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A B S T R A C T   

Primary dysmenorrhea (PDM) refers to menstrual pain of which the pathological cause(s) are unknown. This 
study examined the associations among BDNF Val66Met polymorphisms, menstrual pain severity, and hippo
campal volume among young PDM subjects. We recruited 115 PDM subjects, including severe cases (n = 66) and 
moderate cases (n = 44), and 117 young females (aged 20–30 years) as a control group (CON) for BDNF 
Val66Met genotyping and MRI examination. The assessment of hippocampal volume involved analysis at various 
anatomical resolutions, i.e., whole hippocampal volume, hippocampal subfields, and voxel-based morphometry 
(VBM) volumetric analysis. Two-way ANOVA analyses with planned contrasts and Bonferroni correction were 
conducted for the assessment of hippocampal volume. Linear regression was used to test for BDNF Val66Met Val 
allele dosage-dependent effects. We observed no main effects of group, genotype, or group-genotype interactions 
on bilateral whole hippocampal volumes. Significant interactions between PDM severity and BDNF Val66Met 
genotype were observed in the right whole hippocampus, subiculum, and molecular layer. Post-hoc analysis 
revealed that the average hippocampal volume of Val/Val moderate PDM subjects was greater than that of Val/ 
Val severe PDM subjects. Note that right hippocampal volume was greater in the Val/Val group than in the Met/ 
Met group, particularly in the right posterior hippocampal region. Dosage effect analysis revealed a positive 
dosage-dependent relationship between the Val allele and volume of the right whole hippocampus, subiculum, 
molecular layer, and VBM-defined right posterior hippocampal region in the moderate PDM subgroup only. 
These findings indicate that Val/Val PDM subjects are resistant to intermittent moderate pain-related stress, 
whereas Met carrier PDM subjects are susceptible. When confronted with years of repeated PDM stress, the 
hippocampus can undergo differential structural changes in accordance with the BDNF genotype and pain 
severity. This triad study on PDM (i.e., combining genotype with endophenotype imaging results and clinical 
phenotypes), underscores the potential neurobiological consequences of PDM, which may prefigure in neuro
imaging abnormalities associated with various chronic pain disorders. Our results provide evidence for Val allele 
dosage-dependent protective effects on the hippocampal structure; however, in cases of the Val variant, these 
effects were modulated in accordance with the severity of menstrual pain.   
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1. Introduction 

Primary dysmenorrhea (PDM) refers to menstrual pain of unknown 
origin prevalent among women of reproductive age (Coco, 1999). The 
disorder is common among adolescents and may cause adaptive/mal
adaptive functional and structural changes in the brain as well as 
multidimensional psychological responses (Berkley, 2013; Tu et al., 
2010; Wei et al., 2016a). Worldwide, approximately 90% of adolescent 
girls and more than 50% of menstruating women suffer from PDM, 10% 
to 20% of whom describe their suffering as severe and distressing 
(Berkley, 2013; Iacovides et al., 2015). In many cases, PDM can be 
debilitating, with effects on attendance at school and work. The litera
ture strongly suggests that the prevalence of chronic functional pain 
disorders (e.g., irritable bowel syndrome (Lovell and Ford, 2012), fi
bromyalgia (Heidari et al., 2017)) is higher among women than among 
men; however, there is no explicit explanation for this from a neuro
logical or neuroscientific perspective. PDM has been proposed as a 
plausible clinical precipitant for many chronic functional pain disorders 
preponderant among females (Berkley, 2013). Despite its high preva
lence and effects on quality of life, PDM has received surprisingly little 
attention in the scientific community (Iacovides et al., 2015). 

The hippocampus is a pivotal neural hub of the limbic structures 
involved in processing memory, emotion, stress, anxiety, and pain 
(Fortin et al., 2002; Kim et al., 2015; Liu and Chen, 2009). Stress-related 
glucocorticoids are known have deleterious effects in many regions of 
the brain; however, it appears that the hippocampus is one of the pri
mary targets (McEwen et al., 1968). Altered hippocampal volume 
(usually a reduction) is a neural hallmark associated with a multitude of 
psychiatric disorders (e.g., post-traumatic stress disorders (PTSD), major 
depression, bipolar disorder, schizophrenia, and antisocial personality 
disorder) (Geuze et al., 2005) and chronic pain disorders (e.g., fibro
myalgia, migraine) (Maleki et al., 2013; McCrae et al., 2015). The hip
pocampus is not a uniform structure. It is composed of several subfields 
with distinct morphologies and functions, including the cornu ammonis 
(CA) 1–4, fimbria, hippocampal fissure, hippocampal tail, dentate gyrus 
including a granule cell layer and a molecular layer that continuously 
crosses adjacent subiculum/presubiculum and CA fields, as well as 
others (Fanselow and Dong, 2010; O’Mara, 2005). In fact, specific 
subfields of the hippocampus are differentially associated with a variety 
of neuropathophysiological and behavioral aspects of mood disorders 
(Hayes et al., 2017; Huang et al., 2013). This study is based on the hy
pothesis that hippocampal volume could be used as a biometric indi
cator of vulnerability to various stress-related psychiatric and pain 
disorders (Gilbertson et al., 2002; Vachon-Presseau et al., 2013). 

The hippocampus is one cardinal location of brain-derived neuro
trophic factor (BDNF) activity (Hofer et al., 1990). BDNF plays key roles 
in synaptic plasticity, neuronal growth, and neuronal survival, and is 
associated with stress regulation (Huang and Reichardt, 2001). BDNF 
expression is higher in the hippocampus than in any other region of the 
brain (Murer et al., 1999). Stress has been shown to decrease BDNF 
expression via inhibitory gamma-aminobutyric acid (GABA)-ergic in
terneurons in limbic structures, particularly in the hippocampus 
(Duman and Monteggia, 2006). It has been observed that anxiety levels 
in Met/Met PDM subjects exceed those in Val carrier PDM subjects, 
which suggests that the BDNF Val66Met polymorphism is an important 
regulator of emotions related to menstrual pain (Lee et al., 2014). It has 
been posited that functional engagement of the hippocampus and other 
limbic structures can make a critical contribution to the chronicity of 
pain (Hashmi et al., 2013) and the future development of chronic pain 
(Wei et al., 2016b). Our recent study discovered that Val/Val homozy
gosity may provide protective benefits against the effects of PDM, 
whereas Met/Met homozygosity may render individuals vulnerable to 
PDM. This may be explained by the fact that the former primarily en
gages sensory regions of the pain matrix, whereas the later engages 
limbic structures, such as the hippocampus (Wei et al., 2016b). 
Furthermore, particularly severe cases of PDM appear to be more 

strongly associated with the Met/Met genotype (Wei et al., 2016b). 
Nonetheless, the avenues by which the BDNF Val66Met polymorphism 
interacts structurally with the complex hippocampus, as modulated by 
clinical PDM severity, remain hitherto unexplored. 

In the current imaging genetics study, we investigated the means by 
which BDNF Val66Met polymorphisms contribute to the structural 
plasticity of the hippocampus and its subfields, and how these effects are 
modulated by pain severity in PDM subjects. Our objective was to 
elucidate genotype-specific morphometric dynamics that might shed 
light on individual differences in hippocampal plasticity induced by 
long-term stress. This study posits that interactions between the BNDF 
Val66Met polymorphism and PDM severity and their effects on hippo
campal volume could be used as a foundation upon which to investigate 
mechanisms predisposing individuals to chronic pain disorder. This was 
achieved by adopting a strategy that encompasses hippocampal volu
metry at various levels of structural resolution; i.e., whole hippocampal 
volume, hippocampal subfields, and voxel-based morphometry (VBM) 
volumetric analysis. 

