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Background: Premenstrual syndrome (PMS) is a menstrual-related disorder, characterized by physical, 
emotional, behavioral and cognitive symptoms. However, the neuropathological mechanisms of PMS remain 
unclear. This study aimed to investigate the frequency-specific functional connectivity density (FCD) and 
structural covariance in PMS. 
Methods: Functional and T1-weighted structural data were obtained from 35 PMS patients and 36 healthy 
controls (HCs). This study was a cross-sectional and prospective design. The local/long-range FCD (LFCD/
LRFCD) across slow-4 (0.027–0.073 Hz) and slow-5 (0.01–0.027 Hz) bands were computed, and two-
way analysis of variance (ANOVA) was performed to ascertain the main effects of group and interaction 
effects between group and frequency band. Receiver operating characteristic (ROC) curve was performed 
to investigate reliable biomarkers for identifying PMS from HCs. Based on the ROC results, characterized 
the changes of whole-brain structural covariance patterns of striatum subregions in two groups. Correlation 
analysis was applied to examine relationships between the clinical symptoms and abnormal brain regions.
Results: Compared with HCs, PMS patients exhibited: (I) aberrant functional communication in the 
middle cingulate cortex and precentral gyrus; (II) significant frequency band-by-group interaction effects 
of the striatum, thalamus and orbitofrontal cortex; (III) the better classification ability of the LFCD in 
the striatum in ROC analysis (slow-5); (IV) decreased gray matter volumes in the caudate subregions and 
decreased structural associations of between the caudate subregions and frontal cortex; (V) the LFCD value 
in thalamus were significantly negatively correlated with the sleep problems (slow-5).
Conclusions: Based on multi-modal magnetic resonance imaging (MRI) analysis, this study might imply 
the aberrant emotional regulation and cognitive function related to menstrual cycle in PMS and improve our 
understanding of the pathophysiologic mechanism in PMS from novel perspective.
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Introduction

Premenstrual syndrome (PMS) is a menstrual-related 
disorder, which refers to a set of cyclical and relapsing 
physical, emotional, behavioral and cognitive symptoms 
that regularly recur during the late luteal phase of each 
menstrual cycle. Peaking within the week preceding menses 
and improving or relieving after the onset of menses (1,2). 
PMS occurs in 30–40% of reproductive-age females (1). 
The women who suffer from PMS are often affected 
by negative emotions such as anxiety, depression and 
irritability (3,4). Besides, it affects women’s quality of life, 
work, family, relationships, productivity, social activity (5). 
Given the high proportion of women experiencing PMS, 
its pathophysiologic mechanism has attracted extensive 
attention among researchers in recent years. However, the 
exact pathophysiology mechanisms of PMS remain unclear.

Recently, altered hippocampus-related intrinsic 
connectivity were detected in PMS, such as the medial 
prefrontal cortex (MPFC), precentral gyrus (PreCG) and 
orbitofrontal cortex (OFC) (6). Independent component 
analysis (ICA) demonstrated the abnormalities of the 
middle frontal cortex (MFC)-related and PreCG-related 
intrinsic connectivity in PMS (7). In a graph-theoretical 
based study, Liu et al. demonstrated that PMS had 
abnormal node properties in several regions, including 
the PreCG, OFC, putamen, pallidum and thalamus (8). 
Moreover, structural magnetic resonance imaging (sMRI) 
studies have demonstrated that altered subcortical volumes 
in the thalamus and pallidum in PMS patients compared 
with healthy controls (HCs) (9), and abnormal thalamus-
related covariance patterns mainly associated with the 
PreCG and putamen in PMS patients (10). To some extent, 
these studies may provide support for the abnormal brain 
neural mechanisms of PMS patients. However, the changed 
pattern of functional connectivity (FC) and structural are 
still not fully understood in PMS.

Although the intriguing findings in PMS, previous FC, 
ICA and graph theory studies limited the potential to fully 
assess the functional properties of brain networks. As a 

combination of voxel-wise FC and graph theory analyses, 
functional connectivity density (FCD) mapping is a 
powerful approach for depicting whole-brain FC through 
the calculation of local FCD (LFCD) and long-range 
FCD (LRFCD) (11,12). The efficient and well-organized 
functioning of the human brain depends upon local and 
remote connections (13). Previous studies have evidenced 
that FCD is well suited for the systematic study of FC 
abnormalities in the brain (11,12,14), the identification of 
specific pathophysiological functional signatures, and the 
revelation of the neural mechanisms underlying dysfunctions 
in various psychiatric disorders (15,16). These researches 
infer the promise of FCD as a powerful method for PMS-
related investigations. The low-frequency oscillations 
amplitudes in different frequency bands are thought to 
reflect distinct properties and physiological functions of 
brain activity (17,18). Specifically, the frequency spectrum 
was decomposed into five distinct frequency bands, 
including slow-6 (0–0.01 Hz), slow-5 (0.01–0.027 Hz), slow-
4 (0.027–0.073 Hz), slow-3 (0.073–0.198 Hz), and slow-
2 (0.198–0.25 Hz). It has been shown that the oscillation 
amplitudes of the slow-4 and slow-5 bands occur in the 
gray matter (GM) and are conducive to identify correlations 
of functional processing and diseases. In accordance with 
previous studies, slow-6, slow-3, and slow-2 oscillations 
were discarded (18,19). By examining the FCD in the 
slow-4 and slow-5 bands, frequency-specific alterations 
of brain connectivity were determined in psychiatric 
disorders including early-onset schizophrenia (15),  
bipolar disorder depression (16). Moreover, previous 
studies have identified that the higher amplitude of low-
frequency fluctuations/fractional amplitude of low-
frequency fluctuations values including the basal ganglia 
and temporal regions in the slow-5 band compared to the 
slow-4 band in amnestic mild cognitive impairment (20) and 
Alzheimer’s disease dementia (21). These previous studies 
have proposed that the pattern of intrinsic brain activity is 
sensitive to specific frequency bands (i.e., slow-5). Structural 
covariance, providing an effective way to investigate the 
covariance pattern of GM morphological properties of a 
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region with the other voxels or regions in the brain (22). 
A consistency among structural covariance networks, 
anatomical connectivity networks and FC networks was 
reveled in previous studies, which provides powerful support 
for applying structural covariance method to assess network 
integrity in various neuropsychiatric disorders (23,24).

