using DAGitty v3.0

We fitted this model with our data to obtain an esti-
mation of the By;,, parameter and the 95% Confidence
Interval (95% CI). We did not correct the confidence
level for the multiplicity problem, as it would decrease
the precision and increase the type II error rate [27].
For each interpolation, Xg;,, was a dichotomous varia-
ble, and the control group was considered the reference
group (with assigned value zero, while the other group
was assigned value one). Therefore, the B;,, parameter
represents the difference between the mean volumes in
the two groups.

We focus on point and interval estimation. Statisti-
cal inference is therefore based on estimation, which is
better suited for the task rather than the less informa-
tive hypothesis testing [28—-31]. For this reason, no test
of hypothesis has been performed and therefore no
significance threshold was established and no p-values
were reported, as possibly misleading [32-35]. Further-
more, in order to have a better understanding of the
relative magnitude of volume differences between the
groups we complemented the estimations of the mean
difference and the relative standard error (SE), with the
Cohen’s d [36]. We used the formula:

_ tm +m)

- S /df

where t is the difference between the means (Byig)
divided by the corresponding standard error, n; and n,
are the sample sizes of cases and controls respectively
and df are the degrees of freedom for the t value, i.e.
df=n;+n, — 2. We referred to the usual classification of
the d values, as stated by Cohen: small (d=0.2), medium
(d=0.5) and big effect (d=0.8) [36—-38].

To give a quantitative measure of the relative precision
of our estimations we also calculated the relative error

SE
x 100%

& =
diag

All statistical analyses have been conducted using R
and RStudio (R version 4.1.1 [64 bit], 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/
Migraine_Depression_MRI_project.

Results

After the exclusion of the participants without MRI
brain scan, we obtained a final sample that comprises
712 individuals with migraine, 1 853 with depression
and 43 930 controls. In Table 1 are summarized main
sociodemographic features of the sample.
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Table 4 Mean volume difference between migraine cases and
controls. FIRST segmentation method. All volumes are expressed
; 3
in mm

Brain region Mean+SE ¢, 95% Cohen'sd
Confidence
Interval
Thalamus 103+55 53%  [-2,208] 0.08
Caudate 66+35 53%  [-3,135] 0.08
Putamen 45+43 96% [-38,129] 0.04
Pallidum 11+£19 173%  [-27,49] 0.03
Hippocampus -9+36 400% [-79,61] -0.01
Amygdala -8+18 225%  [-45,27] -0.02
Nucleus accumbens  2+8 400% [-14,17] 0.01

Table 5 Mean volume difference between depression cases and
controls. FIRST segmentation method. All volumes are expressed
H 3

inmm

Brain region Mean+SE ¢, 95% Cohen’sd
Confidence
Interval
Thalamus -10+34 340% [-77,58] -0.01
Caudate 17£22 130% [27 61] 0.03
Putamen 47 +27 57% [-7,100] 0.07
Pallidum 2+12 600% [22 26] 0.01
Hippocampus -17+23 135% [-61,28] -0.03
Amygdala 1712 71% [-7, 40} 0.06
Nucleus accumbens  -2+5 250% [-12, 8] -0.02

Tables 2 and 3 display the main descriptive statistics
of the volumes of the different subcortical regions. In
Table 2 we reported the overall volumes (gray + white
matter) statistics, based on the FIRST segmentation
tool, while in Table 3 we reported the descriptive sta-
tistics of the gray matter volumes of the same subcorti-
cal regions (except nucleus accumbens), based on the
FAST segmentation method.

We can observe from the descriptive statistics dis-
played in Tables 2 and 3 some general features. In all
cases, mean and median are close to each other, there-
fore the distributions of the volumes of each region and
each group are symmetric. The standard deviations (SD)
are generally quite large, as the IQRs. Summarizing these
facts, we can conclude that the volumetric distributions
of each region between cases and control are extensively
overlapping.