2. Materials and methods 

2.1. Participants and study design 

In this imaging genetics study, 423 PDM and 266 control (CON) 
subjects were enrolled via internet advertisements. The inclusion 
criteria were as follows: 1) 20–30 year-old right-handed Taiwanese fe
male; 2) regular menstrual cycle (27–32 days); 3) history of PDM 
exceeding 6 months; 4) average menstrual pain level rated ≧ 4 on a 
numerical rating scale (NRS; 0 = no pain, 10 = the worst pain imagin
able) over the previous 6 months. The inclusion criteria for control 
subjects were similar to those for PDM. The primary exception was the 
experience of menstrual pain level rated from none to mild (defined as 
NRS < 3). CON subjects reported few or no pain-related symptoms, 
experienced no pain-related limitations in the performance of daily ac
tivities, and did not consume NSAIDs or opioids. The exclusion criteria 
for PDM and CON subjects were a history of head injury, pelvic disease, 
pituitary gland disease, psychiatric or neurological disorders, a positive 
pregnancy test or plans for pregnancy, a history of childbirth, claus
trophobia, and pacemaker/metal implants. The PDM subjects under
went pelvic sonography to rule out secondary dysmenorrhea with 
known pathological cause(s). All PDM subjects were screened and 
diagnosed by the same gynecologist (H.-T.C.). Following rigorous 
screening in accordance with the above criteria, 194 PDM subjects and 
165 CON subjects were included in the study. Among the PDM subjects, 
7 were excluded due to secondary dysmenorrhea (e.g., endometriosis, 
hysteromyoma) in pelvic sonography results, and 56 PDM were 
excluded due to personal reasons. Among the CON subjects, 45 were 
excluded for personal reasons. The participants were required not to 
have used oral contraceptives within 6 months or analgesics within 24 h 
prior to MRI scanning. We also excluded 16 PDM subjects and 3 CON 
subjects with incidental conditions observed during the MRI examina
tions (e.g., mega cisterna magna, cavum septum pellucidum, or arach
noid cysts; for more details, see (Li et al., 2015)). The final number of 
subjects eligible for neuroimaging analyses included 115 PDM and 117 
CON subjects (Fig. 1). PDM cases were partitioned into moderate pain 
(NRS = 4–6) and severe pain (NRS = 7–10) subgroups in accordance 
with common practice in both research and clinical settings (Ameade 
and Mohammed, 2016; Breivik et al., 2008). We exclude 5 PDM subjects 
in pain severity subgroups grouping due to NRS data loss. All partici
pants provided written informed consent and the Institutional Review 
Board of Taipei Veterans General Hospital approved this study. All 
participants completed data acquisition on the same day, including 
blood collection, psychological/clinical assessments, and MRI scanning, 
during the periovulatory phase visit (non-pain stage; days 12–16 of the 
menstrual cycle). 
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2.2. BDNF Val66Met genotyping and hormone measurements 

Genotyping for the BDNF Val66Met polymorphism (rs6265) and 
hormone measurements were conducted using the methods described in 
previous studies (Lee et al., 2014). Briefly, whole blood collected in 10 
mL EDTA tubes was subjected to DNA extraction using the Puregene kit 
(Gentra Systems, Minneapolis, MN). Genotyping was performed using 
the TaqMan SNP Genotyping Assays in an ABI 7900HT Fast Real-Time 
Polymerase Chain Reaction System (Applied Biosystems, Foster City, 
CA, USA). Allele calling was performed using the SDS 2.2 software 
package. Polymerase chain reaction conditions were as follows: 50 ◦C 
for 2 min, 95 ◦C for 10 min, and 40 cycles of 94 ◦C for 15 sec and 62 ◦C 
for 1 min. Subjects were assigned to the BDNF Val66Met genotype 
subgroups by two technicians working independently. 

Estradiol concentrations were measured via chemiluminescence 
immunoassay using the UniCel DxC 800 Synchron Clinical Systems 
(Beckman Coulter, Brea, CA, USA). Fluctuations in estradiol concen
trations throughout the menstrual cycle have been shown to affect 
changes in hippocampal volume (Lisofsky et al., 2015). In the current 
study, estradiol concentration was used as a covariate to avoid the in
fluence of individual variations on estimates of hippocampal volume. 

2.3. Psychological/clinical assessments 

Prior to MRI scanning, the participants filled out the self-rated 
Spielberger State-Trait Anxiety Inventory (STAI), Beck Anxiety In
ventory (BAI), Beck Depression Inventory (BDI), Pain Catastrophizing 
Scale (PCS), Basic Personality Inventory (BPI), and Short Form (36) 
Health Survey (SF-36) to evaluate their psychological state and quality 
of life. Note that we used only the hypochondriasis and anxiety scale of 
BPI in this study. The PDM subjects completed the McGill pain ques
tionnaire (MPQ) to characterize menstrual pain events and assess pain 
intensity. 

2.4. MRI image acquisition 

High-resolution T1-weighted brain images were obtained using a 3- 
Tesla MRI system (MAGNETOM Trio, A Tim System; Siemens Medical 
Solution, Erlangen, Germany) with a three-dimensional magnetization- 
prepared rapid gradient echo (3D-MPAGE) sequence (repetition time 
(TR) = 2530 ms, echo time (TE) = 3.03 ms, inversion time (TI) = 1100 
ms, flip angle = 7◦, matrix size = 224 * 256, field of view (FOV) = 224 * 
256, 192 contiguous images, 1 mm thickness, voxel size = 1*1*1 mm3) 
with a 12-channel head coil. 

2.5. Image processing and analysis 

2.5.1. Atlas-based volumetric analyses of the whole hippocampus and 
hippocampal subfields 

Image processing was implemented as follows: head motion correc
tion, non-brain tissue removal, automated Talairach space trans
formation, image intensity normalization, segmentation of subcortical 
white matter and deep gray matter, tessellation of gray matter and white 
matter boundaries, automated topology correction, and surface defor
mation to ensure the optimal placement of gray/white and gray/cere
brospinal fluid boundaries. We employed automated parcellation using 
the FreeSurfer software package (version 6.0, available at http://sutfer. 
nmr.mgh.harvard.edu/) to segment the hippocampus and its subfields. 
Volumes of hippocampal subfields (i.e., parasubiculum, presubiculum, 
subiculum, CA1, CA2/3, CA4, granule cells in the molecular layer of the 
dentate gyrus (GC-ML-DG), hippocampal-amygdaloid transitional area 
(HATA), fimbria, molecular layer of the hippocampus, hippocampal 
fissure, and hippocampal tail) were estimated in accordance with a 
refined probabilistic atlas, which built upon manual delineations of the 
hippocampus from 15 ultra-high ex-vivo scans. 