Thereby, we combined frequency-specific FCD and 
structural covariance analysis to explore abnormal FC 
and covariance patterns in PMS patients, which may 
provide potential value for further understanding the 
pathophysiology mechanisms of PMS patients. Here, we 
hypothesized that (I) the significant different connectivity 
patterns would be demonstrated between PMS patients 
and HCs; (II) the interaction effects between groups and 
frequency bands would be ascertained; (III) the altered 
structural covariance patterns would be demonstrated 
between PMS patients and HCs; (IV) the possible 
relationships between neuroimaging findings might be 
correlated with clinical symptoms among PMS patients. We 
present the following article in accordance with STROBE 
reporting checklist (available at https://qims.amegroups.
com/article/view/10.21037/qims-22-506/rc).

Methods

Ethical statement and experimental paradigm

This study was a cross-sectional and prospective design. 
The study was conducted in accordance with the 
Declaration of Helsinki (as revised by 2013) (25). The 
study was approved by the Medicine Ethics Committee of 
First Affiliated Hospital, Guangxi University of Chinese 
Medicine (No. 2018-037-02). Each participant was 
instructed to the whole experiment procedures and signed 
informed consent forms before experimentation. This study 
was registered in the Chinese Clinical Trial Registry and 
available at http://www.chictr.org.cn as registration number 
was ChiCTR1900020642.

In accordance with the females’ physical characteristics 
and hormone level, all the magnetic resonance imaging 
(MRI) scanning were executed in the late-luteal phase, 
ranging from 1 to 7 days prior to menstruation. In order to 
exclude organic diseases and verify menstrual cycle stage, 
gynecological examination and B-ultrasonic wave were 
adopted for each participant before this study. To obtain the 
relatively stable and low level of endogenous cortisol and 
estradiol, all of the MRI scan tests were performed between 
20:00 and 22:00 pm (26).

Participants

The daily rating of severity of problems (DRSP) is 
considered as a reliable, valid and sensitive tool for 
prospective assessment of severity of symptoms and 
impairment at various phases of menstrual cycle. The 
DRSP consists of 21 separate items grouped within 11 
domains describing emotional, physical, cognitive and 
behavioral premenstrual symptoms and 3 specific items of 
impairment in functioning caused by the symptoms (27). In 
order to quantify premenstrual symptoms, each participant 
underwent two months of prospective screening and was 
asked to complete a DRSP questionnaire. In this study, each 
participant was requested to give a daily score of 1 to 6 for 
each symptom in accordance with the severity across her 
menstrual cycle, the number 0 represented no symptoms, 
and higher numbers paralleled worsening of the symptoms. 
Clinical diagnostic interviews were then organized for 
each participant, during these interviews, the demographic 
information of each participant was collected. All patients 
were individually diagnosed by an experienced associate 
professor gynaecologist.

Participants without any treatment for at least 2 months 
consecutively prior to this study were enrolled from the 
local university. Thirty-six PMS patients and 36 matched 
HCs were accepted by this study. According to the 
G*Power instructions and one previous research of PMS 
(1−β=0.80, α=0.05) (28), the sample size in this study has 
sufficient analytical power. The detailed inclusion criteria 
for PMS patients was: (I) the symptoms were concerned 
with abnormality in daily functioning, and contribute to 
the changes of affective (i.e., irritability, anxiety, depression 
and emotional instability), cognitive (i.e. had difficulty 
concentrating, felt overwhelmed or that I could not cope 
and felt out of control), physical (i.e., fatigued, changed 
appetite, sleep problems) or behavioral realm; (II) symptoms 
were alleviated later on the onset of menses and vacant 
during most of the mid-follicular phase of the menstrual 
period; (III) the symptoms were not merely a worsening 
of another physical chronic or mental disorders; (IV) age 
between 18 and 45; (V) the regular menstrual cycle range: 
24–35 days; (VI) right-handedness; (VII) in most menstrual 
cycles, PMS occurred in 2 weeks before menstruation; 
and (VIII) menstrual-related periodicity, occurrence 
during the late luteal phase of cycle (days −7 to −1) and 
absence during the mid-follicular phase (days +1 to +7) for 
two consecutive menstrual cycles, were documented by 
repeated observations by the PMS patients basing on DRSP 
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criterion, and a mean luteal phase score at least 30% greater 
than that during the follicular phase.

