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A B S T R A C T   

Brain-related plasticity can occur at a significant rate varying on the developmental period. Adolescence in 
particular has been identified as a period of growth and change across the structure and function of the nervous 
system. Notably, research has identified migraines as common in both pediatric and adult populations, but ev-
idence suggests that the phenotype for migraines may differ in these cohorts due to the unique needs of each 
developmental period. Accordingly, primary aims of this study were to define hippocampal structure in females 
(7–27 years of age) with and without migraine, and to determine whether this differs across developmental 
stages (i.e., childhood, adolescence, and young adulthood). Hippocampal volume was quantified based on high- 
resolution structural MRI using FMRIB’s Integrated Registration and Segmentation Tool. Results indicated that 
migraine and age may have an interactional relationship with hippocampal volume, such that, while hippo-
campal volumes were lower in female migraineurs (compared to age-matched controls) during childhood and 
adolescence, this contrast differed during young adulthood whereby hippocampal volumes were higher in 
migraineurs (compared to age-matched controls). Subsequent vertex analysis localized this interaction effect in 
hippocampal volume to displacement of the anterior hippocampus. The transition of hippocampal volume during 
adolescent development in migraineurs suggests that hippocampal plasticity may dynamically reflect compo-
nents of migraine that change over the lifespan, exerting possible altered responsivity to stress related to 
migraine attacks thus having physiological expression and psychosocial impact.   

Introduction 

Migraine attacks are more common in post-pubertal girls and have a 
high incidence in adolescence and peak in early adulthood (King et al., 
2011). Within this demographic, migraines can be a significant health 
concern that interferes with daily functioning including missed school/ 
college (e.g., absences, late arrivals), social isolation or withdrawal, and 
particularly in the younger age group, an increased risk of developing 
psychological impairment such as symptoms of anxiety, depression, or 
catastrophizing, etc. (Simons et al., 2015; Kashikar-Zuck et al., 2013; 
Krogh et al., 2015). The period of development during the transition 

from childhood, through adolescence and to early adulthood marks a 
critical period for neurodevelopment, centering on puberty (Sat-
terthwaite et al., 2014). Headache duration, laterality, and spatial dis-
tribution are notable features that may present differently in children 
and adolescents, when compared to adult populations (Hershey et al., 
2005). Furthermore, the prevalence of migraine increases with age 
during this period, with differences observed across sexes. Specifically, 
prior to puberty, the incidence of migraine is equally prevalent across 
males and females, whereas after puberty incidence increases sharply for 
females while remaining consistent for males (Lipton and Bigal, 2005). 
Despite these well-known differences in presentation, the mechanisms 
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by which neurodevelopment may influence the prevalence and presen-
tation of migraine across younger developmental periods and 
conversely, how migraine may interact with brain development are still 
not fully understood (Maleki et al., 2016). 

The potential interaction between migraine and neurological 
development in childhood and adolescence is of particular importance 
when migraine is considered in the context of its potential to enact 
persistent, reoccurring physiological and psychological stress (Borsook 
et al., 2012; Maleki et al., 2012). Short-term activation of the hypo-
thalamic–pituitary–adrenal (HPA) axis in response to stress such as that 
which occurs in the context of acute pain (i.e. headache, injury) and the 
subsequent release of glucocorticoids have adaptive consequences 
(Chapman et al., 2008). Whereas prolonged elevation of glucocorticoids 
in response to repeated or prolonged stress, such as that which occurs in 
conjunction with chronic pain episodes (e.g., repeated migraine at-
tacks), can have deleterious effects (Huss et al., 2009; Leistad et al., 
2007). Increasing evidence in pre-clinical models suggests that pro-
longed or repeated exposure to high levels of glucocorticoids results in 
significant alterations in hippocampal structure (McEwen, 2001). In 
adults with a history of migraine, similar alterations in hippocampal 
structure have been observed, whereby hippocampal volume decreases 
with an increasing total number of migraine attacks (Maleki et al., 
2013). In a large cohort of adults, evidence was also found associating 
hippocampal volume with the number of body pain sites (Lobo et al., 
2022) and increased pain sensitivity (Mutso et al., 2012). The hippo-
campus has also been strongly implicated as playing a role in the fear 
network, which is strongly and intricately related to pain processing (Ziv 
et al., 2010; Duric and McCarson, 2006; Liu and Chen, 2009). In peri-
pubertal animal paradigms, chronic stress produces alterations in hip-
pocampal volume, and stress (HPA) axis functioning (Isgor et al., 2004). 
Similarly, in youth populations outside of pain, research also has shown 
that prolonged stress exposure such as adverse childhood experiences (e. 
g., abuse/neglect) can deleteriously impact hippocampal structure and 
function (Carrion et al., 2007). However, the potential similarities or 
differences in hippocampal structure across child/adolescent and adult 
individuals with migraines is still unclear. 