2.5.2. Voxel-based morphometry (VBM) analysis of the whole 
hippocampus 

Statistical Parametric Mapping 12 (SPM12, Welcome Department of 
Cognitive Neurology, Institute of Neurology, University College London, 
London, UK) was employed for VBM analysis. The skull and non-brain 
tissue were first stripped using the BET (Brain Extraction Tool) 
included in the FSL package (FMRIB Software Library, Oxford, UK). MR 
image-intensity non-uniformity correction was implemented using the 
Bias Field Corrector in the BrainSuite package (http://brainsuite.usc. 
edu). We then segmented the MRIs into images showing gray matter 
(GM), white matter (WM), and cerebrospinal fluid. The segmented GM 
images were spatially normalized to a customized study-specific GM 
template via diffeomorphic anatomical registration using the exponen
tial Lie algebra (DARTEL) algorithm. Individual GM images were 
normalized to a study-specific template and then transformed to the 
Montreal Neurological Institute (MNI) space. The normalized GM im
ages were modulated and smoothed using an 8-mm FWHM Gaussian 
kernel. Finally, we applied a voxel threshold to a GM probability value 
exceeding 0.2 to avoid partial volume effects in subsequent statistical 
analysis. Hippocampal masks derived using the automated anatomical 
labeling (AAL) atlas were applied in voxel-wise volumetric comparisons. 

2.6. Statistical analyses 

In BDNF Val66Met genotyping, the Hardy-Weinberg equilibrium was 
assessed using a Chi-square test. For demographic data and 

Registered as PDM 
(n=423)

Completed MRI experiment 
(n=131)

Completed MRI experiment 
(n=120)

Data analyzed
(n=115)

Data analyzed
(n=117)

Enrollment/Screening

Analysis

Assessed for eligibility 
(n=165)

Registered as  
(n=266)

Assessed for eligibility 
(n=194)

Experiment
Excluded:

Rejected to participate (n=45)

Excluded:
Not meeting inclusion criteria (n=229)

Excluded:
Secondary dysmenorrhea (n=7)
Rejected to participate (n=56)

Excluded:
Incidental brain finding (n=4)

Excluded:
Incidental brain finding (n=16)

Excluded:
Not meeting inclusion criteria (n=101)

Fig. 1. Flow-chart showing process of subject selection.  
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psychological and clinical assessments, we conducted two two-way 
ANOVA analyses using group (PDM vs. CON) /severity (severe PDM 
vs. moderate PDM) and the BDNF Val66Met genotype (Val/Val vs. Val/ 
Met vs. Met/Met) as independent variables. In cases where we observed 
the main effects of genotype or interactions (group–genotype/sever
ity–genotype), post-hoc analysis with Bonferroni adjustment was per
formed. To test for BDNF Val66Met Val allele dosage-dependent effects, 
we constructed a linear regression model using phenotypes as the 
dependent variable and Val66Met genotype coded according to the 
number of Val alleles (Val/Val = 2, Val/Met = 1, and Met/Met = 0) as 
the independent variable. Missing data were excluded from the analysis. 

In our volumetric analysis of the whole hippocampus and hippo
campal subfields, we applied a statistical model similar to the one 
mentioned above; however, age, concentration of estradiol, and total 
GM volume were used as covariates. We conducted a two-tailed partial 
correlation analysis using age, concentration of estradiol, and total GM 
volume as covariates in order to characterize the relationships between 
psychological/clinical data and the GM volumetric related to the hip
pocampus. To avoid multiple comparison problem, the Bonferroni 
correction was applied by lowering the significance levels to P = 0.025 
(P = 0.05/2) for whole hippocampus volumetric analysis and P = 0.002 
(P = 0.05/24) for hippocampal subfields volumetric analysis. Because 
the study was exploratory, a less strict threshold of uncorrected p < 0.01 
was considered in this study. All statistical analysis was performed using 
SPSS Statistics 25.0 (IBM Corporation, Software Group, Somers, New 
York, USA) or the MATLAB statistics toolbox. 

VBM analysis was based on a general linear model with age, con
centration of estradiol, and total GM volume used as covariates. Here, 
we adopted the same two-way ANOVA model described above. We 
adopted a planned contrast approach (Brooks and Johanson, 2011; Wu 
and Slakter, 1990) to characterize between-group differences in BDNF 
Val66Met genotypes (using a two-sample t-test model) and within-group 
differences in BDNF Val66Met genotypes (using a one-way ANOVA 
model). Planned contrasts pose specific questions as opposed to the null 
vs. alternative hypotheses of conventional ANOVA (Seltman, 2018). 
They are commonly used in functional neuroimaging studies to detect 
subtle but potentially significant neuroscientific findings (Lee et al., 
2018; Pazmany et al., 2017; Wu et al., 2016). A stringent threshold of p 
< 0.05 with FWE correction was applied. Mean GM values of all voxels 
within each surviving cluster obtained from VBM analysis were extrac
ted for analysis of BDNF Val66Met allele dosage effects and correlation 
analysis. 

3. Results 

3.1. Using behavioral and genetic information for grouping 

Based on our previous works in imaging genetics (Wei et al., 2016b) 
and behavior (Lee et al., 2014), we did not expect to find strong single 
SNPs (single nucleotide polymorphisms) associated with complex pain 
behaviors in a small sample. Note that the sample size in the current 
study would be considered small for a behavioral study, but relatively 
large for an imaging study. Rather, our aim was to group genetic and 
behavioral information for use in subsequent imaging analyses. 
Following the exclusion of problematic data (e.g., defective MRI scans, 
brain anomalies, overt head motions, incomplete experiment), we 
enrolled 115 young PDM subjects (23.5 ± 2.2 y/o) and 117 young 
control subjects (24.1 ± 2.5 y/o), who were grouped for the imaging 
genetics study as follows (PDM, CON): Val/Val (30, 35), Val/Met (47, 
57) and Met/Met (38, 25). The BDNF Val66Met genotype distributions 
in both groups complied with the Hardy-Weinberg equilibrium (PDM: 
X2 = 3.67, p = 0.16; CON: X2 = 0.004, p = 0.98). Among the 115 PDM 
subjects, 66 graded their pain as severe (NRS = 7–10) and 44 females 
graded their pain as moderate (NRS = 4–6). The participant distribu
tions among the genetic subgroups in terms of pain severity (severe, 
moderate) were as follows: Val/Val (17, 13), Val/Met (28, 16), and Met/ 

Met (21, 15). The demographic data did not reveal any factors with 
significant effects other than age distribution (i.e., group, genotype, or 
group–genotype interaction) (Table 1). The scores pertaining to psy
chological assessments of pain-laden emotions were significantly higher 
in the PDM group than in the CON group: State-Trait Anxiety Inventory 
(STAI)-Trait, Beck Depression Inventory (BDI), Beck Anxiety Inventory 
(BAI), Pain Catastrophizing Scale (PCS), hypochondriasis and the anxi
ety scales of Basic Personality Inventory (BPI), and Short Form-36 
Health Survey (SF-36) (Supplementary Table 1). The main effect of ge
notype on STAI-State scores was significant, and the post-hoc Bonferroni 
test revealed significant genotypic differences between the Val/Val and 
Met/Met subgroups (Supplementary Table 1). The PCS level was higher 
among severe PDM subjects than among moderate PDM subjects, as 
were the scores on the Hypochondriasis Scale of BPI, SF-36, and recalled 
pain rating score of the McGill pain questionnaire (MPQ). The main 
effects of genotype and severity–genotype interactions in PDM subjects 
were non-significant (Supplementary Table 2). 

3.2. Association of global hippocampal volume and genotypes as 
modulated by PDM severity 

PDM tends to be cyclic, acute, and repetitive with a relatively short 
duration; therefore, we did not expect to observe prominent volumetric 
alterations at the whole-hippocampus level, which is commonly 
observed in sustained intense distress accompanied with eminent 
emotional problems (e.g., post-traumatic stress disorder) (Woon et al., 
2010). We first conducted a whole hippocampal volume analysis from a 
global perspective. As anticipated, we observed no main effects of group, 
genotype, or group-genotype interactions on bilateral whole hippo
campal volumes (Supplementary Table 3). As a biometric measurement, 
the sensitivity of neuroimaging is greater than that of behavioral pre
sentations (Rose and Donohoe, 2013); therefore, we next looked for 
subtle interactions between genotypes and volume morphometrics as 
modulated by clinical PDM severity. 