Differences in overall subcortical volumes
Table 4 displays the mean differences of overall subcor-
tical volumes (gray +white matter) between migraineurs
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and controls. The strongest effects, as measured in abso-
lute (Baiqqg) and relative (Cohen’s d) terms, are at the tha-
lamic (mean difference: 103 mm?, 95% CI [-2, 208]) and
caudate (mean difference: 66 mm?, 95% CI [-3, 135]) lev-
els, were migraineurs appear to have larger volumes than
controls.

Table 5 shows mean differences in overall volumes
between depression cases and healthy controls. Notably,
individuals with depression appear to have larger vol-
umes than controls at the level of the putamen (mean dif-
ference: 47 mm?3, 95% CI [-7, 100]) and of the amygdala
(mean difference: 17 mm?, 95% CI [-7, 40]).

In Fig. 2 are portrayed all the results for the overall
volumes. The estimates are generally of small magnitude
and affected by significant low precision. At the level of
the pallidum and the nucleus accumbens, both individu-
als with migraine and depression do not appear to differ
from the controls. At the level of the putamen both types
of cases seem to have larger volumes than controls.

Differences in gray matter subcortical volumes

In Table 6 are reported the results for migraine cases. The
effect sizes are generally very small and characterized by
low precision.

Table 7 show the results for depression cases. Notably,
individuals with depression appear to have larger gray
matter volumes at putamen level (mean difference: 49
mm?, 95% CI [2, 95]). They also appear to have lower gray
matter volumes at the level of the amygdala (mean differ-
ence: -21 mm?, 95% CI [-44, 2]).

Figure 3 displays the forest plot of the results for the
gray matter volumes. As in the previous case, the esti-
mates are generally characterized by small effect size and
low precision. Notably, also at the level of gray matter
both migraine and depression cases appear to have no
significant pallidum volumetric difference from controls.

Discussion

To the best of our knowledge, this is the first study that
addresses associations between migraine and depres-
sion diagnosis and subcortical volumetric differences
using data from a large population-based cohort. Nota-
bly, participants with migraine manifested larger overall
volume of the caudate (mean difference: 66 mm?, 95%
CI [-3, 135]) than healthy controls. The nucleus cau-
date is known to have important functional connections
with other brain regions which are likely to be integral in
migraine pathophysiology [39]. The caudate has also been
shown to manifest anti-nociceptive functions and to play
a role in pain modulation in connection with the periaqg-
ueductal gray matter [40]. Therefore, abnormal activity at
the level of the nucleus caudate might imply pain regula-
tion dysfunction which could in turn increase migraine
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Fig. 2 Forest plot displaying the volumetric differences (means and 95% Cls) for migraine and depression cases

Table 6 Mean gray matter volume difference between migraine  Table7 Mean gray matter volume difference between depression
and controls. FAST segmentation method. All volumes are  and controls. FAST segmentation method. All volumes are expressed

expressed in mm? in mm?
Brain region Mean +SE & 95% Cohen’s d Brain region Mean +SE &r 95% Cohen'sd
Confidence Confidence
Interval Interval
Thalamus 8+24 300% [-40, 56] 0.01 Thalamus 5+16 320% [-25, 36] 0.02
Caudate -13+62 477%  [-134,108] -0.01 Caudate 15+40 267%  [-63,92] 0.02
Putamen 45+37 82% [-28,118] 0.05 Putamen 49+ 24 49% [2,95] 0.09
Pallidum -1+3 300%  [8,6] -0.01 Pallidum 142 200%  [6,3] -0.02
Hippocampus -10+33 330% [-75, 55] -0.01 Hippocampus -27+21 78% [69 15] -0.06
Amygdala 8+18 225% [-28, 44] 0.02 Amygdala 2112 57% [-44, 2] -0.08
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Fig. 3 Forest plot displaying the gray matter volumetric differences (means and 95% Cls) for migraine and depression cases