The detailed exclusion criteria for PMS patients and 
HCs was: (I) irregular menstrual cycle; (II) contraindications 
to MRI scanning; (III) alcohol abusing or smoking; (IV) 
taking any pain medications, benzodiazepines, hormonal 
medications, steroid compound (e.g., hormonal intrauterine 
devices and oral contraceptives) or other medications 
affecting PMS; (V) being currently pregnant or lactating; 
(VI) having a history of gynecological inflammation, 
menopausal syndrome, dysmenorrhea, thyroid disease, 
bilateral oophorectomy or hysterectomy, cancer or 
mastopathy; (VII) having history of psychiatric disease 
diagnosed in line with Diagnostic and Statistical Manual of 
Mental Disorders (DSM)-5th Edition (29), such as organic 
mental disorder, schizophrenia, schizoaffective disorder, 
delusional mental disorder, psychotic features coordinated 
or uncoordinated with mood or bipolar disorder. During the 
recruitment process, patients with premenstrual dysphoric 
disorder (PMDD) were excluded from the participants 
according to the DSM-5.

HCs underwent the similar basic evaluations of inclusion 
mentioned above: (I) being right-handed; (II) age between 18 
and 45; (III) the regular menstrual cycle range: 24–35 days.

Imaging acquisition

The MRI data of all participants were conducted on a 3T 
Siemens Magnetom Verio MRI System (Siemens Medical, 
Erlangen, Germany) equipped with eight-channel phased-
array head coil. Resting-state functional magnetic resonance 
imaging (fMRI) data were collected through a single-shot 
gradient-recalled echo planar imaging (EPI) sequence with 
the following parameters: flip angle (FA) =90°; field of view 
(FOV) =240 mm × 240 mm; repetition time (TR) =2,000 ms;  
echo time (TE) = 30 ms; matrix =64×64; slices =31, slice 
thickness =5 mm, no-gap, and total of 180 volumes. High 
resolution T1-weighted images were then acquired by 
employing a volumetric three-dimensional (3D) spoiled 
gradient recall sequence with the following parameters: FA 
=9°, FOV =250 mm × 250 mm, TR =1,900 ms; TE =2.22 ms,  
matrix size: 250×250, slices =176, slice thickness =1 mm, 
and no-gap. The total scanning time was about 6 minutes. 
During the scanning, the participants were instructed to 
remain motionless, not to consider anything, keep eyes 
closed and avoid falling to sleep. Foam pillows were applied 
to minimize movement between the instrument and each 
participant’s head.

Functional data preprocessing

The resting-state fMRI data were pre-processed based 
on Statistical Parametric Mapping (SPM12, UK, http://
www.fil.ion.ucl.ac.uk/spm) using the Data Processing 
Analysis of Brain Imaging (DPABI 4.3; http://rfmri.org/
dpabi). Converted the raw DICOM data into the NIFTI 
data format. To allow for magnetization equilibrium and 
participant familiarization, the first 5 volumes for each 
participant were discarded. The remaining 175 volumes 
were corrected for slice timing and head motion correction. 
Discarded the head translation movement was >2.5 mm 
and rotation was >2.5° for all participants. Next, all data 
were spatially normalized to the Montreal Neurological 
Institute (MNI) space (EPI template with 3 mm × 3 mm × 
3 mm voxel size). Furthermore, removal of linear trends of 
the blood oxygenation level-dependent signal of each voxel. 
Nuisance regressions (Friston-24 parameters, cerebrospinal 
fluid signals, white matter) and band-pass filtering were 
performed.

Structural data preprocessing

The sMRI date were performed using the Computational 
Anatomy Toolbox 12 (CAT12, http://dbm.neuro.uni-jena.
de/cat) implemented with statistical parametric mapping 
(SPM12, http://www.fil.ion.ucl.ac.uk/spm/software/spm12). 
Each participant’s MRI data were segmented into GM, 
white matter, and cerebrospinal fluid. High-dimensional 
Diffeomorphic Anatomical  Registration Through 
Exponential Lie Algebra (DARTEL) algorithm by linear 
and non-linear transformation, the native-space structural 
MRI images were transformed into the MNI 152 standard 
space, and segmented to GM of 1.5 mm × 1.5 mm × 1.5 mm 
voxels. Furthermore, CAT12 was applied to display all slices 
for all images and to calculate the homogeneity of obtained 
GM maps between participants. After correcting for bias-
field inhomogeneities, the normalized and modulated GM 
images were smoothed with a 6 mm isotropic Gaussian 
kernel.

Calculation of FCD maps

The voxel-based FCD maps of each participant were 
calculated for each voxel using the in-house script in line 
with previous researches (11,12). FCD maps including 
LFCD map and global FCD (GFCD) map for each 
participant were conducted within a GM mask on the basis 
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of preprocessed images (11,12). The LFCD at a given 
voxel x0 was defined as the local number connections, 
k(x0), between x0 and its adjacent voxels represented by the 
3D searching algorithm. The GFCD calculations were 
confined to voxels within the GM mask, and the GFCD at 
any given voxel x0 was computed using a growth algorithm 
to identify the total number of functional connections k(x0) 
based on Pearson’s correlation (between x0 and all other 
voxels with an absolute correlation coefficient value >0.6 
were considered functionally connected); this procedure 
was repeated for all x0 voxels. The LRFCD was defined 
as the GFCD minus LFCD. To reduce the effect of 
individual variability and increase the normality, the LFCD 
and LRFCD maps of each participant were standardized. 
Finally, to minimize the differences in the functional 
anatomy of the brain across participants, the standardized 
LFCD and LRFCD maps were spatially smoothed with a 
6-mm isotropic Gaussian kernel. 