A significant correlation between PDM severity and BDNF Val66Met 
genotype was observed in the right hippocampus (F(2,101) = 4.85, p =
0.01, Cohen’s f = 0.31; Supplementary Table 4) and a non-significant 
interaction was observed in the left hippocampus (F(2,101) = 2.12, p =
0.13, Cohen’s f = 0.20; Supplementary Table 4). Simple post-hoc anal
ysis revealed that the right hippocampal volumes of Val/Val moderate 
PDM subjects were greater than those of Val/Val severe PDM subjects 
(left: F(1,101) = 3.88, p = 0.052; right: F(1,101) = 7.63, p = 0.007). We 
observed no differences in PDM severity between Val/Met carriers (left: 
p = 0.54; right: p = 0.23) and Met/Met carriers (left: p = 0.67; right: p =
0.40). Post-hoc analysis on the simple effects of genotype in each hip
pocampus hemisphere revealed significant differences only among 
subjects with moderate PDM (left: F(2,101) = 3.00, p = 0.054; right: 
F(2,101) = 4.82, p = 0.01). Note that the right hippocampal volume in the 
Val/Val group was greater than those in the Val/Met group (left: p =
0.063; right: p = 0.019) and Met/Met group (left: p = 0.20; right p =
0.029) (Fig. 2A). 

Volumetric analysis of the right hippocampus revealed a positive Val 
allele dosage effect only among subjects with moderate PDM (viz. 
negative Met allele dosage effect) (moderate PDM: r = 0.56, beta = 0.36, 
t = 2.65, p = 0.012, Cohen’s f2 = 0.45; severe PDM: r = 0.63, beta =
-0.08, t = -0.78, p = 0.44, Cohen’s f2 = 0.66; Fig. 2A). 

Based on the fact that the hippocampus is involved in the regulation 
of stress-related emotions, we then investigated whether the volumetric 
changes were related to psychological phenomena (Phelps, 2004). 
Among Val/Met moderate PDM subjects, there was a negative correla
tion between right hippocampal volume and scores on the PCS (r =
-0.56, p = 0.048). Among Met/Met severe PDM subjects, there were 
negative correlations between bilateral hippocampal volumes and 
scores on the BPI anxiety scale (left: r = -0.62, p = 0.008; right: r = -0.51, 
p = 0.035). Among all Met/Met PDM subjects, there was a negative 
correlation between left hippocampal volume and scores on the BPI- 
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anxiety scale (r = -0.35, p = 0.044). 
It was interesting to observe that among Met/Met CON subjects, the 

left and right hippocampal volumes were positively correlated with the 
BPI-anxiety scale (left: r = 0.54, p = 0.009; right: r = 0.63, p = 0.002). 
Such discordant relationships imply that the hippocampus of Met/Met 
CON subjects responded to ordinary anxiety in a normal reactive 
manner, whereas the hippocampus of Met/Met PDM subjects responded 
to distressed pain anxiety in a deranged manner. 

Collectively, these results provide initial confirmation of our hy
pothesis that the Val allele exerts neuroprotective effects on hippo
campal structures and clinical manifestations (PDM severity and 
negative emotions), whereas the Met allele exerts deleterious effects. In 
addition, our proposition that hippocampal volume could be used as an 
objective indicator inversely reflecting the degree of pain-laden negative 
emotions (pain as a stress) is also basically confirmed (Mutso et al., 
2012). It appears that the neural protective (Val allele) or deleterious 
(Met allele) effects manifest in an allele dosage-dependent manner. Our 
findings revealed that Met/Met homozygous individuals were limited in 
their capacity to cope with pain-related stress. Note however that the 
protective effects of Val were only viable in cases of moderate PDM, as 
indicated by the relative reduction in volume observed in Val/Val sub
jects with severe PDM. This implies that repeated overt painful stress 
may consume the protective reservoir available to Val/Val homozygous 
individuals. 

3.3. Association between subfield volume and genotypes, as modulated by 
PDM severity 

We adopted the atlas-based subfield approach to unveil possible fine- 
field changes, which might otherwise escape detection using the global 
volumetric approach. In the between-group subfield comparisons, only 
the volumes of the left and right presubiculum were smaller in PDM 
subjects than in CON subjects (left: F(1,223) = 15.39, p < 0.001, Cohen’s f 
= 0.26; right: F(1,223) = 28.08, p < 0.001, Cohen’s f = 0.36; Supple
mentary Table 5, Supplementary Table 6). We then sought to determine 
whether these decreases in volume were influenced by the severity of 
menstrual pain. Our results revealed no PDM severity effect on left or 
right presubiculum volumes (left: F(1,101) = 0.11, p = 0.74, Cohen’s f =
0.03; right: F(1,101) = 1.3, p = 0.26, Cohen’s f = 0.11), indicating that the 
observed changes in volume were unrelated to PDM severity. 

Interaction analysis revealed notable PDM severity–genotype in
teractions in the right subiculum (F(2, 101) = 5.5, p = 0.006, Cohen’s f =
0.33) and the right molecular layer of the hippocampus (F(2,106) = 5.3, p 
= 0.006, Cohen’s f = 0.33; Supplementary Table 7, Supplementary 
Table 8). Subsequent post-hoc severity analysis revealed that among 
Val/Val subjects, the field volumes of the right subiculum and molecular 
layer were greater among those with moderate PDM than among those 
with severe PDM (p = 0.008 and 0.004, respectively). Post-hoc genotype 
analysis revealed that among subjects with moderate PDM, the field 
volumes of the right subiculum and right molecular layer were greater 
among Val/Val than among Val/Met subjects (p = 0.036 and 0.007, 
respectively) and Met/Met subjects (p = 0.041 and 0.032, respectively) 
(Fig. 2B). 

Our next exam revealed a marginally significant positive dosage- 
dependent relationship between the volume of these subfields and the 
number of Val alleles (viz. negative dosage-dependent relationship with 
the number of Met alleles); however, this effect was observed only in the 
moderate PDM subgroup (right subiculum: moderate PDM: r = 0.45, 
beta = 0.38, t = 2.59, p = 0.013, Cohen’s f2 = 0.25; severe PDM: r =
0.52, beta = -0.18, t = -1.57, p = 0.12, Cohen’s f2 = 0.37 and the right 
molecular layer: moderate PDM: r = 0.54, beta = 0.36, t = 2.59, p =
0.013, Cohen’s f2 = 0.41; severe PDM: r = 0.61, beta = -0.09, t = -0.85, 
p = 0.40, Cohen’s f2 = 0.59; Fig. 2B). 

Table 1 
Demographic data and clinical assessment results in PDM and CON groups.   

