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Abstract 

Background Premenstrual disorder (PMD), which includes premenstrual syndrome and premenstrual dysphoric 
disorder, has a complex pathogenesis and may be closely related to emotional cognition and memory. However, 
the mechanisms underlying these associations remain unclear. Therefore, this study used machine learning to explore 
the roles of various factors that are not typically considered risk-factors for PMD.

Methods A predictive model for PMD was constructed using a dataset of questionnaire responses and heartrate 
variability data collected from 60 participants during their follicular and luteal phases. Based on the Japanese ver-
sion of the Premenstrual Symptom Screening Tool, the binary objective variable (PMD status) was defined as “PMD” 
for moderate-to-severe premenstrual syndrome and premenstrual dysphoric disorder and other conditions as “non-
PMD.” The contribution of each feature to the predictive model was assessed using the Shapley Additive exPlanations 
(SHAP) model-interpretation framework.

Results Of the 58 participants (providing 117 data points), 17 (34 data points) were in the PMD group and 41 (83 data 
points) were in the non-PMD group. The area under the receiver operating characteristic curve was 0.90 (95% confi-
dence interval: 0.82–0.98). Among the top 20 features with the highest SHAP values, six were associated with maternal 
bonding. Four of the six mother-related characteristics were associated with overprotection.

Conclusions Based on these findings, parental bonding experiences, including maternal overprotection, may be 
associated with the presence of PMD.
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Background
Premenstrual syndrome (PMS), which occurs three to 
ten days before every menstruation [1], is experienced 
by approximately half of women of reproductive age [2]. 
PMS exhibits a wide range of symptoms, the most com-
mon being breast tenderness, bloating, headaches, mood 
swings, depression, anxiety, anger, and irritability. Pre-
menstrual dysphoric disorder (PMDD) is a severe form of 
PMS with predominantly psychiatric symptoms. PMDD 
was first mentioned as a research criterion in the 1994 
Diagnostic and Statistical Manual of Mental Disorders 
(DSM)-IV of the American Psychiatric Association [3]. In 
DSM-5, the disorder is presented as a diagnostic criterion 
and is listed as a depressive disorder [4]. PMS and PMDD 
are now referred to as premenstrual disorder (PMD) [5, 
6]. Women suffering from PMD experience substantial 
difficulties related to social activities and interactions.

PMD has various treatment options, including phar-
macological therapies such as selective serotonin reup-
take inhibitors and non-pharmacological approaches like 
cognitive behavioral therapy and regular exercise [7–14]. 
However, these treatments are not universally effective, 
necessitating a personalized approach based on individ-
ual causes and symptom profiles.

PMD exhibits a complex pathophysiology involving 
central neurotransmitters, ovarian hormones, and neuro-
steroids [15]. Smoking, alcohol use, obesity, and nutrient 
deficiencies are known risk-factors for PMD [16, 17], and 
psychosocial factors, such as childhood trauma and sex-
ual abuse, have been reported to be associated with PMD 
[18–20]. Although various risk factors for PMD are well 
established, other factors that have not traditionally been 
recognized as risk factors, including subtle aspects of 
emotional regulation, may also contribute to its develop-
ment. Fluctuations in emotional cognition and memory 
are associated with the menstrual cycle [21–23] and may 
be associated with the expression of PMD. Nonetheless, 
the mechanisms underlying these interactions remain 
unclear.

Machine learning, a subfield of artificial intelligence, 
has emerged as a promising tool for addressing various 
challenges in clinical medicine [24]. In particular, the 
development of interpretable machine learning tech-
niques, such as Shapley Additive Explanations (SHAP), 
has advanced the application of machine learning in 
healthcare, overcoming previous limitations related to 
explainability [25]. Given that PMD is a highly multifac-
torial condition, the complexity of interactions among 
its contributing factors suggests that machine learning 
approaches provide a suitable methodology for eluci-
dating these intricate relationships. Utilizing machine 
learning, this study aimed to examine the effects of 
these less-studied variables. For this purpose, this study 

utilized data obtained in prior studies of brain function, 
the autonomic nervous system, and the menstrual cycle 
(under analysis). Investigating these factors could reveal 
unexplored pathways associated with PMD, potentially 
leading to innovative interventions that improve quality 
of life by promoting more comprehensive management 
strategies.