susceptibility. It has been also shown that the cortical
spreading depression, a depolarization wave that is asso-
ciated with migraine, inhibits the neuronal activity in the
caudate [39, 41]. This reduced activity might imply dis-
ruption of pain regulation and therefore lead to migraine
pain. Moreover, we found larger overall volume of the
thalamus (mean difference: 103 mm?, 95% CI [-2, 208])
than controls. The thalamus is known to play an impor-
tant role in migraine pathophysiology and therefore the
larger thalamic volume could be due to the increased
activity of this region in subjects with migraine [1, 42].
We also observed that subjects with depressive symp-
toms manifested a larger overall amygdala volume (mean

difference: 17 mm?3, 95% CI [-7, 40]) than healthy con-
trols. This phenotype might reflect increased activity of
the neurons in this brain region. Other studies support
the hypothesis that the hyper-activity of the amygdala
increases the risk of developing depressive symptoms
and related comorbidities [43]. Increased amygdala activ-
ity has been observed in people diagnosed with general
internalizing disorders [44, 45]. Moreover, it has been
shown reduced amygdalar reactivity after administra-
tion of effective treatment for depression and anxi-
ety disorders [46—48]. These observations supports
the hypothesis that an increased activity of the amyg-
dala is associated with negative disposition, anxiety and
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internalizing symptoms and therefore to future develop-
ment of depressive symptoms [43]. We also found lower
gray matter amygdala volume (mean difference: -21 mm?,
95% CI [-44, 2]). The discrepancy between the overall
and gray matter level could be explained by a compen-
sation mechanism. Individuals with depression might
have lower gray matter neurons and therefore the brain
increases the white matter to compensate. The larger
overall volume could be due over-compensation.

Individuals with depression appear to have also larger
overall (mean difference: 47 mm?, 95% CI [-7, 100]) and
gray matter (mean difference: 49 mm?, 95% CI [2, 92])
putamen volumes. The role of the putamen in depressive
disorders has not been fully elucidated, and its patho-
physiological involvement is currently under thorough
investigation [49]. In particular, the putamen is known
for playing an important role in motor control and move-
ment disorders and for being an integral part of reward
and learning circuits, which in turn play an important
role in depressive conditions [50]. Previous literature
has showed association between depressive symptoms
and lower putamen volumes, in contrast with our find-
ings. This could be due to different MRI and statistical
analyses.

In general, we can observe that the volumetric differ-
ences were small. Moreover, even though in some cases
the standard error was equal or larger than the effect
sizes, the confidence intervals are also generally compat-
ible with small effect sizes, in most of the cases. Our esti-
mates were generally characterized by small precision,
and therefore our findings should be generally treated
with caution.

A strength of this study is that we provided a set of
estimations of a wide variety of subcortical brain regions
using a large cohort. To decrease the level of bias due
to confounding we included in our model a wide set of
important biological and sociodemographic predictors.
Another important feature of this study is the analysis of
the differences in gray and white matter volumes. Data
from UK Biobank allowed us to assess not only brain vol-
ume differences among several subcortical regions, but
also to address differences between white and gray mat-
ter volumes. Our study also provides many estimations
that can be used in meta-analytical research to assess on
stronger basis the actual direction of the associations for
all the specific subcortical regions. A limitation of our
study is related to the average age of the UK Biobank
cohort. This sample comprises mainly older participants
(mean age approximately 60 years), while migraine is
known to be mostly prevalent in younger people [1]. Age
does not only influence whether a participant is more
likely to manifest a condition, but it has also an impact
on brain structure and its functional connectivity [51].
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These features pose limits on the generalization of our
results. Another limitation is the cross-sectional nature
of this study. We were not able to provide any causal tra-
jectory between differences in subcortical structures and
the presence of certain conditions. However, the patterns
of association we found can be used to generate hypoth-
eses that can lead to design studies assessing causal rela-
tionships. Another limitation from the UK Biobank is the
sampling bias. The UK Biobank has an uncommonly low
acceptance rate (around 6%) and this poses an important
limitation on our research, given the presence of such a
bias [52].