PDM (n 
= 115) 

CON (n 
= 117) 

p-value 

Main effect Interaction 

Group Genotype 

Age, y/o 23.5 
(2.2) 

24.1 
(2.5) 

0.03* 0.13 0.10 

Val/Val 22.8 
(1.9) 

24.2 
(2.7) 

Val/Met 24.2 
(2.5) 

24.1 
(2.6) 

Met/Met 23.1 
(1.7) 

24.0 
(2.4) 

Age of menarche, 
y/o 

12.1 
(1.2) 

12.2 
(1.2) 

0.44 0.88 0.82 

Val/Val 12.1 
(1.3) 

12.1 
(1.3) 

Val/Met 12.0 
(1.2) 

12.3 
(1.1) 

Met/Met 12.2 
(1.1) 

12.3 
(1.3) 

Gynecological age, 
years 

11.4 
(2.5) 

11.8 
(2.7) 

0.12 0.18 0.08 

Val/Val 10.7 
(2.4) 

12.0 
(2.7) 

Val/Met 12.2 
(2.9) 

11.8 
(2.7) 

Met/Met 10.9 
(1.9) 

11.7 
(3.0) 

Menstrual cycle, 
days 

29.5 
(1.5) 

29.7 
(1.5) 

0.32 0.57 0.82 

Val/Val 29.4 
(1.6) 

29.5 
(1.0) 

Val/Met 29.5 
(1.4) 

29.7 
(1.7) 

Met/Met 29.5 
(1.4) 

29.9 
(1.5) 

Estradiol (pg/mL) 139.7 
(100.4) 

125.5 
(106.7) 

0.33 0.07 0.70 

Val/Val 106.8 
(75.5) 

104.4 
(95.7) 

Val/Met 145.8 
(101.9) 

138.2 
(117.5) 

Met/Met 157.4 
(111.5) 

125.5 
(94.1) 

Age of onset, y/o 15.1 
(2.2) 

– 0.12 

Val/Val 15.8 
(2.0) 

– 

Val/Met 14.9 
(2.2) 

– 

Met/Met 14.8 
(2.2) 

– 

Pain history, years 8.3 (3.1) – 0.004* 
Val/Val 7.0 (2.8) – 
Val/Met 9.3 (3.5) – 
Met/Met 8.2 (2.2) – 
Pain duration, days 1.8 (0.8) – 0.12 
Val/Val 1.8 (0.8) – 
Val/Met 1.7 (0.8) – 
Met/Met 2.0 (0.8) – 
Recall numeric 

pain rating scale 
6.9 (1.5) – 0.93 

Val/Val 6.8 (1.7) – 
Val/Met 6.9 (1.5) – 
Met/Met 6.9 (1.3) – 
MPQ-recalled pain 

rating scale 
35.4 
(13.9) 

– 0.70 

Val/Val 33.5 
(14.6) 

– 

Val/Met 35.8 
(13.9) 

– 

Met/Met 36.2 
(13.6) 

– 

Data are expressed as mean (standard deviation) and *, p < 0.05. 
Abbreviations: PDM, primary dysmenorrhea; CON, control; BDNF, brain-derived 

neurotrophic factor; Val, Valine; Met, Methionine; MPQ, McGill Pain 
Questionnaire. 
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The results of subfield analysis indicated that most of the dynamic 
structural plasticity occurred in the subiculum, presubiculum, and mo
lecular layer. These findings provide further support for the assertion 
that BDNF Val66Met polymorphisms contribute to the structural plas
ticity of the hippocampus, as modulated by pain severity in PDM sub
jects. Subfield analysis provided a coherent indication that the BDNF 
Val66Met polymorphisms substantially modulated the variations in 
volume; however, the protective effects of Val worked only under con
ditions of moderate pain; i.e., the effects were overridden in cases of 
severe menstrual pain. 

3.4. Association between VBM volume and genotypes, as modulated by 
PDM severity 

To elucidate the subtle changes in hippocampal volume, we adopted 
a fine-grained VBM approach to facilitate anatomical localization. We 
first examined potential differences between the entire PDM and CON 
groups. Interestingly, we observed that the VBM-defined focal gray 
matter (GM) volume in the left anterior hippocampus was larger in the 
PDM group than in the CON group (T (1, 227) = 3.28, family-wise error 
rate (FWE) corrected p < 0.05, cluster size = 57 mm3, peak MNI co
ordinates: [-30, − 18, − 21], Cohen’s d = 0.42; Fig. 3A). This finding 

suggests that PDM stress is associated almost entirely with the anterior 
hippocampus. Furthermore, this finding is in line with the aforemen
tioned caudal/ventral-rostral/dorsal functional organization of the 
hippocampus. The localized increase in volume may partially be 
attributed to genotype-specific alterations in volume. Among Val/Val 
subjects, the local volume of the anterior hippocampus was greater 
among PDM subjects than among CON subjects (F(1,223) = 9.12, p =
0.003; Fig. 3B). 

Post-hoc analysis of PDM severity revealed that among Val/Val 
subjects, the volume of VBM-defined anterior hippocampus was greater 
among those with moderate PDM than among those with severe PDM 
(F(1,101) = 5.01, p = 0.027; Fig. 3C). Post-hoc analyses of genotype 
revealed that the volume of the VBM-defined anterior hippocampus was 
greater in the Val/Val group than in the Val/Met group (p = 0.005) and 
Met/Met group (p = 0.008), which indicates that the main contribution 
was from moderate PDM subjects (Fig. 3C). Despite the fact that among 
Met/Met subjects, the volume was greater in cases of severe PDM than in 
cases of moderate PDM (F(1,101) = 7.48, p = 0.007; Fig. 3C), we did not 
observe genotype main effects nor between-genotype differences in the 
severe PDM subgroup, which implies that volume protection from the 
Val allele was insignificant. Furthermore, the VBM-defined anterior 
hippocampus presented a significantly positive dosage-dependent 
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Fig. 2. Post-hoc genotype analysis of PDM severity on global (A) and subfield (B) hippocampal volumes. Neuroprotective effect of the Val variant of BDNF Val66Met 
polymorphism on hippocampus in subjects with moderate menstrual pain. Post-hoc genotype analysis on global and subfield hippocampal volumes revealed that only 
subjects with moderate PDM demonstrated a positive Val allele dosage effect on the hippocampus. Note that the effects were particularly evident in the right whole 
hippocampus, subiculum, and molecular layer subfields. All volumetric data were adjusted by age, concentration of estradiol, and total brain gray matter volume. Bar 
graphs show means and SEM. *p < 0.05; **p < 0.01, post-hoc Bonferroni test. 
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relationship with the number of Val alleles in moderate PDM subjects (r 
= 0.60, beta = 0.33, t = 2.53, p = 0.015, Cohen’s f2 = 0.56; Fig. 3C). We 
provide an evidence for the Val variants of the BDNF Val66Met poly
morphism protective effects on hippocampal volume under repeated 
exposure to PDM pain-related stress of moderate degree. 

We next looked for subtle differences between Val/Val PDM and 
Met/Met subjects overall. Our analysis revealed that the VBM-defined 
localized volume of the right posterior hippocampus was larger among 
Val/Val PDM subjects than among Met/Met PDM subjects (T(1,109) =

3.64, FWE corrected p < 0.05, cluster size = 570 mm3, peak MNI co
ordinates: [35, − 35, − 5], Cohen’s d = 0.61; Fig. 4A). The Val/Val VBM- 
defined right posterior hippocampus demonstrated a simple genotype 
effect in moderate PDM subjects (F(2,101) = 4.40, p = 0.015; Fig. 4B). 
Post-hoc analysis also revealed that the volume of the VBM-defined right 
posterior hippocampus was greater in the Val/Val group than in the Val/ 
Met (p = 0.051) and Met/Met group (p = 0.022), which indicates that 
the main contribution was from Val/Val moderate PDM subjects 
(Fig. 4B). Dosage effect analysis revealed a positive dosage-dependent 
relationship between the Val allele and the volume of the VBM- 
defined right posterior hippocampal in the overall PDM group (PDM: 

r = 0.50, beta = 0.28, t = 3.35, p = 0.001, Cohen’s f2 = 0.33; CON: r =
0.54, beta = 0.06, t = 0.70, p = 0.49, Cohen’s f2 = 0.41) and the 
moderate PDM subgroup (moderate PDM: r = 0.53, beta = 0.40, t =
2.90, p = 0.006, Cohen’s f2 = 0.39; severe PDM: r = 0.51, beta = 0.22, t 
= 1.90, p = 0.06, Cohen’s f2 = 0.35; Fig. 4B). Note also that among Met/ 
Met moderate PDM subjects, the volume of the VBM-defined posterior 
hippocampal region was negatively correlated with PCS level (the 
higher the PCS score, the worse the pain cognition and coping as well as 
hypervigilance to pain (Sullivan et al., 1995) (r = -0.70, p = 0.017; 
Fig. 4C). 