Statistical analysis

Demographic characteristics and clinical data of the PMS 
patients and HCs were examined by SPSS software (version 
22.0; IBM, Armonk, New York). Two-sample two-tailed 
t-test was applied to compare the significant differences of 
demographic characteristics and clinical variables between 
PMS and HCs. The statistical threshold was set at P<0.05 
for all comparisons.

In SPM12, separate repeated-measures two-way analysis 
of variance (ANOVA) was conducted for both LFCD and 
LRFCD measures with group (two levels: PMS and HCs) as 
a between-subject factor, and frequency bands (two levels: 
slow-4 and slow-5) as a repeated-measures factor, with age, 
height and weight as insignificant covariates (11,30) [P<0.05, 
family-wise error (FWE) corrected; or with a voxel P<0.005, 
and a cluster level P<0.05, Gaussian random field (GRF) 
corrected]. The surviving brain clusters were selected as 
the regions of interest (ROIs) for the following post-hoc 
analysis, two-sample two-tailed t tests were performed on: 
(I) these main effect ROIs to determine the differences 
between the groups (PMS and HCs); (II) these interaction 
effect ROIs to ascertain the differences between the groups 
(PMS and HCs) and frequency bands (slow-4 and slow-5).

Furthermore, based on the post-hoc analysis of 
frequency-specific alteration FCD, the receiver operating 
characteristic (ROC) curves were generated to assess 
whether the FCD alteration of each observed ROI could be 
used to identify PMS patients from the controls [including 

95% confidence interval (CI), P value and area under the 
ROC curve (AUC)]. Nonparametric permutation test was 
applied to examine the statistical significance (P<0.05).

The higher AUC value of the specific ROIs which 
indicates higher precision in terms of identifying PMS 
patients from the HCs (i.e., the striatum in this study). Based 
on the ROC results, we thereby investigated the structural 
covariance of striatum subregions between the PMS 
patients and HCs. First, four caudate subregions (dorsal 
caudate: ROI 1–2; ventral caudate: ROI 3–4), four putamen 
subregions (dorsolateral putamen: ROI 5–6; ventromedial 
putamen: ROI 7–8) and bilateral pallidum (ROI 9–10) 
were defined on the basis of the Human Brainnetome Atlas 
(Figure 1) (http://atlas.brainnetome.org/bnatlas.html). 
Second, two tailed two-sample t-tests were applied to 
compare the mean GM volumes (GMV) differences of ten 
striatum subregions (ROI 1–10) between PMS patients and 
HCs (Bonferroni corrected, P<0.05). Third, whole-brain 
structural covariance analyses were performed to investigate 
abnormal patterns of each subregions showing significant 
GMV-group differences. Multiple regression models were 
established on the modulated GM images for each group 
using the general linear model in SPM12. The mean GMV 
from each ROI was included in these regression models as 
a covariate of interest within each group, and age, height, 
weight and total intracranial volume (TIV) were seen as 
covariates of no interest in each regression model (31). 
One-sample t-test was used to produce structural covariance 
maps. Only significantly positive covariance patterns with 
the mean GMV of each ROI was reserved in each group 
(P<0.05, false discovery rate (FDR) corrected; or with a 
voxel P<0.005, and a cluster level P<0.05, GRF corrected).

Furthermore, the between-group differences in structural 
covariance were evaluated by the different slopes for any 
pair of regions in accordance with previous studies (32,33). 
Thereby, in order to evaluate the difference of structural 
covariance between-groups, we performed a between-
group analysis of slopes by using a multiple classic linear 
interaction model:

( )0 1 2 3 4

5 6 7

geY X G GX A
Height Weight TIV

β β β β β
β β β ε

= + + + +

+ + + +
 [1]

In this model, Y indicated a vector of the GMV of each 
region showing between-group differences; X represented 
the averaged GMV in each seed; G was a vector with binary 
group labels, and two groups were put into the same model 
(where 1 indicating PMS patients and −1 indicating HCs). 
In consistent with previous studies, age, height, weight and 
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Figure 1 The anatomical location of striatum subregions. The striatum subregions containing the four caudate subregions (dorsal caudate: 
ROI 1–2; ventral caudate: ROI 3–4), four putamen subregions (dorsolateral putamen: ROI 5–6; ventromedial putamen: ROI 7–8) and 
bilateral pallidum (ROI 9–10). ROI, region of interest; R, right.

ROI 1–2 ROI 3–4 ROI 5–6 ROI 7–8 ROI 9–10

R

TIV were included as nuisance variables (31). β3 modeled 
the relationship between the interaction term Group-by-X 
(32,33). Specific t-value of β3 as the statistic to perform a 
permutation test (1,000 times; P<0.05).

Pearson’s correlation analyses were performed between 
the mean LFCD/LRFCD value and striatum subregions 
GMV that showed significant difference and the DRSP 
(i.e., DRSP total score, sub-symptom scores of DRSP 
and subscale scores of physical symptoms) scores of PMS 
patients (Bonferroni corrected, P<0.05). 