Preliminary investigation demonstrated development-specific dif-
ferences in brain structure and function, including the hippocampus, in 
pediatric migraine (Faria et al., 2015), but the trajectory of these 
changes over the lifespan from child to adult has not yet been consid-
ered. Accordingly, the primary aim of this study was to define hippo-
campal structure in female patients with migraines starting from 
childhood into early adulthood (ages 7 to 27 years) in comparison to 
matched healthy controls. Specifically, we compared hippocampal 
structure at distinct developmental stages (childhood, adolescence, and 
early adulthood). As we also sought to assess the association between 
individual migraine characteristics (duration and frequency) with hip-
pocampal volume at each developmental time period. We hypothesized 
that differences in hippocampal volume would be observed in the three 
groups separate from the normal development trajectory observed in 
these age groups vs. healthy controls. 

Materials and methods 

Participants 

Participants from 3 migraine-imaging studies were included and 
pooled into one large cohort in a case-controlled, cross-sectional 
investigation. A priori calculations were performed to confirm appro-
priate sample sizes. Participants were not included if they possessed any 
other headache diagnosis (e.g., tension-type headache, new daily 
persistent headache). Both migraine and matched control participants 
were scanned at the same location and using the same parameters. Only 
female participants were included to avoid a confound of sex. All 
migraine participants met diagnostic criteria for migraine as defined by 
the International Classification of Headache Disorders, second edition 

(ICHD-2) (The International Classification of Headache Disorders, 
2004). Prior to consent, a study physician confirmed all patient di-
agnoses during a clinical interview. Individuals were excluded if they 
had continuous background headache (or pain) and/or were taking 
prophylactic migraine treatment. Age-, sex- and pubertal-matched 
controls were recruited through advertisements in the greater Boston 
area. Across both groups (migraine and healthy control), individuals 
were excluded if they had significant medical problems such as uncon-
trollable asthma and seizures, cardiac diseases, severe psychiatric dis-
orders, and neurological disorders other than migraine. For MRI safety 
reasons participants were excluded if they were pregnant, claustro-
phobic, and/or had metallic implants or devices. 

Informed written consent was obtained from all individuals prior to 
participation. When participants were under the age of 18, consent was 
also obtained from a parent or guardian. Each study received formal 
Institutional Review Board approval (Boston Children’s Hospital and 
McLean Hospital, USA) and were conducted in accordance with the 
Declaration of Helsinki and the International Association for the Study 
of Pain criteria for performing human pain investigations. Structural 
analysis from one of these studies has previously been reported (Faria 
et al., 2015). 

Questionnaires 

Demographic, general medical and headache specific questionnaires 
were administered, as relevant, to all participants. A general medical 
questionnaire was also administered and included questions regarding 
menstrual status. A headache history questionnaire included questions 
regarding age of migraine onset, episode frequency (migraines per 
month), episode duration (in hours), pain intensity and unpleasantness 
(0–10 numericratingscale), accompanying symptoms (including nausea, 
vomiting, photophobia and phonophobia), and medication usage. 

MRI acquisition 

All participants underwent imaging on a Trio 3T whole body scanner 
(Siemens Medical Solutions USA Inc., Malvern, PA). Specific details 
relating to MRI acquisition have been previously reported in another 
investigation using these data. See Colon, et al., 2019 (Colon et al., 
2019) for further information. For image registration, a high-resolution 
T1-weighted anatomical image was collected using a magnetization- 
prepared, rapid-acquisition gradient-echo (MPRAGE) (176 slice; slice 
thickness = 1 mm; TR = 2520 ms; TE = 1.74 ms; TI = 800 ms; FOV =
220 mm2, matrix size = 220 × 220). 