Within the context of VBM-spatial scope, the VBM-defined posterior 
hippocampal region confluently involved the hippocampal tail, molec
ular layer, CA4, CA2/3, GC-DG, CA1, and fimbria, subiculum (peak in 
CA1), whereas the VBM-defined anterior hippocampal region con
fluently involved the subiculum, molecular layer, and hippocampal 
fissure. VBM results provide further support for the assertion that BDNF 
Val66Met polymorphisms contribute to the structural plasticity of the 
hippocampus, as modulated by pain severity in PDM subjects. The 
protective effects of Val (as indexed by volumetric measurements) 
worked only under conditions of moderate pain and were impeached by 
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Fig. 3. Post-hoc analysis on VBM-defined hippocampal volumes for PDM vs. CON and PDM severity. (A) The volume of the VBM-defined localized left anterior 
hippocampus was significantly greater in the overall PDM group than in the overall CON group (indicated by the yellow sphere in the 3D visualization of the left 
hippocampal subfield segmentation). (B) Among Val/Val subjects, the volume of this region was greater among PDM subjects than among CON subjects (p = 0.003). 
(C) This region also manifested a significantly positive dosage-dependent relationship with the number of Val alleles in subjects with moderate PDM (r = 0.60, beta =
0.33, t = 2.53, p = 0.015). Note that among Val/Val subjects, the volume of this region was greater in cases of moderate PDM than in cases of severe PDM (p =
0.027). Note also that within-severity group post-hoc analysis revealed that the volume of this region was greater in the Val/Val group than in the Val/Met group (p 
= 0.006) and Met/Met group (p = 0.012). Among Met/Met subjects, the volume of the VBM-defined anterior hippocampus was greater in subjects with severe PDM 
than in subjects with moderate PDM (p = 0.007); however, we observed neither genotype main effects nor between-genotype differences in the severe PDM sub
group. All volumetric data were adjusted by age, concentration of estradiol, and total gray matter volume. Bar graphs show means and SEM. *p < 0.05; **p < 0.01, 
post-hoc Bonferroni test. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

W.-C. Li et al.                                                                                                                                                                                                                                   



NeuroImage: Clinical 30 (2021) 102576

8

the excessive stress associated with severe menstrual pain. 

4. Discussion 

Different approaches to the volumetric analysis of the hippocampus 
reveal different neurobiological changes at different spatial scales, and 
multiple approaches can be combined to shed light on subtle, diverse, 
transitional, and evolving facets of the hippocampal system. It has been 
established that the frequency of the Met allele and the proportion of 
Met/Met homozygotes are higher among Asians than among Caucasians 
(Petryshen et al., 2010). Thus, the current study (conducted in Taiwan) 
is well-positioned to elucidate the polyphyletic associations among all 
genotypes and structural representations of the hippocampus. We pre
viously reported that the BDNF Val66Met polymorphism is associated 
with diverse functional expressions of the descending pain modulatory 
systems in cases of PDM (Wei et al., 2016b). Our data revealed potential 
Val allele dosage-dependent protective effects on the hippocampal 
structure (i.e., volume) at various spatial scales. This also means that the 
Met allele has a dosage-dependent deleterious effect on the hippocampal 

structure. Note however that at all spatial scales, the neuroprotective 
effects of the Val allele were observed only in the moderate PDM sub
group; i.e., not in the severe PDM subgroup. These findings suggest that 
BDNF Val/Val PDM subjects are resistant to stress associated with 
intermittent pain of moderate intensity, whereas the Met carrier PDM 
subjects are susceptible. 

Regional differences in hippocampal volume between PDM and CON 
subjects in conjunction with the absence of global differences in hip
pocampal volume are consistent with our previous VBM findings on 
various sets of PDM subjects (Tu et al., 2010, 2013). Taken together, this 
is an indication that the brief nature of cyclic PDM episodes would not 
necessarily prompt global structural changes in the hippocampus. This 
assertion is corroborated by evidence in a previous study clearly 
demonstrating that the absence of significant changes in intrinsic func
tional brain architecture allow young PDM females to maintain normal 
psychosocial outcomes during the pain-free periovulatory phase (Lee 
et al., 2018). Pain disorders vary in terms of underlying nature and pain 
characteristics; therefore, our findings cannot be extrapolated to other 
chronic functional pain disorders, regardless of whether they are 
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Fig. 4. Post-hoc analysis of PDM severity on genotype-VBM-defined hippocampal volumes. (A) Among subjects with PDM, the volume of the VBM-defined localized 
right posterior hippocampus was significantly greater among Val/Val subjects than among Met/Met subjects (indicated by the yellow sphere in the 3D visualization 
of the right hippocampal subfield segmentation). (B) This region manifested a significantly positive dosage-dependent relationship with the number of Val alleles in 
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sustained or occur irregularly over longer periods of time. Nonetheless, 
it should be mentioned that patients with chronic pelvic pain due to 
endometriosis (secondary dysmenorrhea, cyclic pain disorder of uterine 
pathogenesis) presented overlapping regional changes in brain volume 
similar to the results from PDM studies (Tu et al., 2010, 2013) without 
regional and global changes in hippocampal volume (As-Sanie et al., 
2012). Note that in the current study, we observed a positive Val allele 
dosage effect on the volume of the bilateral hippocampus among sub
jects with moderate PDM, and this effect was more pronounced in the 
right hippocampus. 

Repeated stress due to PDM can lead to subtle yet significant alter
ations in the regional structure of the hippocampus, which can be 
detected at finer anatomical resolutions (e.g., specific subfields and 
VBM-defined regions of the hippocampus). Regional increases in volume 
under moderate pain may be partially attributed to neurogenesis 
induced by moderate intermittent stress. This supposition gains support 
from animal studies in which it has been reported that intermittent stress 
(e.g., 1 h/day exposure to cold water) can lead to an increase in neuronal 
volume, the lengthening of dendrites in pyramidal neurons, and neu
rogenesis in the ventral hippocampus (Pinto et al., 2015) (cf., sustained 
overt stress can lead to suppression of neurogenesis, neuronal injury, 
and neuronal death (Sapolsky et al., 1990)). 