Methods
Study design and setting
This cross-sectional study recruited 60 women at Kyoto 
University (Kyoto, Japan) between December 2018 
and April 2021. Women of at least 18  years of age and 
younger than 45, with regular menstrual cycles, were 
included. The participants were female university and 
graduate students as well as female workers. Recruitment 
was conducted via posters and flyers displayed and dis-
tributed at the university. The exclusion criteria included: 
(a) Women with secondary amenorrhea, in which men-
struation has stopped for more than three months, 
including physiological amenorrhea during pregnancy 
or lactation and medical menopause due to gynecologi-
cal surgery; (b) women with oligomenorrhea, in which 
the menstrual cycle exceeds 39 days; and (c) women tak-
ing hormonal drugs such as low-dose estrogen/progestin 
oral contraceptives. As the study involved magnetic reso-
nance imaging, women who experienced claustrophobia, 
those with tattoos, and those with metal objects (e.g., 
pacemakers) in the body were also excluded.

Data set
The participants were examined on two separate occa-
sions: once during the follicular phase (within five to 
ten days after the onset of menstrual bleeding) and once 
during the late-luteal phase (within five days before the 
next menstruation). The timing of the late-luteal phase 
was determined by predicting and measuring the next 
menstrual period and then obtaining the date of the 
next menstrual onset, thereby confirming that it was 
within this timeframe. The study flowchart is presented 
in Fig. 1. For each participant, the data from each phase 
were counted as one data point. An objective variable 
and explanatory variables were derived using this dataset, 
and missing values were imputed using the means for all 
participants.

Objective variable
PMD status, the binary objective variable, was assessed 
using the Japanese version of the Premenstrual Symptom 
Screening Tool (PSST), a screening tool for moderate-to-
severe PMS/PMDD [26] based on the DSM-IV [3]. Using 
this approach, participants with moderate-to-severe PMS 
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and PMDD were assigned to the “PMD” group and those 
with other conditions to the “non-PMD” group.

Explanatory variables
The questionnaire comprised thirteen parts: General 
questions (regarding age, marital status, education, men-
strual history, pregnancy history, and sleep duration); 
Sense of Coherence (SOC) [27]; Parker’s Parental Bond-
ing Instrument (PBI) [28]; the Menstrual Distress Ques-
tionnaire [29]; the Beck Depression Inventory [30]; the 
State-Trait Anxiety Inventory [31]; the Japanese version 
of the World Health Organization Quality-Of-Life Scale 
[32]; Clinical Assessment of Spontaneity questionnaire 
[33]; the Chalder Fatigue Scale [34]; Pittsburgh Sleep 
Quality Index [35]; Gastrointestinal Symptom Rating 
Scale [36]; Emotional Regulation Questionnaire [37]; and 
the Rosenberg Self-Esteem Scale [38]. Answers to the 
general questions, SOC, and PBI were collected once, 
whereas answers to other questions were collected at 
both the follicular and late-luteal phases. All responses 
were converted to numerical or categorical values and 

free descriptions were removed. To assess autonomic 
nervous activity, spectral analysis was performed on 
heartrate variability (HRV) in the follicular and late-
luteal phases. This was done by measuring the R–R inter-
val during orthostatic loading (from sitting to standing 
to sitting), with electrocardiograms obtained via elec-
trodes on both wrists. HRV was analyzed using the time-
domain analysis method, which utilizes the coefficient 
of variation of the R–R interval. Variation in R–R inter-
vals was separated by frequency, and the categories ‘Low 
Frequency’ and ‘High Frequency’ were used to simulta-
neously quantify sympathetic and parasympathetic nerv-
ous system activities. A Kiritsu Meijin autonomic reflex 
orthostatic tolerance recorder (Crosswell Inc., Yoko-
hama, Japan) was utilized. Together, the questionnaires 
and HRV analyses generated 443 explanatory variable 
features (Additional File 1).