Conclusion

This study provides estimations of subcortical volumes
in a broad variety of brain regions as well as mean vol-
umetric differences between subjects with migraine,
depression and healthy controls. Migraineurs manifested
larger overall volumes at the level of the nucleus caudate
and of the thalamus. Abnormal activity in the caudate
and the thalamus might imply abnormal pain modula-
tion and increased migraine susceptibility. Subjects with
depressive symptoms manifested larger amygdala and
putamen overall volumes than controls, which might be
due to increased activity in these regions. Migraine and
depression are not likely to manifest similar patterns at
the gross anatomy level in the main sub-cortical regions.
Considering the large prevalence of migraine and depres-
sion in today’s society, mapping the neural signatures of
the disorders will be critical for clarifying their causes.

Abbreviations

MDD Major depressive disorder

MRI Magnetic resonance imaging
IMD Indices of Multiple Deprivation
BMI Body mass index

SD Standard deviation

SE Standard error

cl Confidence Interval

DAG Directed acyclic graph

Acknowledgements

We thank all the participants for their support in this research. We thank also
WoMHeR. OA is particularly grateful to Dr. Schmidt for the important discus-
sions they had on the topic.

Authors’ contributions

Conceptualization, OA, ADD and JM; methodology, OA and ADD; software, OA
and ADD; validation, OA, ADD and JM; formal analysis, OA and ADD; investiga-
tion, OA; resources, OA and GR; data curation, OA, ADD and GR; writing—origi-
nal draft preparation, OA; writing—review and editing, OA, ADD, JM, GR, HBS;
visualization, OA; supervision, JM and GR; project administration, JM, GR and
HBS; funding acquisition, JM, and HBS. All authors have read and agreed to the
published version of the manuscript.

Funding

Open access funding provided by Uppsala University. OA and JM were sup-
ported by Uppsala University’s centre for Women's Mental Health during the
Reproductive lifespan—WoMHeR. JM was also supported by the Svenska



Affatato et al. BMC Neurology (2023) 23:284

Lékaresallskapet. GR was supported by SSMF. HBS was supported by the
Swedish Research Council and the Swedish Brain Foundation.

Availability of data and materials
All data generated during this study are included in this paper and the data
will be available made on request to corresponding author.

Declarations

Ethics approval and consent to participate

We declare to 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). All
methods were carried out in accordance with relevant guidelines and regula-
tions. All experimental protocols were approved by North-West Multicenter
Research Ethics Committee. Informed consent was obtained from all subjects
and/or legal guardians.

Consent for publication
Not applicable.

Competing interests

The authors declare no competing interests.

Received: 3 March 2023 Accepted: 19 July 2023
Published online: 28 July 2023

References
1. Ashina M. Migraine. N Engl J Med. 2020;383(19):1866-76. https://doi.org/
10.1056/NEJMra1915327.

2. On behalf of the European Headache Federation School of Advanced
Studies (EHF-SAS), et al. Understanding the nature of psychiatric
comorbidity in migraine: a systematic review focused on interactions and
treatment implications. J Headache Pain. 2019;20(1):51.

3. Amoozegar F. Depression comorbidity in migraine. Int Rev Psychiatry.
2017;29(5):504-15. https://doi.org/10.1080/09540261.2017.1326882.

4. FredianiF, Villani V. Migraine and depression. Neurol Sci.
2007;28(52):5161-5. https://doi.org/10.1007/s10072-007-0771-7.

5. Antonaci F, Nappi G, Galli F, Manzoni GC, Calabresi P, Costa A. Migraine
and psychiatric comorbidity: a review of clinical findings. J Headache
Pain. 2011;12(2):115-25. https://doi.org/10.1007/510194-010-0282-4.

6. Breslau N, Lipton RB, Stewart WF, Schultz LR, Welch KMA. Comorbidity of
migraine and depression: Investigating potential etiology and prognosis.
Neurology. 2003;60(8):1308-12. https://doi.org/10.1212/01.WNL.00000
58907.41080.54.