MRI quality assurance 

Quality assurance of the MRI data was performed retrospectively 
using standardized image quality rating scale (https://research.cchmc. 
org/c-mind/8-quality-assurance-procedures). T1-weighted anatomical 
image were visually inspected and excluded for serious or excessive 
image artifacts, intensity variation across the FOV and/or poor tissue 
contrast. All final images passed quality assessment. To account for 
potential image quality differences between studies (due to different 
scanners, sequences and protocols) a retrospective QA framework for 
empirical quantification of image quality was also implemented. All 
anatomical images were preprocessed using the quality assurance 
module of the Computation Anatomical Toolbox (CAT12) (http://dbm. 
neuro.uni-jena.de/cat/) within SPM12 and Matlab (R2015a, Mathworks 
Inc.). Image parameters including noise, inhomogeneities (bias) and 
resolution are summarized to a single quality rating and scaled to a 
common rating scale for comparison. The weighted average quality 
score ranged from 83 to 87 (on a 1–100 scale). Scores within the range of 
80–90 are classified as “good” quality). Furthermore, the mean quality 
score did not significantly differ between the three studies (F (2,117) =
0.332, p = 0.718), as shown in Supplemental Fig. 1. 
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MRI analyses 

Volumetric quantification: Total brain and hippocampal volumes 
were estimated using FMRIB’s Integrated Registration and Segmenta-
tion Tool (FIRST) (Patenaude et al., 2011) for subcortical structures, part 
of the FMRIB’s Software Library (FSL v5.0.6). FIRST was run as part of 
FSL’s general pipeline for processing anatomical T1-weighted images 
(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/fsl_anat). In brief, prior stages in 
the pipeline include reorientation, field of view cropping, bias field 
correction, registration to standard space, brain extraction, and tissue- 
type segmentation. 

For volumetric analysis FIRST comprises of three processing stages 
including registration, segmentation and boundary correction. Images 
are registered using a standard 12 degrees of freedom affine registration 
to the non-linear MNI152 template at 1 mm resolution. This registration 
is subsequently repeated using sub-cortical mask to optimize alignment. 
For segmentation FIRST uses a Bayesian probabilistic model that relies 
on shape and intensity to infer the fitting of subcortical structures. For 
each structure a pre-defined number of modes of variation is applied to 
ensure the best fit. The models incorporated in FIRST are deformable 
meshes of 15 subcortical structures (including the left and right hippo-
campus) constructed from manually segmented images. This manually 
segmented training data included 336 subjects, consisting of both chil-
dren and adults, and controls and patients. The mesh-based represen-
tations of a segmented structure are then converted to volumetric 
representations using intensity-based boundary correction (Patenaude 
et al., 2011). Registration, segmentation and boundary correction were 
individually reviewed and visually verified for all subjects based on the 
Harmonized Hippocampal Protocol (Boccardi et al., 2015; Frisoni et al., 
2015). Fig. 1 demonstrates the segmentation of the hippocampus. 

A voxel count was then used to estimate volumes of the left and right 
hippocampus separately in mm3. Normalized hippocampal volumes 
were obtained by multiplying the estimated volumes by a volumetric 
scaling factor to normalize for total brain volume. 

Statistical analyses 

Statistical analyses of hippocampal volumes were performed with 
IBM SPSS Statistics (version 23). To begin, a factorial, between-subjects 
analysis of variance (ANOVA) was conducted to assess the main effects 
of condition (2 levels: migraine, control) and developmental stage (3 
levels: children, adolescents, and young adults), and the interaction ef-
fect between them (i.e., condition × development). Hippocampal vol-
umes were assessed separately for the left and right hemisphere. They 
were entered into the model as independent variables, with condition 
and development included as fixed factors. In the case of a significant 
interaction effect, post-hoc pairwise comparisons of condition (i.e., 
migraine versus control) at each developmental stage were conducted. 
An alpha level of 0.05 was considered significant for all statistical tests. 
Assumptions of normality and homogeneity of variances were not 
violated. To test for a significant confound of imaging study, an 
exploratory analysis in healthy controls compared hippocampal vol-
umes between imaging studies, within each developmental stage. No 

significant differences between studies were observed (see Supple-
mental Fig. 2). 

Within migraine participants, a series of linear regressions were 
conducted to examine the association between headache characteristics 
(i.e., disease duration and headache frequency) and hippocampal vol-
umes. Disease duration was examined as a partial correlation, control-
ling for age, as age and disease duration were significantly correlated 
overall, but not within individual development stages (all migraine 
subjects r = 0.523, p < 0.001; children – r = 0.332, p = 0.152; ado-
lescents – r = 0.091, p = 0.702; young adults – r = − 0.125, p = 0.598). 
Hippocampal volumes were assessed separately for the left and right. An 
alpha level of 0.05 was considered significant for all correlations. 