Construction of the PMD‑prediction model
Using this dataset, a PMD-prediction model was con-
structed. DataRobot (SaaS, DataRobot, Tokyo, Japan) was 

Fig. 1 Study overview. The participants were examined twice, once during the follicular phase (within five to ten days after the onset of menstrual 
bleeding) and once during the late-luteal phase (within five days before the next menstruation). For each participant, the data from each phase 
were counted as one data point. In total, 121 data points were obtained from 60 participants. General questions, the Premenstrual Symptom 
Screening Tool, Sense of Coherence (SOC), and the Parental Bonding Instrument (PBI) were completed once; the other parts of the questionnaires 
were completed at both the follicular and late-luteal phases. All responses were converted to numerical or categorical variables, and free 
descriptions were removed. Spectral analysis of heart-rate variability (HRV) was performed for the follicular and late-luteal phases. To obtain 
the binary objective variable, the Japanese version of the Premenstrual Symptom Screening Tool (PSST) was applied, placing participants 
with moderate-to-severe premenstrual syndrome (PMS) and premenstrual dysphoric disorder (PMDD) in the “PMD” group and those with other 
conditions in the “non-PMD” group. The explanatory variables comprised 443 features. PMD, Premenstrual disorder
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used to search for appropriate machine learning algo-
rithms and a Random Forest Classifier was selected to 
build the predictive model. Overall model performance 
was evaluated based on the area under the receiver oper-
ating characteristic curve (AUC). The model was then 
reconstructed using Recursive Feature Elimination to 
maximize AUC by searching for the optimal number 
of features among the 443 explanatory variables. Strati-
fied five-fold cross validation was used to validate the 
model. The contribution of each feature to the model was 
assessed using Shapley Additive exPlanations (SHAP), 
a game-theory-based model-interpretation framework 
that quantitatively evaluates the contribution of each 
input feature as a SHAP value [25]. The SHAP method 
was implemented using the Python SHAP package. The 
analyses were performed in Python 3.8.2 using scikit-
learn 1.1.1.

Statistical analysis
Statistical analyses were conducted using Python 3.8.2, 
with scipy.stat. Background characteristics are presented 
as proportions (%) or means (standard deviation). Sta-
tistical tests were conducted on the features with high 
SHAP values based on the machine-learning analysis. 
The normality of the variables was examined using the 
Shapiro–Wilk test. For two-group comparisons, the 
Mann–Whitney U-test was used for non-normally dis-
tributed variables and Welch’s t-test for normally distrib-
uted variables.

Results
Participant characteristics
All of the 60 participants assessed were eligible for inclu-
sion in the study and provided informed consent. None 
of the participants chose to withdraw from the study. In 
total, 121 luteal or follicular phases were observed (twice 
in the luteal phase for one person). Two participants, 
with missing PSST responses, were excluded during data 
analysis. The remaining 58 participants provided 117 data 
points, and 17 (34 data points) were assigned to the PMD 
group and 41 (83 data points) to the non-PMD group.

Among the 58 participants, the General Questions, 
PSST, SOC, and PBI were administered to 32 participants 
during the late-luteal phase and to 24 during the follicu-
lar phase. One participant completed the questionnaires 
at a time that did not correspond to either the late-luteal 
or follicular phase, and the timing of administration for 
another participant was missing. The characteristics of 
the participants in each group are presented in Table 1.

PMD‑prediction model
Among the 443 features, Recursive Feature Elimination 
identified 31 that are potentially associated with PMD. 

The relation between the number of features and the 
AUC score is shown in the Figure in Additional File 2 and 
the selected features are listed in Additional File 3. The 
generalization performance of the model estimated based 
on the test data had an AUC of 0.90 (95% confidence 
interval, 0.82–0.98) (Fig.  2a). The top 20 features with 
the highest SHAP values are shown in Fig. 2b and c: six 
are associated with PBI items related to mothers (PBIm) 
and two with PBI items related to fathers (PBIf ). Four of 
the six mother-related characteristics are associated with 
overprotection.

