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White matter microstructure and volume correlates
of premenstrual dysphoric disorder
Xuan Gu, PhD*; Manon Dubol, PhD*; Louise Stiernman, MD; Johan Wikström, PhD;
Andreas Hahn, PhD; Rupert Lanzenberger, MD, PD; C. Neill Epperson, PhD;
Marie Bixo, PhD; Inger Sundström-Poromaa, PhD†; Erika Comasco, PhD†

Background: Premenstrual dysphoric disorder (PMDD) is a mood disorder characterized by psychological and physical symptoms. Differences in white matter have been associated with affective and anxiety disorders, which share some symptoms with PMDD. However,
whether white matter structure differs between the brains of individuals with PMDD and healthy controls is not known, nor is its relation
to symptom severity. Methods: We performed tract-based spatial statistics and voxel-based morphometry analyses of diffusion tensor
imaging metrics and white matter volume, using 2 neuroimaging data sets (n = 67 and n = 131) and a combined whole-brain and regionof-interest approach. We performed correlation analyses to investigate the relationship between regions with different white matter
microstructure and volume and PMDD symptom severity. Results: We found greater fractional anisotropy in the left uncinate fasciculus
(d = 0.69) in individuals with PMDD compared to controls. Moreover, the volume of the right uncinate fasciculus was higher in individuals
with PMDD compared to controls (d = 0.40). As well, the severity of premenstrual depression was positively correlated with fractional
anisotropy in the right superior longitudinal fasciculus (r = 0.35). Limitations: It is challenging to interpret group differences in diffusion
tensor imaging metrics in terms of their underlying biophysical properties. The small size of the control group in the diffusion tensor
imaging study may have prevented effects of interest from being detected. Conclusion: The findings of the present study provide evidence of differential cerebral white matter structure associated with PMDD and its symptoms.

Introduction
Premenstrual dysphoric disorder (PMDD) is a mood disorder that affects about 3%–8% of individuals who menstruate.1
It is characterized by symptoms of affective lability, irritability, depression and anxiety, peaking in the late luteal phase
of the menstrual cycle.2
Since its recognition as a distinct psychiatric disorder in the
DSM-5,3 the etiology of PMDD has become an increasingly
active area of research. In the search for the neural correlates
of PMDD, MRI has been employed to investigate brain structure and function in individuals with PMDD.4 Notably, functional imaging studies have suggested an impairment of top–
down inhibitory circuits that comprise the corticolimbic brain
networks,4 likely involving altered connections between the
frontal and subcortical regions. Nevertheless, whether there
are structural alterations in corresponding white matter tracts
related to PMDD remains unexplored.

Diffusion tensor imaging (DTI) enables an assessment of
white matter microstructure in vivo by measuring the diffusion of water molecules in neural fibres.5 It estimates the degree of directionality by measuring fractional anisotropy
(FA), and the movement of molecules as defined by mean
diffusivity (MD), axial diffusivity (AD) and radial diffusivity
(RD). Alterations in anisotropy and diffusivity measures
have been associated with different affective and anxiety disorders6–8 that share symptoms with PMDD. Notably, reduced
FA in the superior longitudinal fasciculus (SLF), uncinate fasciculus, inferior fronto-occipital fasciculus, forceps minor, anterior thalamic radiation, superior corona radiata, cerebellum
and cingulum appears to characterize these disorders.6 Moreover, menstrual cycle phase–dependent white matter correlations with gonadal hormone levels have been described in
healthy naturally cycling individuals,9 linking FA measures
in the hippocampus to estradiol concentrations over the menstrual cycle, for example.10 Thus, trait-like characteristics or
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maladaptive hormone-driven changes in white matter structure may occur in the brains of individuals with PMDD,
which could relate to functional imaging findings.9
The present studies were aimed at determining whether
white matter structure is altered in individuals with PMDD
compared to healthy controls, using DTI data analyzed with
tract-based spatial statistics (study I), and voxel-based morphometry (VBM; study II). We compared FA, diffusivity metrics (MD, AD and RD) and white matter volumes in individuals with PMDD and controls who were scanned during the
symptomatic phase of the menstrual cycle, using a combined
whole-brain and region-of-interest approach. In accordance
with the neuroimaging literature on PMDD,4 as well as DTI
findings related to the menstrual cycle9 and affective and
anxiety disorders,6 we expected white matter structure to be
altered in individuals with PMDD compared to controls. Specifically, we expected to find differences in the following
white matter tracts: anterior thalamic radiation, cerebellum,
cingulum, corticospinal tract, fornix, genu of the corpus callosum, inferior fronto-occipital fasciculus, inferior longitudinal
fasciculus, superior corona radiata, SLF and uncinate fasciculus. We also sought to determine whether differential white
matter metrics were associated with symptom severity in
individuals with PMDD.