7. Modgill G, Jette N, Wang JL, Becker WJ, Patten SB. A Population-Based
Longitudinal Community Study of Major Depression and Migraine.
Headache. 2012;52(3):422-32. https://doi.org/10.1111/j.1526-4610.2011.
02036.x.

8. Labaka A Gofi-Balentziaga O, Lebefia A, Pérez-Tejada J. Biological
Sex Differences in Depression: A Systematic Review. Biol Res Nurs.
2018;20(4):383-92. https://doi.org/10.1177/1099800418776082.

9. Dindo LN, Recober A, Haddad R, Calarge CA. Comorbidity of Migraine,
Major Depressive Disorder, and Generalized Anxiety Disorder in Adoles-
cents and Young Adults. Int J Behav Med. 2017,24(4):528-34. https://doi.
org/10.1007/512529-016-9620-5.

10. Zhuo C, et al. The rise and fall of MRI studies in major depressive
disorder. Transl Psychiatry. 2019;9(1):335. https://doi.org/10.1038/
541398-019-0680-6.

11. Chong CD, Schwedt TJ, Dodick DW. Migraine: What Imaging Reveals.
Curr Neurol Neurosci Rep. 2016;16(7):64. https://doi.org/10.1007/
$11910-016-0662-5.

12. Arnone D, McIntosh AM, Ebmeier KP, Munafd MR, Anderson IM. Magnetic
resonance imaging studies in unipolar depression: Systematic review and
meta-regression analyses. Eur Neuropsychopharmacol. 2012;22(1):1-16.
https://doi.org/10.1016/j.euroneuro.2011.05.003.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

Page 10 of 11

Bora E, Harrison BJ, Davey CG, Yuicel M, Pantelis C. Meta-analysis of volu-
metric abnormalities in cortico-striatal-pallidal-thalamic circuits in major
depressive disorder. Psychol Med. 2012;42(4):671-81. https://doi.org/10.
1017/50033291711001668.

Nolan M, et al. Hippocampal and Amygdalar Volume Changes in Major
Depressive Disorder: A Targeted Review and Focus on Stress. Chronic
Stress. 2020;4:247054702094455. https://doi.org/10.1177/2470547020
944553.

Palm-Meinders IH, et al. Volumetric brain changes in migraineurs from
the general population. Neurology. 2017;89(20):2066—74. https://doi.org/
10.1212/WNL.0000000000004640.

Jia Z,Yu S. Grey matter alterations in migraine: A systematic review and
meta-analysis. Neurolmage Clin. 2017;14:130-40. https://doi.org/10.
1016/}.nicl.2017.01.019.

Bashir A, Lipton RB, Ashina S, Ashina M. Migraine and structural changes
in the brain: A systematic review and meta-analysis. Neurology.
2013;81(14):1260-8. https://doi.org/10.1212/WNL.0b013e3182a6cb32.
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(1):45-57. https://doi.org/10.
1109/42.906424.

Patenaude B, Smith SM, Kennedy DN, Jenkinson M. A Bayesian model of
shape and appearance for subcortical brain segmentation. Neuroimage.
2011;56(3):907-22. https://doi.org/10.1016/j.neurcimage.2011.02.046.
Miller KL, et al. Multimodal population brain imaging in the UK Biobank
prospective epidemiological study. Nat Neurosci. 2016;19(11):1523-36.
https://doi.org/10.1038/nn.4393.

Pannacciulli N, Del Parigi A, Chen K, Le DSNT, Reiman EM, Tataranni PA.
Brain abnormalities in human obesity: A voxel-based morphometric
study. Neuroimage. 2006;31(4):1419-25. https://doi.org/10.1016/j.neuro
image.2006.01.047.

C. A Raji et al, “Brain structure and obesity," Hum. Brain Mapp., p. NA-NA,
2009, doi: https://doi.org/10.1002/hbm.20870.

Kharabian Masouleh S, 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. https://doi.org/10.1016/j.
neurobiolaging.2015.12.020.

Kirdly A, et al. Male brain ages faster: the age and gender dependence of
subcortical volumes. Brain Imaging Behav. 2016;10(3):901-10. https://doi.
0rg/10.1007/511682-015-9468-3.