Vertex analysis 

Vertex analysis was performed using FSL’s FIRST, as described 
above, to localize hippocampal shape differences. For each participant’s 
mesh-based representation of the hippocampus, the vertex locations are 
projected onto the surface of the cohort’s average shape transformed to 
Montreal Neurological Institute space. These projection values represent 
the perpendicular distance from the average surface. Statistical analyses 
of these scalar projection values were conducted using univariate per-
mutation methods using FSL’s randomise tool, using cluster-based 
(cluster size) thresholding corrected for multiple comparisons at an 
alpha level of 0.05 (cluster forming threshold [F value]m > 4.1, cluster 
extent > 30 contiguous vertices). Between-group comparisons for con-
dition (i.e., migraine versus controls), at each developmental stage, were 
performed for both the left and right hippocampus with 5000 permu-
tations. In order to determine whether these clusters represent greater 
inward/outward displacement (i.e., growth or atrophy) from the 
average hippocampal shape, as indicated by their negative/positive 
vales respectively, the mean scalar projection values were extracted for 
each subject using the fslstats command line utility for summary 
statistics. 

Results 

Participant demographics 

The final participant sample consisted of 120 females (60 patients 
with migraine and 60 healthy controls) with a mean (±SD) age of 16.1 
± 5.3 years (range 7 to 27 years of age). No incidental findings were 
present for these selected participants. Migraine and control matches 
were grouped according to developmental stages, with children defined 
as prepubertal (pre-menarche) and between 7 and 12 years (n = 40), 
adolescents defined as pubertal (post-menarche) and between 12 and 18 
years (n = 40) and young adults defined as between 18 and 27 years (n 
= 40). Table 1 provides an overview of sample demographic 
characteristics. 

Migraine-related clinical variables 

A summary of migraine-related clinical variables, overall and by 

Fig. 1. Hippocampal segmentation. An example of FIRST’s segmentation of the hippocampus is shown in green, overlaying the T1-weighted anatomical image. The 
hippocampus is shown in sequential axial slices from rostral to caudal. (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.) 
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developmental stage, is presented in Table 2. The mean age at migraine 
onset significantly differed between the developmental stages, with 
young adult migraineurs having a later average age of onset compared to 
both child and adolescent migraineurs (Age of onset [mean ± SD]: 
children 6.9 ± 2.2, adolescents 8.9 ± 3.9 and young adults 14.8 ± 3.7, F 
(2,57) = 29.3, p < 0.001). The mean disease duration also significantly 
differed between the developmental stages, with adolescents and young 
adults having a longer duration than children (Disease duration [mean 
± SD]: children 3.1 ± 2.1, adolescents 6.6 ± 3.7and young adults 8.2 ±
3.8, F (2,57) = 13.1, p < 0.001). In contrast, the mean frequency of 
migraine attacks per month (mean ± SD: overall 4.1 ± 3.7), the duration 
of migraine attacks (mean ± SD: overall 11.1 ± 13.1 h), pain intensity 
(mean ± SD: overall 8.2 ± 1.5) and pain unpleasantness (mean ± SD: 
overall 8.3 ± 1.5) did not significantly differ between developmental 
stages. 

Hippocampal volume 

For both the left and right hippocampal volumes, an analysis of 
variance yielded a significant main effect of condition (left - F(1,114) =
4.996, p = 0.027; right - F(1,114) = 3.963, p = 0.049), such that on 
average hippocampal volume was lower for migraineurs (mean ± SE: 
left – 3428.3 ± 176.6; right – 3539.6 ± 182.6) compared to healthy 
controls (mean ± SE: left – 3922.0 ± 169.8, right – 3980.8 ± 170.7). 
The main effect of development stage was also significant (left - F 
(2,114) = 9.269, p < 0.001; right - F(2,114) = 10.453, p < 0.001), such 
that on average hippocampal volume were significantly higher in young 
adults (mean ± SE: left – 4345.9 ± 191.0, right – 4471.4 ± 199.1) 
compared to both children (mean ± SE: left – 3298.5 ± 192.0, right – 
3329.3 ± 175.4) and adolescents (mean ± SE: left – 3381.1 ± 223.9, 
right – 3480.0 ± 235.3) (young adults vs. adolescents: left – p = 0.001, 
right – p < 0.001; young adults vs. children: left – p < 0.001, right – p <
0.001; adolescents vs. children: left – p = 0.761, right – p = 0.580). 