Results

Demographic characteristics and clinical variables

The number of participants at each stage were reported 
by a flow diagram of Figure 2. Finally, 35 PMS patients 
and 36 HCs were enrolled in this study. Demographic 
characteristics and clinical variables of PMS patients and 
HCs are summarized in Table 1. There was no significant 
difference in terms of age, height, weight, menophania 
and menstruation (P>0.05) (Table 1). The PMS patients 
had a higher length of menstrual cycle than HCs (P=0.04)  
(Table 1). The self-rating anxiety scale (SAS) score, self-
rating depression scale (SDS) score and total DRSP scores 

in the late luteal phase of PMS patients were significantly 
higher than HCs (P<0.001) (Table 1). The sub-symptom 
(affective symptoms, physical symptoms, cognitive changes 
and behavioral realm) scores of DRSP and subscale scores 
of physical (i.e., fatigued, changed appetite and sleep 
problems) in the late luteal phase of PMS patients were 
significantly higher than HCs (P<0.001) (Table 1).

Main effects of group

A significant LFCD main effect of group is shown in  
Figure 3A and Table S1. PMS patients exhibited significantly 
decreased LFCD in the left middle cingulate cortex (MCC) 
compared with HCs (Figure 3B). A significant LRFCD 
main effect of group is shown in Figure 3C and Table S1. 
PMS patients exhibited significantly increased LRFCD in 
the left PreCG compared with HCs (Figure 3D).

Interaction effects between the frequency band and group

Significant LFCD frequency-by-group interaction effect is 
observed in Figure 4A and Table S2. PMS patients showed 
significantly decreased LFCD in the striatum (including 
the left caudate, left putamen, left pallidum) and left 

https://cdn.amegroups.cn/static/public/QIMS-22-506-Supplementary.pdf
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Figure 2 The flow diagram to report the number of participants at each stage in this study. PSST, Premenstrual Syndrome Scales Tool; 
DRSP, daily record of severity of problems; DSM-5, Diagnostic and Statistical Manual of Mental Disorders-5th Edition; PMDD, 
premenstrual dysphoric disorder; PMS, premenstrual syndrome.

Table 1 Demographic and clinical characteristics for PMS patients and HCs

Characteristics PMS (n=35) HCs (n=36) P value

Age (years) 24.29±2.75 23.64±1.74 0.24

Height (cm) 158.31±5.47 157.78±4.34 0.65

Weight (kg) 51.40±7.83 51.83±8.31 0.82

Menophania (years) 12.89±1.05 12.89±1.01 0.99

Menstruation (days) 6.20±1.21 5.94±1.15 0.36

Length of menstrual cycle (days) 30.77±2.29 29.72±1.97 0.04

SAS 48.77±8.47 36.72±8.01 <0.001***

SDS 55.20±10.03 42.11±10.15 <0.001***

Total DRSP score 67.42±13.42 28.60±5.21 <0.001***

Sub-symptom scores of DRSP

Affective symptoms 162.40±38.47 56.56±7.64 <0.001***

Physical symptoms 171.83±35.86 78.53±18.20 <0.001***

Cognitive changes 57.26±19.24 23.97±4.27 <0.001***

Behavioral Realm 92.26±21.74 36.39±4.70 <0.001***

Subscale scores of physical

Fatigued etc. 22.51±5.63 9.07±3.20 <0.001***

Changed appetite 36.90±14.51 18.40±6.42 <0.001***

Sleep problems 42.57±10.90 18.19±5.19 <0.001***

Date are shown as mean ± SD. ***, P<0.001 obtained by two-sample two-tailed t-test. PMS, premenstrual syndrome; HCs, healthy 
controls; SD, standard deviation; SAS, self-rating anxiety scale; SDS, self-rating depression scale; DRSP, daily record of severity of 
problems. 

Patients (n=46)

PMS patients (n=42)
Included PMS 
patients (n=35)

Included healthy 
controls (n=36)

Functional data 
missing (n=3)

Healthy controls (n=39)

Functional data missing 
(n=6)

Severe image artifacts of 
T1 structural data (n=1)

Participants

PSST evaluation;
DRSP score >50 (day 1)

According to the DSM-5 criteria, a mean luteal 
phase score at least 30% greater than that 

during the follicular phase.
PMDD patients were excluded (n=4)
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Figure 3 Main effect of the group on LFCD and LRFCD. The results were obtained by repeated-measures two-way ANOVA. Main 
effect of group on LFCD (A) and LRFCD (C); as well as post-hoc analysis of the group on LFCD (B) and LRFCD (D). ANOVA, analysis of 
variance; PMS, premenstrual syndrome; HCs, healthy controls; MCC, middle cingulate cortex; PreCG, precentral gyrus; R, right; LFCD, 
local functional connectivity density; LRFCD, long-range functional connectivity density.
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thalamus in the slow-5 frequency band in comparison with 
HCs; and no significant different LFCD of these regions 
was found in the slow-4 frequency band (Figure 4B). The 
significant LRFCD frequency-by-group interaction effect is 
observed in Figure 4C and Table S2. PMS patients showed 
significantly increased LRFCD in the right OFC in the 
slow-4 band whereas no significantly altered LRFCD in this 
cluster in the slow-5 in comparison with HCs (Figure 4B).

ROC analysis results

In slow-5 band, the ROC results showed that the LFCD of 
striatum and thalamus regions could potentially be recognized 
as markers to distinguish PMS patients from HCs in Figure 5.  
The AUC values (95% CI, P value) of these regions from 

ROC analysis were 0.744 (0.630–0.857, P<0.001) in the left 
caudate, 0.756 (0.644–0.869, P<0.001) in the left putamen, 
0.733 (0.617–0.850, P=0.001) in the left pallidum, and 0.726 
(0.609–0.843, P=0.001) in the left thalamus.