Courchesne E, et al. Normal Brain Development and Aging: Quantita-
tive Analysis at in Vivo MR Imaging in Healthy Volunteers. Radiology.
2000;216(3):672-82. https://doi.org/10.1148/radiology.216.3.r00au37672.
Scahill RI, Frost C, Jenkins R, Whitwell JL, Rossor MN, Fox NC. A Longi-
tudinal Study of Brain Volume Changes in Normal Aging Using Serial
Registered Magnetic Resonance Imaging. Arch Neurol. 2003;60(7):989.
https://doi.org/10.1001/archneur.60.7.989.

Rothman KJ. Six Persistent Research Misconceptions. J GEN INTERN MED.
2014;29(7):1060-4. https://doi.org/10.1007/511606-013-2755-z.

Timothy L. Lash, Tyler J. VanderWeel, Sebastien Haneuse, and Kenneth J.
Rothman, Modern Epidemiology, Fourth Edition, Fourth. Wolters Kluwer,
2020.

Elkins MR, et al. Statistical inference through estimation: recommenda-
tions from the International Society of Physiotherapy Journal Editors. J
Physiother. 2022;68(1):1-4. https://doi.org/10.1016/jjphys.2021.12.001.
AmrheinV, Greenland S, McShane B. Scientists rise up against statisti-
cal significance. Nature. 2019;567(7748):305-7. https://doi.org/10.1038/
d41586-019-00857-9.

&Na;, “That Confounded P-Value:, Epidemiology, vol. 9, no. 1, pp. 7-8,
1998, doi: https://doi.org/10.1097/00001648-199801000-00004.

Cohen J. The earth is round (p <.05). Am Psychol. 1994;49(12):997-1003.
https://doi.org/10.1037/0003-066X.49.12.997.

Goodman S. A Dirty Dozen: Twelve P-Value Misconceptions. Semin
Hematol. 2008;45(3):135-40. https://doi.org/10.1053/j.seminhematol.
2008.04.003.

Wasserstein RL, Schirm AL, Lazar NA. Moving to a World Beyond' p < 0.05.Am
Stat. 2019;73(sup1):1-19. https.//doi.org/10.1080/00031305.2019.1583913.
Halsey LG. The reign of the p -value is over: what alternative

analyses could we employ to fill the power vacuum? Biol Lett.
2019;15(5):20190174. https://doi.org/10.1098/rsbl.2019.0174.


https://doi.org/10.1056/NEJMra1915327
https://doi.org/10.1056/NEJMra1915327
https://doi.org/10.1080/09540261.2017.1326882
https://doi.org/10.1007/s10072-007-0771-7
https://doi.org/10.1007/s10194-010-0282-4
https://doi.org/10.1212/01.WNL.0000058907.41080.54
https://doi.org/10.1212/01.WNL.0000058907.41080.54
https://doi.org/10.1111/j.1526-4610.2011.02036.x
https://doi.org/10.1111/j.1526-4610.2011.02036.x
https://doi.org/10.1177/1099800418776082
https://doi.org/10.1007/s12529-016-9620-5
https://doi.org/10.1007/s12529-016-9620-5
https://doi.org/10.1038/s41398-019-0680-6
https://doi.org/10.1038/s41398-019-0680-6
https://doi.org/10.1007/s11910-016-0662-5
https://doi.org/10.1007/s11910-016-0662-5
https://doi.org/10.1016/j.euroneuro.2011.05.003
https://doi.org/10.1017/S0033291711001668
https://doi.org/10.1017/S0033291711001668
https://doi.org/10.1177/2470547020944553
https://doi.org/10.1177/2470547020944553
https://doi.org/10.1212/WNL.0000000000004640
https://doi.org/10.1212/WNL.0000000000004640
https://doi.org/10.1016/j.nicl.2017.01.019
https://doi.org/10.1016/j.nicl.2017.01.019
https://doi.org/10.1212/WNL.0b013e3182a6cb32
https://doi.org/10.1109/42.906424
https://doi.org/10.1109/42.906424
https://doi.org/10.1016/j.neuroimage.2011.02.046
https://doi.org/10.1038/nn.4393
https://doi.org/10.1016/j.neuroimage.2006.01.047
https://doi.org/10.1016/j.neuroimage.2006.01.047
https://doi.org/10.1002/hbm.20870
https://doi.org/10.1016/j.neurobiolaging.2015.12.020
https://doi.org/10.1016/j.neurobiolaging.2015.12.020
https://doi.org/10.1007/s11682-015-9468-3
https://doi.org/10.1007/s11682-015-9468-3
https://doi.org/10.1148/radiology.216.3.r00au37672
https://doi.org/10.1001/archneur.60.7.989
https://doi.org/10.1007/s11606-013-2755-z
https://doi.org/10.1016/j.jphys.2021.12.001
https://doi.org/10.1038/d41586-019-00857-9
https://doi.org/10.1038/d41586-019-00857-9
https://doi.org/10.1097/00001648-199801000-00004
https://doi.org/10.1037/0003-066X.49.12.997
https://doi.org/10.1053/j.seminhematol.2008.04.003
https://doi.org/10.1053/j.seminhematol.2008.04.003
https://doi.org/10.1080/00031305.2019.1583913
https://doi.org/10.1098/rsbl.2019.0174