Methods
Study I: white matter microstructure
Participants
The DTI study was carried out at the Departments of Obstetrics and Gynecology at Uppsala University Hospital (site 1),
between December 2016 and December 2019. In total, 62 individuals with PMDD and 11 healthy, naturally cycling individuals with regular menstrual cycles (24–35 days) were recruited using advertisements in local newspapers, local
message boards, social media and student websites. Exclusion criteria were as follows: steroid hormone treatment (including hormonal contraceptives) or treatment with psychotropic drugs in the previous 3 months, breastfeeding,
pregnancy, an ongoing psychiatric disorder other than
PMDD, clinically relevant findings on physical examination
or blood testing, and contraindications for MRI.
Study procedures complied with the Declaration of Helsinki and were approved by the ethics committee of Uppsala
University (Dnr. 2016/184 and 2016/312). We obtained written informed consent from all participants after they had
been given oral and written information about the study.
All participants filled in daily prospective symptom ratings
over 2 consecutive menstrual cycles using the Daily Record
of Severity of Problems (DRSP) scale.11 We defined a diagnosis of PMDD based on DSM-5 criteria: an increase of more
than 50% in at least 5 of 11 symptoms (among them at least
1 core PMDD symptom) between the follicular phase (days 6
to 12) and the luteal phase (days −7 to −1).12 To meet the criteria for a diagnosis of PMDD, participants had to have
marked symptoms in the luteal phase that caused substantial distress or interference with their usual activities. In ad-
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dition, diagnostic symptoms had be at least mild (mean luteal phase score greater than 3.0, with at least 2 days greater
than 4.0) and disappear during the follicular phase (mean
follicular phase score less than 2.0).
We ruled out psychiatric comorbidities using the MiniInternational Neuropsychiatric Interview. 13 We also assessed and confirmed monitoring of the menstrual cycle phase
using serum progesterone and estradiol concentrations meas
ured at the same time as the brain scan. We assessed premenstrual symptom severity during the scan month using the
DRSP scale. We assessed mean total DRSP scores for the late luteal phase (obtained during the final 5 days of the scan month)
and the 8 items related to the core affective PMDD symptoms
according to the DSM-5 (depression, hopelessness, guilt, being
easily hurt, mood swings, anxiety, irritability, conflicts).11
Six participants (5 with PMDD, 1 control) were excluded
from the analyses because of technical issues (n = 3), excessive head motion (n = 2) or a brain tumour (n = 1), for a total
sample of 57 individuals with PMDD and 10 controls
(Appendix 1, Figure S1, available at www.jpn.ca/lookup/
doi/10.1503/jpn.210143/tab-related-content).
MRI acquisition
All participants underwent MRI scanning, including DTI, in
the luteal phase of their menstrual cycle, on a 3.0 T wholebody scanner (Achieva dStream, Philips Medical Systems)
equipped with a 32-channel head coil. We acquired DTI data
using a whole-brain echo planar imaging sequence with the
following parameters: repetition time 3628 ms; echo time
83 ms; field of view 224 mm × 224 mm; matrix 128 × 128;
voxel size 1.75 × 1.75 × 2 mm3; slice thickness 2 mm; flip
a ngle 90°; 48 diffusion-sensitive directions with b =
800 mm2/s; 1 volume with b = 0 mm2/s; 60 slices without an
interslice gap; and acquisition time 7 min, 48 s. Across par
ticipants, the mean signal-to-noise ratio in white matter was
40.3 for b = 0 mm2/s and 22.9 for b = 800 mm2/s.
Data preprocessing
We performed preprocessing of the DTI data and further
analyses using the FMRIB Software Library (FSL version
6.0.4; www.fmrib.ox.ac.uk/fsl/index.html) and the default
recommended parameters. We corrected for head motion
and eddy current distortions by registering all volumes to the
first volume using the FSL function eddy_correct.14,15 We
used the FSL function BET16 (f = 0.4, g = 0) to create the brain
mask from the b0 image. We performed diffusion tensor fitting and DTI metric (FA, MD, AD) calculations using the FSL
function dtifit. We performed RD calculation using the
FSL function fslmaths, with RD = (λ2+λ3)/2, where λ2 and λ3
were the 2 smaller eigenvalues. After a visual quality check,
we excluded 2 participants from subsequent analyses because of severe head motion.
Tract-based spatial statistics allows for the voxel-based
analysis of DTI data and reduces the effects of local misalignment by projecting all voxels onto the nearest location on a
skeleton approximating white matter tract centres.17,18 The
tbss_1_preproc script in FSL19 slightly eroded FA images and
zeroed the end slices. All FA images were then aligned to the
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FMRIB58 FA standard space using the tbss_2_reg script.20,21
With the tbss_3_postreg script applied to the nonlinear transformations previously generated to each brain, we built the
mean FA image and created the mean FA skeleton. Finally,
with the tbss_4_prestats script, we thresholded the mean FA
skeleton image at the chosen threshold of 0.2 and created the
skeletonized FA data for all brains by projecting the FA data
onto the mean FA skeleton.
We applied the nonlinear registration transformations derived from the processing of FA maps to MD, AD and RD images by running the script tbss_non_FA. We then projected
warped MD, AD and RD data onto the mean FA skeleton.
Statistical analysis
We performed between-group comparisons of DTI metrics
using the permutation-based, nonparametric “randomize”
tool in FSL,22 with threshold-free cluster enhancement23 and
family-wise error (FWE) correction across voxels. We set the
number of permutations to 5000 and used a threshold of
p < 0.1 to define significant clusters, given the exploratory
nature of the study. To account for potentially confounding
factors, we included age as a covariate in the analyses.24
We performed group comparisons on the skeletonized FA,
MD, AD and RD images. To define white matter tracts of
interest, we used 9 masks (dorsal and ventral cingulum bundle, corticospinal tract, fornix, genu of the corpus callosum,
superior cerebellar peduncle, superior corona radiata, SLF
and uncinate fasciculus) from the Johns Hopkins University
ICBM-DTI-81 atlas25 and 3 masks (inferior fronto-occipital
fasciculus, inferior longitudinal fasciculus and anterior
thalamic radiation) from the Johns Hopkins University white
matter tractography atlas.26
Because of previously reported asymmetry in white matter
microstructure,27 we tested the regions of interest separately
for each hemisphere. To account for multiple testing across
regions of interest, we applied false discovery rate (FDR) correction on the region-of-interest statistics, using a relaxed
threshold of q < 0.1, given the exploratory nature of the
study. We also ran exploratory analyses at the whole-brain
level on the entire skeletonized FA, MD, AD and RD images.
We calculated Cohen d effect sizes 28 in Matlab R2020b
(MathWorks) for clusters with significant between-group differences in DTI metrics. Effect sizes are given as the mean of
Cohen d values in each of the significant clusters.
To investigate whether FA was related to PMDD symptom
severity in clusters (k = 6) that differed between individuals
with PMDD and controls, we performed partial correlation
analyses, adjusting for age.24 We used the Anderson–Darling
test to assess normal distribution. We used Pearson and
Spearman correlations for normally and non-normally distributed scores, respectively. Because 3 participants did not
provide complete symptom ratings, 54 individuals with
PMDD were included in these analyses. We used Bonferroni
correction for multiple comparisons of the 8 DRSP scores
(p < 0.006, Bonferroni corrected). We conducted correlation
analyses, as well as group comparison of demographic and
clinical characteristics, using the SPSS version 27 (SPSS Inc.,
IBM SPSS Statistics) and Matlab R2020b.