GMV differences and structural association of striatum 
between groups

PMS patients showed decreased GMV in the four caudate 
subregions (ROI 1–4) than HCs (Bonferroni corrected, 
P<0.05, Figure 6). The detailed structural covariance 
patterns of the four caudate subregions in PMS and HCs 
were mainly located in the caudate, pallidum, thalamus and 
frontal lobe (Figure S1 and Figure S2).

Compared with HCs, the results of interaction linear 

https://cdn.amegroups.cn/static/public/QIMS-22-506-Supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-22-506-Supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-22-506-Supplementary.pdf
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Figure 4 Interaction effect between the frequency band (slow-4 and slow-5) and the group (PMS and HCs) on LFCD and LRFCD. The 
results were obtained by repeated-measures two-way ANOVA. The interaction between the frequency band and diagnosis on LFCD (A) 
and LRFCD (C); as well as the post-hoc analysis of the interaction effect (B). ANOVA, analysis of variance; PMS, premenstrual syndrome; 
HCs, healthy controls; OFC, orbitofrontal cortex; R, right; LFCD, local functional connectivity density; LRFCD, long-range functional 

connectivity density.
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model analysis showed that PMS patients had the decreased 
covariance between the bilateral dorsal caudate, left ventral 
caudate and the right MFC, and the decreased covariance 
between the left ventral caudate and the left MPFC (Figure 7).

Correlation between imaging results and clinical symptoms

The LFCD value in the left thalamus in the slow-5 band 
in PMS patients was significantly negatively correlated 
with the scores of physical symptoms (r=−0.39, P=0.021)  
(Figure 8) and the scores of sleep problems (subscale of 

physical symptoms) (r=−0.43, P=0.009) (Figure 8).

Discussion

This study applied voxel-based FCD and structural 
covariance analysis to investigate possibly altered FC and 
structural covariance patterns among PMS patients and HCs.

Group differences in FCD between PMS and HCs

FCD provides an unbiased fMRI feature to characterize the 
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Figure 5 In the slow-5 frequency band, ROC curve analysis results of differentiating the PMS patients from the HCs by using the LFCD 
based on the four regions (left caudate, left putamen, left pallidum and left thalamus). The orange lines represent the sensitivity of each 
specific brain region in ROC analysis, and the green lines represent the identity of each specific brain region in ROC analysis. ROC, receiver 

operating characteristic; PMS, premenstrual syndrome; HCs, healthy controls; LFCD, local functional connectivity density.

Figure 6 The GMV differences between groups in the striatum subregions. The GMV differences between PMS patients and HCs in the 
striatum subregions. *, P<0.005 (Bonferroni corrected, P<0.05). GMV, gray matter volume; ROI, region of interest; PMS, premenstrual 

syndrome; HCs, healthy controls.
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Figure 7 Significant between-group differences in structural covariance for PMS and HCs. Specific regions showed significant between-

group differences with the caudate subregions. PMS, premenstrual syndrome; HCs, healthy controls; MFC, middle frontal cortex.

Figure 8 In the slow-5 frequency band, negative correlation between the LFCD of the thalamus and sub-symptom scores of DRSP (i.e., the 
physical symptoms, especially for the sleep problems) in patients with PMS (Bonferroni corrected, P<0.05). PMS, premenstrual syndrome; 
LFCD, local functional connectivity density; DRSP, daily record of severity of problems.
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voxel-based FC in brain (11). In the present study, we found 
decreased LFCD in the MCC in PMS patients. As a pivotal 
component of homeostatic afferent network and emotional-
arousal network, the MCC is associated with appraising 

the importance of visceral stimulation and emotional  
regulat ion (34).  Duan et  a l .  reveled the aberrant 
hippocampus-MCC connectivity was implicated in the 
impaired somatic sensation processing in PMS patients (6).  
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Increased LRFCD in the PreCG was also found in PMS 
patients in this study. Recent studies have shown that 
LRFCD captures long distance brain communication 
which requires higher time and metabolic costs than LFCD 
(35,36). The disruption in the balance between LRFCD 
and LFCD may imply a shift between the costly metabolic 
connection and economic connection (30). The PreCG is 
one key region of somatosensory cortex, which responds to 
sensory and motor processing. The MCC was also positively 
correlated with the sensorimotor networks (37). The 
somatosensory cortex, displaying high local connectivity, 
was implicated in the neuropsychiatric disorders (38). 
Numerous studies have proved that the PreCG not only 
encodes bodily sensations, but also plays an important role 
in understanding and recognizing other’s emotional states 
utilizing social cues (39-41), and dysfunction of PreCG 
may be associated with hypoesthesia or sensory disorder 
depression patients. Previous studies have indicated that 
PMS patients exhibit a blunted response in the sympathetic 
system when they experience acute stressors (42,43). Dubol 
et al. reviewed the neuroimaging evidence for PMDD (the 
most severe form of PMS) and found that the PreCG was 
concerned with the severity of PMDD, implying a reduced 
cognitive control over the negative stimulation in women 
with premenstrual disorders (44). Meng et al. reported 
that the significant lower activation in the PreCG in PMS 
patients than HCs during stress condition, and indicated 
the insensitive response of the nervous system might be 
considered as one of the reasons for a decreased cognitive 
control of premenstrual disorders (28). Cognitive change 
is also integrated with negative emotion processing and 
psychiatric symptoms such as anxiety and depression (45). 
Thereby, the disruption in the balance between LFCD in 
the MCC and LRFCD in the PreCG may be involved in 
the somatosensory processing and negative emotion, that 
might contribute to the dysregulation of visceral sensory 
afferent responses of PMS patients. However, more 
evidence is needed to further verify “the imbalance between 
the LFCD and LRFCD in PMS” in the future. Predicting 
that long-range connectivity but shorter local connectivity 
is worse for emotional regulation may be a valuable topic in 
the future studies.