However, the interaction effect was also significant (left - F(2,114) =
6.302, p = 0.003; right - F(2,114) = 7.617, p = 0.001), indicating that 
the effect of condition on hippocampal volumes varied across the 
development stages. As shown in Fig. 2, post-hoc comparisons indicated 
that in children hippocampal volumes were significantly lower in 
migraineurs in comparison to healthy controls (mean difference: left =
− 981.2, p = 0.012; right = − 890.0, p = 0.022). Similarly, in adoles-
cents, hippocampal volumes were significantly lower in migraineurs in 
comparison to healthy controls (mean difference: left = − 1112.4, p =
0.004; right = − 1202.3, p = 0.002). Conversely, in young adults, hip-
pocampal volumes were significantly higher in migraineurs, but only for 
the right hippocampus, in comparison to healthy controls (mean dif-
ference: left = 612.7, p = 0.112; right = 768.8, p = 0.048). 

Hippocampal volume and clinical metrics 

For both the left and right hippocampus, headache frequency was not 
significantly correlated with volume for migraineurs overall (left – r =
0.214, p = 0.107, 95% CI [− 17.2, 172.3]; right – r = 0.188, p = 0.159, 
95% CI [− 28.3, 168.9]), or for migraineurs within each developmental 
stage (children: left – r = − 0.371, p = 0.118, 95% CI [− 143.9, 17.8]; 
right – r = − 0.354, p = 0.136, 95% CI [− 128.0, 19.1]. Adolescents: left – 
r = 0.076, p = 0.756, 95% CI [− 235.4, 318.4]; right – r = 0.167, p =
0.495, 95% CI [− 184.6, 366.8]. Young adults: left – r = 0.254, p =
0.280, 95% CI [− 59.2, 193.1]; right – r = 0.079, p = 0.742, 95% CI 
[− 112.9, 155.6]). Furthermore, for both the left and right hippocampus, 
disease duration was not significantly correlated with volume for 
migraineurs overall (left – r = − 0.200, p = 0.128, 95% CI [− 166.1, 
21.5]; right – r = − 0.217, p = 0.098, 95% CI [− 177.6, 15.5]), or for 
migraineurs within each developmental stage (children: left – r = 0.054, 
p = 0.826, 95% CI [− 154.0, 190.6]; right – r = 0.130, p = 0.595, 95% CI 
[− 114.5, 193.6]. Adolescents: left – r = − 0.270, p = 0.263, 95% CI 
[− 268.9, 78.3]; right – r = − 0.314, p = 0.191, 95% CI [− 284.3, 61.2]. 

Table 1 
Demographic characteristics of the study participants.   

Overall Childhood Adolescence Young adult  

Control Migraine Control Migraine Control Migraine Control Migraine 

N 60 60 20 20 20 20 20 20 
Age (mean ± SD 

range) 
16.1 ± 5.4 
8.2–27.9 

16.3 ± 5.5 
7.3–26.3 

10.0 ± 1.1 
8.2–11.8 

10.2 ± 1.6 
7.3–12.5 

15.8 ± 1.7 
11.9–18.6 

15.7 ± 1.5 
12.0–17.7 

22.4 ± 2.6 
18.2–27.9 

22.9 ± 2.1 
19.3–26.3  

Table 2 
Migraine-related clinical variables, overall and by development group.   

Overall Childhood Adolescence Young adult Test statistic df P  

N = 60 N = 20 N = 20 N = 20    
Migraine with aura 

(% Within group) 
33.3% 26.3% 38.9% 35.0%  χ2 = 0.7 2  0.706 

Age of onset 
(Mean ± SD) 

10.2 ± 4.7 6.9 ± 2.2 8.9 ± 3.9 14.8 ± 3.7  F = 29.3 2,57  0.000* 

Disease duration 
(Mean ± SD) 

6.0 ± 3.9 3.1 ± 2.1 6.6 ± 3.7 8.2 ± 3.8  F = 13.1 2,57  0.000# 

Migraine frequency (per month) 
(Mean ± SD) 

4.1 ± 3.7 3.4 ± 3.9 3.4 ± 2.3 5.5 ± 44  F = 2.2 2,55  0.119 

Migraine duration (hours) 
(Mean ± SD) 

11.1 ± 13.1 10. ± 18.5 12.4 ± 10.2 11.3 ± 9.9  F = 0.1 2,51  0.871 

Pain intensity 
(0–10 NRS) 
(Mean ± SD) 

8.2 ± 1.5 7.8 ± 2.1 8.2 ± 1.2 8.5 ± 1.1  F = 1.1 2,56  0.338 

Pain unpleasantness 
(0–10 NRS) 
(Mean ± SD) 