Study II: white matter volume
Participants
The VBM study was based on 2 neuroimaging data sets collected at the Departments of Obstetrics and Gynecology at
Uppsala University (site 1) and the Umeå Centre for Functional
Brain Imaging (site 2) in Sweden. In total, we recruited 94 individuals with PMDD (62 from site 1 and 32 from site 2) and
43 controls (11 from site 1 and 32 from site 2) with regular menstrual cycles, as described for study I. Exclusion criteria, confirmation of PMDD diagnosis and monitoring of the menstrual
cycle were identical to what has been described for study I.
All procedures were approved by the ethics committees of
Uppsala University (Dnr. 2016/184 and 2016/312) and Umeå
University (2016–111–31M, 2017–266–32M), and we obtained
written informed consent from all participants.
Six participants (5 PMDD, 1 control) were excluded from
the analyses because of technical issues (n = 4), a brain tumour
(n = 1) or claustrophobia (n = 1), for a total sample of 89 individuals with PMDD and 42 controls (Appendix 1, Figure S1).
MRI acquisition
All participants underwent T1-weighted MRI scanning during the luteal phase of their menstrual cycle.
At site 1, we acquired high-resolution MRI data with a
3.0 T whole-body scanner (Achieva dStream, Philips Medical
Systems) equipped with a 32-channel head coil. We acquired
the data using a magnetization-prepared rapid gradient echo
sequence with the following parameters: repetition time
8.3 ms; echo time 3.8 ms; voxel size 0.94 × 0.94 × 1 mm3;
matrix 256 × 256; flip angle 8°; 220 transversal slices; acquisition time 3 min, 50 sec.
At site 2, we acquired high-resolution MRI data with a
3.0 T scanner (Discovery MR750, General Electric) equipped
with a 32-channel head coil. We acquired the data using a
3-dimensional fast spoiled gradient echo sequence with the
following parameters: repetition time 8.2 ms; echo time
3.2 ms; voxel size 0.48 × 0.48 × 1 mm3; matrix 512 × 512; flip
angle 12°; 176 transversal slices; acquisition time 8 min, 11 s.
Data preprocessing
We carried out MRI preprocessing in SPM12 (Wellcome Trust
Centre for Neuroimaging) implemented in Matlab R2019b
(MathWorks). First, all images were manually reoriented
using the anterior commissure as origin (0, 0, 0). Then, using
the segment routine in SPM12, the reoriented images were
spatially normalized into Montreal Neurological Institute
(MNI) space and corrected for intensity variations before being segmented into grey matter, white matter, cerebrospinal
fluid, bone, soft tissue and background based on voxel intensities from MNI tissue probability maps.29 After segmentation,
the pipeline applied a modulation process on the white matter
probability maps to compensate for the effects of spatial normalization on volumetric data (the original voxels were projected into their new location in the warped images). Finally,
modulated white matter probability maps were smoothed
using an 8 mm full-width at half maximum Gaussian kernel,
resulting in a voxel size of 1.5 × 1.5 × 1.5 mm3.
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correlation analyses between DRSP scores and white matter
volume in individuals with PMDD from site 1, for whom
DRSP ratings in the scanning month were available (n = 55).
We used the total DRSP score and the 8 items related to the
core affective PMDD symptoms tested in study I, and we
considered total intracranial volume and age as confounding covariates. We carried out these analyses in SPSS version 26 (SPSS Inc.), and set the significance threshold at p <
0.05, corrected for multiple testing (8 DRSP scores: p < 0.006,
Bonferroni corrected).