Frequency-specific changes in FCD in PMS

Another remarkable finding in the present study was 
that the changed LFCD in the striatum and thalamus 
were modulated by the frequency bands. The striatum, 

thalamus and OFC play crucial characters in the cortico-
striatal-thalamic-cortical (CSTC) network. The CSTC 
network, which was implicated in emotional, cognitive 
and sensorimotor functions (46,47), plays a key role in 
the pathophysiology of affective disorders, such as major 
depressive disorder (48), Parkinson’s disease related-
anxiety (23). Recently, one research reported a significant 
interaction between the frequency band and group in the 
caudate in Parkinson’s disease with depression patients, 
and suggested that the slow-5 band was more suitable 
for detecting degree centrality abnormalities associated 
with the CSTC network (49). Zhang et al. indicated a 
significant interaction between the frequency band and 
group in the striatum and thalamus in patients with social 
anxiety disorder generated by different mechanisms (50). 
These findings indicated that the pattern of intrinsic brain 
connectivity was sensitive to the specific frequency band. 
Moreover, in our study, the ROC results demonstrated 
that the striatum had the well performance to distinguish 
the patients from HCs, indicating the LFCD in the 
striatum could be potential biomarkers for PMS in slow-
5 band. Accordingly, this study argues that the slow-5 band 
might have greater sensitivity in detecting the alterations 
of functional communication of CSTC network in PMS 
patients than the slow-4 band. 

In addition, this study discovered the significant 
interaction of the LRFCD in the OFC between the slow-
4 and slow-5 bands in PMS patients compared with HCs. 
The OFC, having specific connections within the CSTC 
network, contributes to regulate the interactions between 
emotional processing and cognitive functions (51,52). 
The disruption of long-range information interaction is 
associated with the reduction of brain network efficiency and 
may bring on aberrant cognition and clinical characteristics 
in mental diseases (16,35). One recent research reported that 
the increased LRFCD in OFC might be prejudicial to the 
diversity of inputs and outputs in brain areas in human (53). 
Another study from Gingnell et al. revealed hyperactivations 
of the OFC in PMDD patients during the anticipation of 
negative pictures during the luteal phase (54). Moreover, 
one previous study showed that the similar pattern of 
“hyperconnectivity” in the OFC provided a possible 
explanation for the social cognition abnormalities (15).  
Therefore, the dissimilarities of PMS-related long-range 
information interaction between frequency bands suggests 
that the alterations in brain connectivity in PMS patients 
may be strongly modulated by the frequency bands. The 
properly chosen frequency band would be helpful to explore 
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PMS-related neural mechanism more sensitively. The 
current results might present the disturbed modulation 
function of the OFC in PMS and may be correlated with 
the dysregulation of cognitive in such disease.

Changed structural association of striatum subregions in 
PMS

PMS patients showed the decreased GMV in the caudate 
subregions compared with HCs. Furthermore, the 
decreased structural associations between the caudate 
subregions and frontal lobe (MFC and MPFC) were found 
in PMS compared with HCs. Previous studies proved 
that the dorsal and ventral caudate demonstrate different 
vulnerability to diseases, specifically, the dorsal caudate 
appears to be more vulnerable to diseases that cause 
cognitive impairments (e.g., Parkinson’s disease) (55),  
while the ventral caudate appears more disrupted in 
affective disorders (such as obsessive-compulsive disorder 
and major depression) (56). It was proved that the MFC 
had specific influence on cognitive and emotional functions 
in the menstrual cycle (57). The MPFC is implicated 
in cognitive and emotional processing, and MPFC-
related hypoactivation may contribute to anhedonia  
symptoms (58). Liu et al. found the reduced cortical 
thickness in the MPFC, which was associated with impaired 
menstrual cycle-related emotion regulation in PMS (9).  
Furthermore, the ventral caudate is involved in the 
affective functions including the perception of fatigue (59). 
Particularly, clinical assessment of fatigue is significantly 
correlated with neural activity in the ventral caudate 
during hedonic reward tasks (60). In the present study, the 
significant higher fatigue and less interest in usual activities 
(e.g., work, school, friends and hobbies) were found in 
PMS patients compared with HCs. There is accumulating 
ev idence  suggest ing  that  hormones  f luctuat ions 
(particularly estradiol and progesterone) across women 
menstrual cycle leading to frontal lobe GM reductions  
(61-64). Taken together, we speculate that the decreased 
GMV of caudate subregions and decreased structural 
association between caudate-frontal lobe in PMS may be 
associated with the menstrual cycle-related dysregulation 
of emotion, and thus contribute to the less interest in usual 
activities and higher perception of fatigue.