8.3 ± 1.5 8.0 ± 2.0 8.5 ± 1.3 8.6 ± 1.1  F = 0.9 2,56  0.426 

* Post-hoc comparisons: Childhood vs. Adolescence, mean difference = − 1.98, p = 0.068; Childhood vs. Young adult, mean difference = − 7.83, p < 0.001; Adolescence vs. Young 
adult, mean difference = − 5.85, p < 0.001 
# Post-hoc comparisons: Childhood vs. Adolescence, mean difference = − 3.45, p = 0.001; Childhood vs. Young adult, mean difference = − 5.05, p < 0.001; Adolescence vs. Young 
adult, mean difference = − 1.60, p = 0.118 
NRS – numeric rating scale  
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Young adults: left – r = − 0.205, p = 0.400, 95% CI [− 231.4, 96.9]; right 
– r = − 0.295, p = 0.221, 95% CI [− 258.9, 64.1]). 

Hippocampal shape 

Hippocampal shape results using vertex analysis revealed significant 
alterations from the standard structure of the hippocampus in the 
migraine group vs healthy controls, as shown in Fig. 3. In children, the 
migraine group showed a significant inward displacement in the dorsal 
posterior hippocampus bilaterally and the ventral anterior hippocampus 
unilaterally (left). In adolescents, the migraine group showed a signifi-
cant inward displacement in the dorsal anterior hippocampus bilater-
ally, the ventral posterior hippocampus unilaterally (left) and the 
ventral anterior hippocampus unilaterally (right). In young adults, the 
migraine group showed a significant inward displacement in the dorsal 
anterior hippocampus bilaterally, the ventral posterior hippocampus 
unilaterally (right) and the ventral anterior hippocampus unilaterally 
(right). 

Discussion 

Summary of results 

The current investigation examined hippocampal structure in fe-
males with migraines across three critical developmental periods: 
childhood, adolescence, and young adulthood. While hippocampal 
structure has been separately investigated in children (Faria et al., 2015) 
and adult (Maleki et al., 2013; Hubbard et al., 2014; Liu et al., 2015) 
populations, this is among the first studies to include children and adults 
within the same investigation. Overall, results revealed a significant 
interaction effect of migraine diagnosis and developmental stage on 
hippocampal volume. Most strikingly, participants with migraines in 

both the childhood and adolescent groups displayed a similar pattern of 
decreased volume when compared to age-matched controls; however, 
the primary locality of the difference in shape shifted from the anterior 
to the posterior aspect of the hippocampus. The opposite effect 
(increased volume) was observed in the young adult group with mi-
graines when compared to age-matched controls; however only the right 
hippocampus reached significance. Taken together, these results suggest 
that structural changes in the hippocampus in those with migraine are 
present and may involve an interaction of disease- and development- 
related processes. 

The hippocampus and stress 

The hippocampus is a structure that is particularly notable for its 
structural plasticity across the lifespan, including neurogenesis, syn-
aptogenesis, and dendritic plasticity, in response to a range of both in-
ternal and external factors (McEwen, 2001). Glucocorticoids, among 
other mediators, are involved in this plasticity that can include increases 
in dendritic arborization, synapses and neurogenesis as well as decreases 
in volume of specific brain regions and circuit (Herman et al., 1995; 
Takahashi, 1998; Welberg and Seckl, 2001). Previous research has 
repeatedly demonstrated that both chronic stress and chronic pain can 
have profound effects on hippocampal structure and function (Duric and 
McCarson, 2006; Duric and McCarson, 2005). Alterations in hippo-
campal structure have been demonstrated in multiple chronic pain 
conditions (de Kruijf et al., 2016; Luchtmann et al., 2015; McCrae et al., 
2015; Khan et al., 2014; Labus et al., 2014; Gianaros et al., 2007), 
notably including migraine (Maleki et al., 2013; Hubbard et al., 2014; 
Liu et al., 2015). 

Fig. 2. Line graphs of mean hippocampal volume, for both the left and right hippocampi, comparing migraineurs to healthy controls at each development stage 
(children, adolescents and young adults). Error bars represent the standard error of the mean. Statistically significant differences are indicated with asterisks (p 
< 0.05). 