We followed a quality assessment procedure, including
 isual inspection and automated quality control, using the
v
CAT12 toolbox in SPM12 (http://dbm.neuro.uni-jena.de/
vbm/check-sample-homogeneity) to detect artifacts and anatomic outliers. Based on brain segmentation, the mean
(± standard deviation) total white matter volume was 0.41 ±
0.04 L. The mean (± standard deviation) total intracranial volume was 1.51 ± 0.11 L.
Statistical analysis
We carried out between-group comparisons of white matter
volume using the nonparametric, permutation-based,
threshold-free cluster enhancement method in SPM12, using
5000 permutations and a significance threshold of pFWE < 0.1
across voxels. We included total intracranial volume, age and
site as confounding covariates, because of their potential
influence on volumetric measures.
We conducted VBM voxel-wise group comparisons of
white matter probability maps within the predefined bilateral regions of interest used in study I. To account for multiple testing across regions of interest, we applied FDR correction, using a relaxed threshold of q < 0.1, given the
exploratory nature of the study. As well, VBM exploratory
analysis consisted of a voxel-wise group comparison conducted within a mask of white matter defined by an absolute threshold set at 0.1. We generated Cohen d effect-size
maps in SPM12 using the “transform and threshold SPM
maps” module from the CAT12 toolbox. Effect sizes are
given as the mean of Cohen d values within a significant
cluster.
To investigate whether differences in white matter volume between individuals with PMDD and controls were related to PMDD symptom severity during the cycle in which
they were scanned, we performed nonparametric partial