Correlation between imaging results and clinical symptoms

Interestingly, in the slow-5 band, the decreased LFCD in 

the thalamus was negatively correlated with the severity 
of sleep problems in patients with PMS. As a vital region 
in integrating neural activity from widespread neocortical 
inputs and outputs, the thalamus is considered to play a 
main character in adjusting state of sleep and wakefulness. 
Recently, in the classical frequency band, Kong et al. 
revealed that the altered short-range FCD in thalamus was 
associated with cognitive function in healthy subjects after 
acute sleep deprivations (65). In particular, the thalamus 
is the integral component within the limbic CSTC 
network, and it transmits sensory salience information 
to the prefrontal cortex. To protect sleep from external 
interference, the thalamus selects information to be 
projected to the cortex while the cortex is asleep (66). 
Negative correlation demonstrates that as the severity of 
sleep problems increases, the function communication in 
the thalamus area becomes less. The significantly higher 
scores of physical symptoms (such as fatigued, had trouble 
getting to sleep or staying asleep) of PMS than HCs were 
found in the present study. Taken together, these findings 
might suggest that the disturbed function communication 
in thalamus is dependent on the frequency bands, which 
enhances our understanding of frequency-specific pathology 
of PMS. The underlying neural mechanisms of this 
interaction in thalamus and frequency domains of PMS are 
interesting topics that require further investigations.

Several limitations of the current work should be 
acknowledged. Firstly, we recruited participants of this 
study during their late luteal phase. However, the evaluation 
of hormone levels of participants was not performed in 
our experimental design. Women had obvious hormonal 
fluctuations during the menstrual cycle, which is known 
that hormonal fluctuations may affect neural plasticity on 
women’s brain (61-64). The study merely investigated the 
brain functional and structural changes of PMS patients at 
luteal phase by comparing to HCs. It remains to be further 
studied and confirmed whether the results are partially 
due to the hormones fluctuations across menstrual cycle in 
future works. Secondly, we could not eliminate completely 
the effects of the physiological noise, such as cardiac and 
respiratory pulsation, from the resting-state fMRI data of 
slow-4 and slow-5 frequency bands. Thirdly, although age, 
height and weight were regressed as covariates in ANOVA 
analysis, it is difficult to exclude such inherent differences 
among individuals. Fourthly, the sample size in this study 
is relatively small. Further study with larger clinical dataset 
may provide more sufficient power and external validity for 
image analysis and draw more definitive conclusions. Fifthly, 
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in the present study, the recruited women with a relatively 
narrow age range, which may limit the generalizability of 
the neuroimaging findings. Thus, a more extensive age 
range of participants will be enrolled in future work. Finally, 
there were relatively low amounts of fMRI data collected 
for each individual (180 images, 6 min scan time, TR =2 
seconds) in this study. Therefore, further study with higher 
amounts of fMRI data to verify the reliability and validity of 
this study results.

Conclusions

In summary, based on multi-modal MRI, we explored the 
frequency-specific FCD and structural covariance patterns 
in PMS patients. The abnormal functional communication 
was found in the MCC and PreCG. The significant 
frequency band-by-group interaction effect was mainly 
located in the striatum, thalamus and OFC. Moreover, the 
result from the ROC analysis might explore the core roles 
of striatum in the pathophysiology of PMS in slow-5 band. 
The decreased structural covariance was found between 
the striatum (i.e., caudate) subregions and frontal lobe. 
Interestingly, the LFCD in the thalamus was significantly 
negatively correlated with the sleep problems in slow-
5 band. This neuroimaging study imply the abnormal 
emotional regulation and aberrant cognitive function 
related to PMS. Our neuroimaging findings suggest that 
frequency-specific FCD and structural covariance analysis 
might improve our understanding of the pathophysiologic 
mechanism of PMS from novel perspective.
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Figure S1 Bilateral dorsal caudate subregions (ROI 1–2)-based structural covariance patterns in both PMS patients and HCs. ROI, region 
of interest; PMS, premenstrual syndrome; HCs, healthy controls; R, right.
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Figure S2 Bilateral ventral caudate subregions (ROI 3–4)-based structural covariance patterns in both PMS patients and HCs. ROI, region 
of interest; PMS, premenstrual syndrome; HCs, healthy controls; R, right.
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Table S1 Main effect of the group on LFCD and LRFCD by two-way ANOVA

Item Brain regions L/R BA
MNI coordinates (mm)

F value Cluster P value
x y z

LFCD MCC L 23 −6 −18 42 13.47 <0.05

LRFCD PreCG L 6 −39 6 39 11.98 <0.05

L, left; R, right; BA, Brodmann area; MNI, Montreal Neurological Institute; LFCD, local functional connectivity density; LRFCD, long-range 
functional connectivity density; MCC, middle cingulate cortex; PreCG, precentral gyrus; ANOVA, analysis of variance.

Table S2 Interaction effects between the group and frequency band by two-way ANOVA

Item Brain regions L/R BA
MNI coordinates (mm)

F value Cluster P value
x y z

LFCD

Cluster 1 Caudate L – −18 −15 24 12.79 <0.05

Putamen L – −24 −3 6 11.59

Pallidum L – −24 −6 3 10.37

Thalamus L – −21 −12 6 11.66

LRFCD OFC R 11 30 63 0 19.30 <0.05

L, left; R, right; BA, Brodmann area; MNI, Montreal Neurological Institute; LFCD, local functional connectivity density; LRFCD, long-range 
functional connectivity density; OFC, orbitofrontal cortex; ANOVA, analysis of variance.