Fig. 3. Hippocampal shape differences, for both the 
left and right hippocampi, comparing migraineurs to 
healthy controls at each development stage (children, 
adolescents and young adults). Regions of significant 
vertex displacement are represented by the red-yellow 
color scale; the remaining non-significant surface is 
rendered in grey. Hippocampi are shown in both an 
anterior (dorsal surface) and posterior (ventral sur-
face) view. D-dorsal, V-ventral, A-anterior, P-poste-
rior, L-lateral, M-Medial, H-head, B-body, T-tail. (For 
interpretation of the references to color in this figure 
legend, the reader is referred to the web version of 
this article.)   
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Hippocampus and migraine 

Migraine, as both a neurological and chronic pain condition, is 
characterized by intermittent headache attacks that can be viewed as 
inciting repeated physiological and emotional stress (Borsook et al., 
2012). Thus, in migraine, the hippocampus is particularly vulnerable to 
structural plasticity in response to both the physiological and emotional 
stress associated with migraine episodes. While chronic stress, in both 
animal models and adult human clinical studies, has predominantly 
been associated with hippocampal atrophy (i.e. general life stress 
(Sheline, 2003); major depression (Woon et al., 2010); and post- 
traumatic stress disorder (Finocchi and Strada, 2014) it is important to 
note that in the aforementioned studies of hippocampal volume in 
migraine (and other pain conditions) both increase and decrease in 
hippocampal structure have been observed. 

Altered hippocampal volume across development in migraine. In the 
current study, hippocampal volumes were similarly decreased in chil-
dren and adolescents with migraine. At present, several factors are 
thought to contribute to the evolution of migraine with age. For females 
with migraines, changes in ovarian hormones associated with repro-
ductive events such as menarche, pregnancy, and menopause are asso-
ciated with changes, both adaptive and maladaptive, in the expression of 
migraine. During adolescence, the predominance of migraine preva-
lence in females arises and an estimated 60% of these youth report 
migraines in relation to onset of menses, although only 6% report 
menstrual only migraine (Pavlović et al., 2015; Kroner-Herwig and 
Vath, 2009). In the current study, menarche (puberty) formed one of our 
developmental categorizations, however the impact of menarche on the 
expression of migraine in children aged 11–16 has been called into 
question by intra-individual longitudinal studies (LeResche et al., 2005), 
which have not revealed an increase in headache frequency after 
menarche (MacGregor et al., 2006). While there is a highly probable 
influence of gonadal hormones in menstrual migraine, particularly in 
later life (Epstein et al., 1975; Pavlović et al., 2016; Martin and Beh-
behani, 2006), their role in adolescence and non-menstrual related 
migraineurs remains speculative (Rao et al., 2010). Brain maturation 
(Bardou et al., 2013), duration of effects (Romeo et al., 2004), and group 
effects of estrogen/progesterone on neuronal plasticity and dendritic 
complexity (Hershey, 2012) may also play a role. 

In contrast to the findings above, we found a significant interaction 
in hippocampal volumes between children and adolescents with 
migraine, compared with young adults. Our finding of an increased 
hippocampal volume in young-adult migraineurs is in accordance with 
previous neuroimaging studies of hippocampal structure in adults 
(Maleki et al., 2013; Hubbard et al., 2014; Liu et al., 2015). The path-
ophysiology of migraine in children and adolescents is presumed to be 
the same as in adults (Guidetti and Galli, 1998). Despite this assumption 
of a consistent central mechanism, there is a general consensus that the 
clinical manifestation of migraine may change over time, particularly in 
the transitionary phase of childhood to adolescence (Pakalnis and 
Gladstein, 2010). Increasingly, it is recognized that the etiology of 
migraine risk and the evolution of migraine expression in adolescents is 
likely multifactorial (Russo et al., 2016; Antonaci et al., 2014; Linet 
et al., 1989). Of particular note, migraine episodes may become more 
frequent and of longer duration, particularly for females (Bille, 1997) 
and a higher rate of remission and/or headache transformation occurs 
during this period (Guidetti et al., 1998; Kienbacher et al., 2006; Rhee, 
2005). Adolescence is recognized as a period of both biological and 
psychosocial transition, with physically mature adolescents expected to 
assume higher levels of social responsibility into young adulthood, 
which may lead to increased psychological distress (Aegidius et al., 
2011; Stanford et al., 2008). Psychosocial factors such as anxiety/ 
depression, somatization and dysfunctional stress coping have arisen as 
important predictors of both increasing and high persistent levels of 
headache pain from early to late adolescence (Dunn et al., 2011; Isensee 
et al., 2016; Kelman, 2006). We did not observe any significant 

differences in clinical manifestation between development groups in our 
patient sample, apart from an expected difference in age of onset and 
disease duration. However, such trends in migraine presentation may 
only be evident in larger epidemiological based studies (McLaughlin 
et al., 2009). 