Results
Descriptive characteristics
The demographic and psychometric characteristics of participants from both studies are presented in Table 1.
Across both studies, individuals with PMDD were
slightly older than controls. In the DTI study, individuals
with PMDD had higher progesterone levels than controls;
in the VBM study, individuals with PMDD reported a
psychiatric history more often than controls. Individuals
with PMDD and controls did not differ in terms of body
mass index, total intracranial volume, menstrual cycle
length or estradiol levels.

Between-group differences in white matter microstructure
Within a priori–defined regions of interest, with effect sizes
indicating strong differences, we found higher FA in individuals with PMDD versus controls in the left dorsal cingulum
bundle (d = 0.71), the right dorsal cingulum bundle (d = 0.83),
the left genu of the corpus callosum (d = 0.87), the right SLF
(d = 0.75), the left uncinate fasciculus (d = 0.69) and the right

Table 1: Participant characteristics
Diffusion tensor imaging (study I)*
Characteristic

Controls (n = 10)

PMDD (n = 57)

Age, yr

30.30 ± 6.70

Body mass index, kg/m2

22.94 ± 3.11

Total intracranial volume, L

Voxel-based morphometry (study II)*
Controls (n = 42)

PMDD (n = 89)

35.14 ± 6.31§

28.00 ± 6.00

33.00 ± 7.00§

24.45 ± 4.34

23.80 ± 3.80

24.10 ± 4.00

1.47 ± 0.10

1.47 ± 0.10

1.52 ± 0.11

1.50 ± 0.10

27 ± 2

28 ± 2

28 ± 2

28 ± 2

4 (40.0)

24 (42.1)

7 (16.6)

34 (39.1)¶

Depressive disorder

3 (75.0)

18 (75)

6 (85.7)

27 (79.4)

Anxiety disorder

1 (25.0)

6 (25)

1 (14.3)

6 (17.6)

Eating disorder

0 (0)

3 (12.5)

0 (0)

4 (11.8)

Estradiol, pmol/L‡

286.39 ± 210.13

414.00 ± 251.37

434.50 ± 47.40

411.10 ± 239.80

9.26 ± 15.06

21.25 ± 16.06§

18.70 ± 15.00

21.90 ± 15.30

NA

61.67 ± 18.39

NA

61.80 ± 18.20

Menstrual cycle length, d
Psychiatric history†

Progesterone, nmol/L‡
DRSP, total score§

DRSP = Daily Record of Severity of Problems; NA = not applicable; PMDD = premenstrual dysphoric disorder.
*Values are mean ± standard deviation or n (%). Differences between groups were assessed using the Mann–Whitney test for continuous variables and the Fisher exact test for
categorical variables.
†The percentage of participants who reported a psychiatric history is based on the full sample; participants could report more than 1 disorder. Percentages for depressive, anxiety and
eating disorders is based on the number of participants who reported a psychiatric history. In study II, 2 participants in the PMDD group did not provide information about previous
psychiatric disorders.
‡Hormone data were available for a subset of 9 controls and 55 individuals with PMDD in the diffusion tensor imaging study, and 39 controls and 85 individuals with PMDD in the voxelbased morphometry study.
§DRSP scores were available for a subset of 54 individuals with PMDD in the diffusion tensor imaging study, and 55 in the voxel-based morphometry study.
¶Significant group difference at p < 0.05.
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uncinate fasciculus (d = 0.67; Figure 1A and B and Table 2).
Of these, the cluster in the left uncinate fasciculus survived
FDR correction. At the whole-brain level, we noted no additional significant differences in FA between groups.
For diffusivity metrics, we found no significant difference
in RD between groups. As illustrated in Appendix 1,
Figures S2 and S3, MD and AD were higher in individuals
with PMDD than controls in different regions of interest
(Appendix 1, Table S1).