Affatato et al. BMC Neurology

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

(2023) 23:284

J. Cohen, Statistical Power Analysis for the Behavioral Sciences, 0 ed.
Routledge, 2013. https://doi.org/10.4324/9780203771587.

Nakagawa S, Cuthill IC. Effect size, confidence interval and statistical
significance: a practical guide for biologists. Biol Rev. 2007;82(4):591-605.
https://doi.org/10.1111/j.1469-185X.2007.00027 x.

Fritz CO, Morris PE, Richler JJ. Effect size estimates: current use, calcula-
tions, and interpretation. J Exp Psychol Gen. 2012;141(1):2-18. https://doi.
org/10.1037/a0024338.

Seghatoleslam M, Ghadiri MK, Ghaffarian N, Speckmann E-J, Gorji A.
Cortical spreading depression modulates the caudate nucleus activity.
Neuroscience. 2014;267:83-90. https://doi.org/10.1016/j.neuroscience.
2014.02.029.

Wunderlich AP, Klug R, Stuber G, Landwehrmeyer B, Weber F, Freund W.
Caudate Nucleus and Insular Activation During a Pain Suppression Para-
digm Comparing Thermal and Electrical Stimulation. Open Neuroimag J.
2011;5:1-8. https://doi.org/10.2174/1874440001105010001.

Somjen GG. Mechanisms of Spreading Depression and Hypoxic Spread-
ing Depression-Like Depolarization. Physiol Rev. 2001,81(3):1065-96.
https://doi.org/10.1152/physrev.2001.81.3.1065.

Ashina M, Hansen JM, Do TP, Melo-Carrillo A, Burstein R, Moskowitz MA.
Migraine and the trigeminovascular system—40 years and counting. The
Lancet Neurology. 2019;18(8):795-804. https://doi.org/10.1016/5S1474-
4422(19)30185-1.

Shackman AJ, Tromp DPM, Stockbridge MD, Kaplan CM, Tillman RM, Fox
AS. Dispositional negativity: An integrative psychological and neurobio-
logical perspective. Psychol Bull. 2016;142(12):1275-314. https://doi.org/
10.1037/bul0000073.

Hamilton JP, Etkin A, Furman DJ, Lemus MG, Johnson RF, Gotlib IH. Func-
tional Neuroimaging of Major Depressive Disorder: A Meta-Analysis and
New Integration of Baseline Activation and Neural Response Data. AJP.
2012;169(7):693-703. https://doi.org/10.1176/appi.ajp.2012.11071105.
Etkin A, Wager TD. Functional Neuroimaging of Anxiety: A Meta-Analysis
of Emotional Processing in PTSD, Social Anxiety Disorder, and Specific
Phobia. AJP. 2007;164(10):1476-88. https://doi.org/10.1176/appi.ajp.2007.
07030504.