Potential processes that contribute to alterations in hippocampal volume 
in migraine. The hippocampus is uniquely sensitive and vulnerable to 
changes in its activity due to stressful experiences as well as psycho-
logical trauma (e.g., abuse/neglect) due to its unique circuitry and 
involvement with glucocorticoids and excitatory amino acids along with 
other factors. Together, these processes promote both adaptive and 
maladaptive neuroplasticity as well as mediate damage when overused 
and dysregulated (McEwen, 2001; Brna et al., 2008), which may be 
relevant if migraine episodes can be considered as an example of a 
repeated stressor (Borsook et al., 2012; Maleki et al., 2012). Although 
speculative, the transition to increased hippocampal volume coinciding 
with development may be indicative of allostatic-related neuroplastic 
changes in relation to migraine-related stress (Roth-Isigkeit et al., 2005), 
as the deleterious effects of migraine on health-related quality of life 
increase with age (Nelson et al., 2021; Pinto et al., 2015). More recent 
investigations in other pediatric pain populations (i.e., musculoskeletal 
pain) have yielded a potential moderation effect between allostatic load 
and physical and psychological impairment (Fanselow and Dong, 2010), 
indicating the potential role of stress in impacting physical functioning 
in these populations. In support of this potential in the context of 
migraine, repeated exposure to stress has been observed to induce a 
volumetric enlargement of the ventral hippocampus (Sisk and Foster, 
2004), similar to the vertex-based localization of volumetric change 
observed in this study. While the dorsal hippocampus primarily projects 
to the neocortex and is involved in memory and cognitive processing, 
the ventral hippocampus primary interacts with subcortical structures, 
including the amygdala and hypothalamus, and is involved in process-
ing information related to emotion and homeostatic state (De Felice 
et al., 2010). Thus, in the dorsal–ventral axis of the hippocampus, the 
ventral component is uniquely placed to reflect allostatic-related 
morphological changes. 

Limitations 

There are several limitations in this study that must be acknowl-
edged: (King et al., 2011). To begin, study aims were focused on females 
over the age of 7, which limits generalizability to more demographically 
varied populations. Generalizability was also limited due to lack of other 
demographic variables such as race/ethnicity and body-mass index. 
Small sample sizes and heterogeneity across groups also limits gener-
alizability and interpretation of results. Relatedly, regarding the study 
design, while menarche represents a finite point for differentiation be-
tween childhood and adolescence, the distinction between adolescence 
and young adulthood is less precise. Adolescence culminates in both 
gonadal and behavioral maturation (Henry and Crawford, 2005) and in 
the absence of neuroendocrine measures the distinction was based on 
age: (Simons et al., 2015). Secondly, among the migraine patients, it 
may be that the developmental groups will have differential use of 
migraine pharmacotherapies, including triptans. This may be a potential 
confounder as these drugs may have modulatory effects on the central 
nervous system, although this appears to be primarily mediated via 
adaptions in the trigeminal ganglion (Anda et al., 2010). Nevertheless, 
individuals with migraine taking daily preventative medications were 
excluded in order to minimize this confound (Kashikar-Zuck et al., 
2013). We only used an age segregation and not a biological separation 
at puberty. This issue would need to be further evaluated in future 
studies. Finally, analyses did not include compensation for multiple 
comparisons when developmental stages were evaluated. As such, re-
sults should be interpreted with caution. 
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Conclusions 

This is the first study to examine hippocampal structure in migraine 
among a cohort of both pediatric and adults, allowing for the compari-
son of hippocampal volume during this important transitionary stage in 
neurodevelopment. Hippocampal volume was found to have an inter-
actional relationship with migraine and developmental stage. We hy-
pothesized that this reflects structural remodeling of the hippocampus in 
response to the chronic, unpredictable stressful nature of migraine. As 
such, future studies exploring stress responses, particularly HPA axis 
reactivity and allostasis, in children and adolescents with migraine (and 
other pain conditions) may prove a fruitful avenue of research. For 
example, use of validated measures such as the Depression Anxiety 
Stress Scale (DASS (Fichtel and Larsson, 2001) may be a useful measure 
in future investigations, as stress, anxiety, and depression are well- 
known to be comorbid with migraine (Stensland et al., 2013). It is 
important to consider that migraine commonly first manifests during a 
time of rapid development-related neural reorganization, and that 
ideally longitudinal imaging data from several time points may be 
necessary to determine how normative and pathological development in 
the hippocampus (and other brain regions) may ultimately play a role in 
the progression of migraine. Investigation of additional health metrics 
alongside stress and pain such as obesity (i.e., BMI) will also be impor-
tant in future research. 
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