The hippocampus comprises a variety of subfields, which differ in 
terms of function, brain connectivity, histology, and physiology (Fan
selow and Dong, 2010). Translational studies have provided evidence 
that the cardinal consequences of stress exposure are the suppression of 
neurogenesis in the dentate gyrus (DG) and dendritic remodeling in the 
cornu ammonis (McEwen, 2000). In humans as well as animals, early 
exposure to stress can affect the development of specific hippocampal 
subfields, and the effects on hippocampal synaptic density tend not to 
emerge until well after puberty (Andersen and Teicher, 2004). It appears 
that high density glucocorticoid binding sites render the subiculum 
particularly vulnerable to stress (Sarrieau et al., 1986). Given the 
importance of subiculum in the regulation of the HPA axis, dopami
nergic responses to stress, risk for substance abuse and psychosis, and 
vulnerability to early trauma, our discovery of subiculum involvement is 
particularly intriguing (Grace, 2010; Radley and Sawchenko, 2011; 
Teicher et al., 2012). At the subfield scale, the significant neuro
protective effects of the Val allele (indexed by subfield volumetry) were 
similarly expressed in the right subiculum and hippocampal molecular 
layer. The CA1 and subiculum project into the medial prefrontal cortex 
(mPFC) and amygdala; both of which service the regulation of the 
hypothalamic–pituitaryadrenal (HPA) axis (Herman and Mueller, 2006; 
Quach et al., 2016). The HPA axis is a crucial stress regulation system 
enabling the organism to continually adapt to changing environmental 
conditions (de Kloet et al., 2005). Note that the amygdala activates the 
HPA axis, whereas the hippocampus/mPFC inhibits the HPA axis 
(Chattarji et al., 2015). The hypothalamus downregulates HPA-axis ac
tivity via a negative feedback mechanism to prevent corticosteroid- 
induced hippocampal atrophy (Herman et al., 2016). We were sur
prised to observe that Val/Val subjects exhibited hippocampal subfield 
enlargement only in cases of moderate PDM; i.e., not in cases of severe 
PDM. We speculate that the reduction in hippocampal volume among 
young Val/Val subjects with severe PDM and young Met carriers with 
moderate/severe PDM is indicative of subclinical hippocampal 
dysfunction under long-term and repeated clinically significant dysme
norrheal stress, which may exhaust the neuroprotective regulatory 
reservoir of HPA. 

The neuroprotective effects of the Val allele at the microscopic scale 
manifest as an increase in dendritic complexity, increased neurogenesis, 
and a decrease in cell death through the activity-dependent secretion of 
BDNF (Bath and Lee, 2006). Note however that only subjects with 
moderate PDM demonstrated positive Val allele dosage effects on the 
VBM-defined left anterior hippocampus and VBM-genotype co-defined 
right posterior hippocampus. From a functional perspective, it has been 
suggested that the anterior hippocampus relates to stress, emotion, and 

affect, whereas the posterior hippocampus relates primarily to infor
mation processing and cognitive functions (Fanselow and Dong, 2010; 
Poppenk et al., 2013). From a molecular perspective, gene expression in 
the posterior hippocampus (e.g., Wfs1, Iyd, Itga7) correlates with 
cortical regions involved in information processing, whereas genes 
expressed (e.g., Grp, Dcn, Htr2c) in the anterior hippocampus correlate 
with regions involved in emotion and stress (amygdala and hypothala
mus) (Fanselow and Dong, 2010). The neurotrophic model specifies that 
stress decreases the expression of BDNF via inhibitory GABA-ergic in
terneurons in limbic structures, particularly in the hippocampus 
(Duman and Monteggia, 2006). The Met allele of BDNF Val66Met 
polymorphisms is associated with poor episodic memory and hippo
campal function, due to impaired intracellular trafficking and the 
activity-dependent secretion of BDNF (Egan et al., 2003). We observed 
negative Met allele dosage effects (number of Met alleles) on the volume 
of the VBM-defined right posterior hippocampus in the overall PDM 
group and a pronounced effect in the moderate PDM group. The pos
terior hippocampus appears to be involved in the process of fear con
ditioning (Kim and Fanselow, 1992). Based on Mowrer’s two-factor 
theory of fear conditioning (Greenberg and Burns, 2003), PDM subjects 
(under heightened trait anxiety (Lee et al., 2014), Supplementary 
Table 1) may manifest fear and/or anxiety when anticipating subse
quent inevitable menstrual pain (Golub, 1976). The Met variant BDNF 
Val66Met polymorphism contributes to abnormalities in fear memory 
extinction and fear conditioning responses (Yu et al., 2009). Note that 
the Met/Met subjects with moderate PDM exhibited a negative corre
lation between the volume of the VBM-defined right posterior hippo
campus and PCS, indicating pain catastrophizing as a possible corollary 
to pain-related disability, fear-avoidance behaviors, and/or psycholog
ical distress in that group (Severeijns et al., 2001). 

Collectively, the hippocampal volume at various spatial scales was 
proportional to the number of Val alleles carried by moderate PDM 
subjects. It was surprising to observe that the neuroprotective effects 
were not observed in Val/Val subjects with severe PDM (i.e., local vol
umes were lower in cases of severe PDM than in cases of moderate PDM). 
These findings imply that distressful severe pain and the corresponding 
stress can undermine the protective effect of Val/Val homozygosity on 
hippocampal volume. This is similar to the observation that the PTSD 
symptoms of Val allele carriers were less severe than those of Met/Met 
homozygotes only in situations of low stress. It should be born in mind 
that environmental factors, such as stress, could induce epigenetic 
changes at the BDNF gene, thereby affecting the availability and func
tion of the BDNF proteins (Boulle et al., 2012; Fuchikami et al., 2010). 

The presubiculum receives subcortical inputs from the anterior 
thalamic nuclei and relays projections of hippocampal formation 
through the entorhinal cortex to the amygdala (Brother and Finch, 1985; 
Bubb et al., 2017). This pathway is involved in the processing of 
emotional memory (Yaniv et al., 2003). The volume reduction in the 
bilateral presubiculum in PDM subjects (in contrast to overall PDM vs. 
CON subjects) could not be attributed to focal neurogenesis or syn
aptogenesis. It can be better explained as subclinical aberrant neuronal 
networking under the effects of repeated pain-related stress (Ezzati 
et al., 2014; Vaculik et al., 2019), which might be further effectuated by 
gene expression, such as BDNF Val66Met polymorphisms (Wei et al., 
2016b). 

Under stringent statistical criteria, only the regional volume of the 
left anterior hippocampus was significantly larger in the PDM group 
than in the CON group. Under a more liberal threshold, the regional 
volume of the right hippocampus demonstrated a similar trend (uncor
rected p < 0.001). We observed that BDNF Val66Met allele dosage ef
fects were more prominent in the right hippocampus, which may be 
associated with the hemispheric functional asymmetry of the hippo
campus. It has been shown in human studies and animal models (Chen 
et al., 2006; Faris et al., 2020; Montag et al., 2010) that the BDNF Met 
allele exhibits increased anxiety-related behaviors under stress, which in 
turn may increase the risk of psychiatric mood disorders, suggestive of 
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gene (BDNF Val66Met polymorphism) - environment (stress) in
teractions. Negative stimuli with aversive emotions tend to engage the 
right hippocampus more (Holt et al., 2005) for emotional processing 
(Ahern and Schwartz, 1985). Furthermore, the right ventral hippo
campus tends to be more adaptive than the left hippocampus in regu
lating anxiety levels (Sakaguchi and Sakurai, 2017). We posit that the 
pronounced adaptive response in the right hippocampus might be 
mediated through genetic modulation (e.g., Val variant). 