PBI factors contributing to PMD
Through analysis of the complete PSST data of 58 par-
ticipants with complete PSST data,; 29% (n = 17) were 
assigned to the PMD group and 71% (n = 41) to the non-
PMD group. Among the top 20 features with the highest 
SHAP values, eight (related to items in the PBI ques-
tionnaire) were compared based on PMD status (Fig.  3, 
Table  2). The scores for specific items varied notably 
between the PMD and non-PMD groups. For instance, 
for the item “Was overprotective of me” (PBIm23), the 
median (IQR) scores for the PMD and non-PMD groups 
were 2 (1–3) and 1 (0–2), respectively (p = 0.008); simi-
larly, for “Invaded my privacy” (PBIm10), these scores 
were 1 (0–2) and 1 (0–1), respectively (p = 0.008). In con-
trast, for “Did not help me as much as I needed” (PBIm2), 
these scores were 2 (1–3) for PMD and 3 (2–3) for non-
PMD (p = 0.012). The total PBI scores for parental over-
protection and care did not vary notably between the 
PMD and non-PMD groups (Additional File 4).

Discussion
This machine learning-based PMD-prediction model 
applies the novel perspective of SHAP values to 
the exploration of the association between specific 

Table 1 Background characteristics of the participants in the 
premenstrual disorder (PMD) and non-PMD groups

SD Standard Deviation

Characteristic PMD group (n = 34) non‑PMD group 
(n = 83)

n or Mean % or SD n or Mean % or SD

Age (years) 28,8 8,3 29,1 8

Age at first menstruation 
(years)

12,3 1,2 12,5 1,3

Marital status

 Never married 24 70 69 83,1

 Married 10 30 14 16,8

 Divorced, widowed, 
other

0 0 0 0
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Fig. 2 Visualization of model performance and contributing features. a Model performance, based on the area under the receiver operating 
characteristic (ROC) curve. b Features with higher overall Shapley Additive exPlanations (SHAP) scores, indicating higher average contributions 
to premenstrual disorder (PMD) prediction. c Positive and negative contributions to PMD, characterized by positive and negative SHAP values, 
respectively. Red and blue represent the magnitude of the values. AUC, area under the receiver operating characteristic curve; PBIm/f, Parental 
Bonding Instrument (mother/father); MDQ, Menstrual Distress Questionnaire; PSQI, Pittsburgh Sleep Quality Index; BP, blood pressure (s, systolic; d, 
diastolic; m, mean); SOC, Sense of Coherence; STAI, State–Trait Anxiety Inventory. Items PBIm_23, PBIm_10, and PBIf_23 are scored as follows: very 
like, 3; moderately like, 2; moderately unlike, 1; and very unlike, 0. Items PBIm_2 and PBIm_15 were reverse scored. The PBIm_care and PBIf_care 
scores range from to 0–36. The PBIm_overprotection scores range from to 0–39. For information on the other measures, see Additional file 1
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parental-bonding experiences, such as maternal over-
protection, and the presence of PMD. To the best of our 
knowledge, this study is the first to report an association 
between parental-bonding style and PMD. Among the 
selected characteristics, a number of factors related to 
the parent–child relationship were identified. This sug-
gests a considerable association between PMD and the 
family environment, particularly overprotection.

Parker’s PBI, a 25-item self-report questionnaire, meas-
ures how an individual remembers their parents during 
their first 16 years [28]. Examination of the PBI has shed 
light on its associations with many health outcomes, 
including mood disorders, inflammatory bowel disease, 
and chronic pain [39–42]. Notably, these associations 
exhibit gender-specific nuances, with maternal influences 
predominantly affecting women and paternal influences 
affecting men [40]. When focusing on women’s health, 
it is therefore understandable that maternal influence is 
likely to be revealed to be more important than paternal 
influence.