Arce E, Simmons AN, Lovero KL, Stein MB, Paulus MP. Escitalopram effects
on insula and amygdala BOLD activation during emotional processing.
Psychopharmacology. 2008;196(4):661-72. https://doi.org/10.1007/
500213-007-1004-8.

Brown GG, et al. Temporal profile of brain response to alprazolam in
patients with generalized anxiety disorder. Psychiatry Research: Neuroim-
aging. 2015;233(3):394-401. https://doi.org/10.1016/j.pscychresns.2015.
06.016.

Phan KL, et al. Corticolimbic Brain Reactivity to Social Signals of Threat
Before and After Sertraline Treatment in Generalized Social Phobia. Biol
Psychiat. 2013;73(4):329-36. https://doi.org/10.1016/j.biopsych.2012.10.
003.

Talati A, et al. Putamen Structure and Function in Familial Risk for Depres-
sion: A Multimodal Imaging Study. Biol Psychiat. 2022,92(12):932-41.
https://doi.org/10.1016/j.biopsych.2022.06.035.

Pizzagalli DA. Depression, Stress, and Anhedonia: Toward a Synthesis and

Integrated Model. Annu Rev Clin Psychol. 2014;10(1):393-423. https://doi.

org/10.1146/annurev-clinpsy-050212-185606.

Damoiseaux JS. Effects of aging on functional and structural brain con-
nectivity. Neurolmage. 2017;160:32-40. https://doi.org/10.1016/j.neuro
image.2017.01.077.

Allen N, et al. UK Biobank: Current status and what it means for epidemi-
ology. Health Policy and Technology. 2012;1(3):123-6. https://doi.org/10.
1016/j.hlpt.2012.07.003.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 11 of 11

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.4324/9780203771587
https://doi.org/10.1111/j.1469-185X.2007.00027.x
https://doi.org/10.1037/a0024338
https://doi.org/10.1037/a0024338
https://doi.org/10.1016/j.neuroscience.2014.02.029
https://doi.org/10.1016/j.neuroscience.2014.02.029
https://doi.org/10.2174/1874440001105010001
https://doi.org/10.1152/physrev.2001.81.3.1065
https://doi.org/10.1016/S1474-4422(19)30185-1
https://doi.org/10.1016/S1474-4422(19)30185-1
https://doi.org/10.1037/bul0000073
https://doi.org/10.1037/bul0000073
https://doi.org/10.1176/appi.ajp.2012.11071105
https://doi.org/10.1176/appi.ajp.2007.07030504
https://doi.org/10.1176/appi.ajp.2007.07030504
https://doi.org/10.1007/s00213-007-1004-8
https://doi.org/10.1007/s00213-007-1004-8
https://doi.org/10.1016/j.pscychresns.2015.06.016
https://doi.org/10.1016/j.pscychresns.2015.06.016
https://doi.org/10.1016/j.biopsych.2012.10.003
https://doi.org/10.1016/j.biopsych.2012.10.003
https://doi.org/10.1016/j.biopsych.2022.06.035
https://doi.org/10.1146/annurev-clinpsy-050212-185606
https://doi.org/10.1146/annurev-clinpsy-050212-185606
https://doi.org/10.1016/j.neuroimage.2017.01.077
https://doi.org/10.1016/j.neuroimage.2017.01.077
https://doi.org/10.1016/j.hlpt.2012.07.003
https://doi.org/10.1016/j.hlpt.2012.07.003

	Assessing volumetric brain differences in migraine and depression patients: a UK Biobank study
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Cohort
	Primary outcome variables
	Covariates
	Statistical methods

	Results
	Differences in overall subcortical volumes
	Differences in gray matter subcortical volumes

	Discussion
	Conclusion
	Acknowledgements
	References