There are three possible explanations for the dosage-dependent 
negative effects of the Met allele on anxiety-related behavior in PDM 
subjects: 1) Neuroimaging is more sensitive than the observation of 
behavioral manifestations in a clinical setting (Rose and Donohoe, 
2013); 2) The complex neurodynamics of pain-laden behavior cannot be 
attributed only to the hippocampus (Liotti et al., 2000; Zidda et al., 
2018) as alluded to in our previous PDM fMRI and imaging genetics 
studies (Wei et al., 2016a; Wu et al., 2016); 3) Behavioral heterogeneity 
among three polymorphic genotypes. Our findings indicated that 
insufficient BDNF expression and defective fear-memory extinction 
specifically in Met carrier PDM subjects may underpin vulnerability to 
intermittent stress, which in turn could lead to hippocampal derange
ment and dysfunction in response to cyclic menstrual pain of significant 
magnitude over an extended period of time. We argued that in Met/Met 
PDM subjects, the observed lack of a compensatory increase in volume 
as a reactive response to moderate pain could be explained by an 
absence of protection contribution from the Val allele; however, the 
compensatory effects might be inconspicuous/ineffective in cases where 
the magnitude of the increase does not clearly indicate a main effect of 
genotype or a between-genotype difference when confronting severe 
PDM-related stress. 

In the current study, we opted not to perform quantitative analysis of 
menstrual cycle status (e.g., menstrual bleeding status and biochemical 
content of menstrual effluent), due to the fact that we were more con
cerned with obtaining a confirmed diagnosis of PDM by a gynecological 
clinic. Furthermore, the pain-free state was our primary concern in 
seeking to elucidate genotype-laden trait changes in the hippocampal 
structure under the effects of long-term PDM (Tu et al., 2010). None
theless, it would be interesting to elucidate the aforementioned aspects 
of menstrual cycle status in a future study in order to gain a more 
complete understanding of the association between menstrual pain and 
brain plasticity. 

Our findings indicate that the BDNF Met/Met polymorphism can 
render an individual susceptible to deleterious effects (e.g., hippocampal 
volume) resulting from adverse early life events (PDM in the current 
study), whereas the BDNF Val/Val polymorphism appears to provide 
protective effects at the level of the hippocampus. It has been shown that 
adverse early life events (e.g., maltreatment during childhood) could 
differentially predict hippocampal volumes (Perez et al., 2017; Rabl 
et al., 2014). One recent retrospective, population-based cohort study in 
the UK (Chandan et al., 2020) reported a link between exposure to 
maltreatment during early childhood and an elevated risk of developing 
fibromyalgia, chronic fatigue syndrome, chronic lower back pain, rest
less leg syndrome, and irritable bowel syndrome. Note that they did not 
observe a statistical correlation between maltreatment during early 
childhood and the development of temporomandibular joint disorder, 
chronic headache, interstitial cystitis, vulvodynia, chronic prostatitis, or 
myofascial pain syndrome. To the best of our knowledge, no previous 
study has reported a link between maltreatment during childhood and 
PDM. In the current study, efforts were made to exclude subjects with 
any reported neurological or psychiatric disorder. 

5. Limitations 

A number of points deserves further consideration. First, this study 
focused on a narrow age range (20–26 y/o) to reduce between-subject 
variance attributable to maturational or aging effects on the hippo
campus. Note also that all of the subjects enrolled in this study were 

highly educated. Second, we did not collect cortisol samples due to the 
difficulties in arranging appointments to comply with the menstrual 
cycle. Saliva or blood cortisol levels can be used as indicators of HPA- 
axis activation; however, difficulties in controlling diurnal variations 
(Edwards et al., 2001) would call into question the verity of the as
sessments. Thus, only behavioral and psychological measurements (e.g., 
STAI, BAI) were used as indirect indicators of anxiety levels associated 
with the stress response and HPA-axis function. High stress is generally 
viewed as a risk factor of dysmenorrhea in various groups of susceptible 
women, such as students and workers (Nohara et al., 2011; Wang et al., 
2004). The sensitivity of hippocampal neurons to stress and glucocor
ticoids has been confirmed in a host of species (Conrad, 2008); however, 
the relationship between cortisol concentrations (reflecting stress- 
induced HPA-axis activity) and dysmenorrhea are inconsistent. 
Compared to controls in the menstrual phase, PDM has been associated 
with elevated cortisol concentrations in some studies (Yang et al., 2019) 
and lower concentrations in other studies (Vincent et al., 2011). Despite 
the fact that most studies have reported a positive correlation between 
stress levels and cortisol secretion (Van Eck et al., 1996), exposure to 
chronic intermittent stressors may lead to desensitization/dysfunction 
of the HPA axis and a corresponding decrease in cortisol concentrations 
(Rosal et al., 2004), particularly in female patients (Meewisse et al., 
2007; Van Cauter et al., 1996). Third, we did not analyze BDNF 
expression in blood samples because peripheral BDNF concentrations (e. 
g., plasma) do not accurately represent BDNF concentrations in the brain 
(Lanz et al., 2012). Fourth, the current study suffered from a relatively 
small and unbalanced sample, a common difficulty in genetic neuro
imaging research. Note that compared to many neuroimaging studies, 
the sample size in the current study was by no means deficient (in total, 
115 PDM and 117 CON subjects). Nonetheless, our findings should be 
considered preliminary and subject to further verification using samples 
of greater scope. Finally, the cross-sectional design used in the current 
study precludes establishing a direct causal link between variations in 
hippocampus volume and the subsequent development of chronic pain 
disorders. Nonetheless, the current study underscores the potential 
benefits of identifying the neurobiological consequences of PDM, which 
may prefigure and augment neuroimaging abnormalities associated 
with a variety of chronic functional pain disorders. 

6. Conclusions 

In conclusion, the BDNF Val66Met polymorphism is implicated in the 
exquisite structural vulnerability of the hippocampus to PDM. The 
neuroprotective effect of the Val variant on the hippocampus is modu
lated and constrained by the severity of menstrual pain. This current 
study, combining structural brain imaging and genetic analysis, cor
roborates the results obtained in our previous research based on func
tional imaging and genetic analysis (Wei et al., 2016b). Our current 
findings indicate that Met/Met homozygotic females with severe PDM 
are particularly susceptible to pain chronification (Baliki et al., 2012; 
Hashmi et al., 2013). Years of repeated PDM stress can induce structural 
and functional changes in the hippocampus in accordance with the 
BDNF Val66Met genotype and pain severity. This triad study on PDM 
combined genotype with endophenotype imaging results and clinical 
phenotypes to explain the high prevalence of chronic functional pain 
disorders among females later in life (compared to males) (Wei et al., 
2016b, 2017). Pain and stress early in life are recognized as harbingers 
of reduced quality-of-life (see also Supplementary Table 1); however, 
they may also be predictive of more-severe or chronic pain later in life 
(Berkley, 2013; Victoria and Murphy, 2016). The interaction between 
genetic attributes and the effects of severe pain on the resilience of the 
brain helps to explain individual differences in the way that PDM is 
experienced. It is also possible that this interaction influences the coping 
mechanisms adopted by PDM subjects, which may in turn affect their 
vulnerability to other chronic pain disorders. Thus, tackling cases of 
moderate to severe PDM vigorously and as early as possible could help to 
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prevent the chronification of pain in the brain (Berkley, 2013). Note that 
there is no evidence indicating whether the observed sexual dimorphism 
in the BDNF-genotypic predilection to hippocampal structural dynamics 
is generalizable to other pain disorders. This issue should be considered 
in future genetic neuroimaging studies as well as in the clinical treat
ment of PDM and chronic functional pain disorders. 
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