Considering early-life experiences, parental maltreat-
ment is a known risk factor for PMD. The profound 
impact of early-life trauma, including both physical and 
psychological abuse, on the manifestation of PMD has 
been well-documented [18–20]. Moreover, tempera-
ment–personality assessments have shown that damage 

avoidance and low levels of self-orientation are signifi-
cantly correlated with the prevalence of PMD [19]. How-
ever, our current analysis unexpectedly revealed an 
association between PMD and ‘overprotection,’ a parent–
child relationship dynamic that stands in stark contrast 
to maltreatment. To contextualize these paradoxical find-
ings, we attempt to interpret their implications within the 
framework of affective vulnerability and hypersensitivity, 
concepts that provide valuable insights into understand-
ing PMD. Individuals with PMD may exhibit increased 
sensitivity to the normal fluctuations in estrogen and 
progesterone levels during the menstrual cycle [43]. Such 
women may have a latent affective vulnerability as well as 
a low threshold for perceiving physical symptoms. The 
hormonal fluctuations associated with the menstrual 
cycle may exacerbate these characteristics and interfere 
in daily life, heightening susceptibility to PMD. This vul-
nerability may arise from interactions between genetic 
and environmental factors. Women with such character-
istics and dispositions are likely to have difficulty in cop-
ing flexibly with various events in their lives, both before 
and after menarche, and it is natural that mothers may 
tend to be overprotective of such daughters.

The mother of a daughter with PMD is also likely to be 
affectively vulnerable, with existing studies suggesting 
that affective vulnerability could be genetically inherited 

Fig. 3 Parental Bonding Instrument (PBI) questionnaire factors contributing to premenstrual disorder (PMD). The Mann–Whitney U-test was used 
to analyze PBIm_23, PBIm_10, PBIm_2, PBIm_15, PBIm_care, PBIf_23, and PBIm_overprotection; Welch’s t-test was used to analyze PBIf_care. PBIm/f, 
PBI items related to mother/father
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from parents with mood disorders [44]. While there may 
be a risk of maltreatment from mothers with mental ill-
ness, those who tend to be anxious but below the thresh-
old of illness may tend to behave in an overprotective 
manner. Consequently, it remains difficult to confirm a 
causal relationship between parenting style and the cause 
of PMD.

Notably, the PBI questionnaire results did not differ 
conclusively between the PMD and non-PMD groups 
based on classical statistical methods. However, some 
intergroup differences were observed for specific sub-
items, indicating the need for further investigation of 
these aspects. This supports the multifaceted nature of 
PMD and that comprehensive approaches that consider 
both biological and psychosocial factors are necessary for 
its effective management and prevention.

On the whole, further investigations are required to 
explore the associations between affective vulnerability 
and PMD, as well as those between perceptions of paren-
tal overprotection, affective vulnerability, and related 
factors, such as comorbidities, neurodevelopment, and 
nutritional deficiencies.

This study had several limitations. First, the question-
naire did not cover risk factors for PMD. Questions about 
experiences of abuse or trauma or about socioeconomic 
status were not included, making it difficult to compare 
the relative contributions of the known risk factors and 
the parental-bonding styles examined in this study.

Second, the number of participants was limited, and the 
sample was not representative of Japanese women. The 
participants reside in the same region of Japan; hence, it 
was presumed that they share comparable social status: 
these factors could influence both their perceptions and 
the style of parenting that they experienced. Furthermore, 
the samples were obtained via convenient and nonrandom 
methods, which probably affects the generalizability of the 
results. Therefore, further studies are required.

Third, only one objective variable (PMD status) was 
examined based on the PSST. The reliability and valid-
ity of the Japanese version of the PSST used in this study 
remains to be fully verified. Moreover, the PSST does not 
extract all types of PMD. However, the PSST is used glob-
ally and has gained recognition as a standard measure of 
PMS/PMDD.

Conclusions
This study is the first to report an association between 
parental-bonding style and PMD, based on a wide range 
of factors. The results of the machine learning-based 
predictive model suggest an association between spe-
cific parental-bonding experiences, such as maternal 
overprotection, and the occurrence of PMD. Further 
research is needed to examine the interactions between 

the psychosocial factors and biological aspects of the 
menstrual cycle.
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