Between-group differences in white matter volume
After FDR correction across the tested regions of interest, we
found that individuals with PMDD had greater white matter
volume in the right uncinate fasciculus compared to controls
(Figure 2 and Table 2). Effect sizes in the significant cluster
indicated moderate differences (d = 0.40). At the whole-brain
level, and in the other regions of interest, we found no differences in white matter volume between groups.

B

A
Dorsal cingulum bundle

Genu of the corpus callosum

Mean fractional anisotropy

0.75
Control
PMDD

0.70

*

0.65
0.60
0.55
0.50
0.45

Left dCB Right dCB

GCC

Right SLF

Left UF

Right UF

Superior longitudinal fasciculus

C
Right SLF
Fractional anisotropy

Uncinate fasciculus

Fractional anisotropy

Right SLF
0.70
0.65
0.60
0.55
2

4

Depression

6

0.70
0.65
0.60
0.55
2

4

6

Anxiety

PMDD > control, pFWE < 0.1

Figure 1: Fractional anisotropy results in regions of interest. (A) Results from tract-based spatial statistics showing between-group differences
in fractional anisotropy. Depicted in red–yellow are the 6 clusters in which we found greater fractional anisotropy in individuals with premenstrual dysphoric disorder compared to controls. The clusters are overlaid onto the mean fractional anisotropy skeleton (green) and displayed
in 3-dimensional view at their peak Montreal Neurological Institute coordinates, in the standard radiology orientation (left–right flip). For visualization, results were thickened using the tbss_fill command in FSL. Results are visualized at a threshold of pFWE < 0.1, corrected for multiple
comparisons across voxels with threshold-free cluster enhancement. (B) Between-group differences in fractional anisotropy in significant or
trend clusters at p < 0.1 (left dorsal cingulum bundle p = 0.031; right dorsal cingulum bundle p = 0.070; genu of the corpus callosum p =
0.095; right superior longitudinal fasciculus p = 0.031; left uncinate fasciculus p = 0.024; right uncinate fasciculus p = 0.081). Error bars show
1 standard deviation across participants. *False discovery rate corrected across regions of interest at q < 0.1. (C) Correlation between scores
on the Daily Record of Severity of Problems scale and fractional anisotropy values in clusters with a significant group difference at p < 0.1.
We found positive associations between fractional anisotropy values from the right superior longitudinal fasciculus and Daily Record of Severity of Problems scores for depression (r = 0.350, p = 0.010) and for anxiety at a trend level (r = 0.262, p = 0.058). dCB = dorsal cingulum
bundle; FWE = family-wise error; GCC = genu of the corpus callosum; PMDD = premenstrual dysphoric disorder; SLF = superior longitudinal
fasciculus; UF = uncinate fasciculus.
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Table 2: Between-group differences in fractional anisotropy and white matter volume in regions of interest*
Cluster size,
voxels

PMDD

Controls

TFCE p value

Cohen d

MNI coordinates
of peak voxel,
x, y, z

Left dorsal cingulum bundle

57

0.65 ± 0.06

0.61 ± 0.06

0.031

0.71

−9, −21, 33

Right dorsal cingulum bundle

26

0.59 ± 0.03

0.54 ± 0.03

0.070

0.83

9, 9, 31

Genu of the corpus callosum

15

0.69 ± 0.04

0.64 ± 0.04

0.095

0.87

−14, 30, 16

Right superior longitudinal fasciculus

115

0.60 ± 0.03

0.57 ± 0.03

0.031

0.75

39, −10, 29

Left uncinate fasciculus

30

0.58 ± 0.05

0.53 ± 0.04

0.024†

0.69

−35, −1, −13

Right uncinate fasciculus

12

0.62 ± 0.05

0.58 ± 0.05

0.081

0.67

34, 2, −12

110

0.24 ± 0.05

0.22 ± 0.05

0.010†

0.40

36, 0, −14

Tract of interest

Mean value ± SD

Fractional anisotropy, PMDD > controls

White matter volume, PMDD > controls
Right uncinate fasciculus

MNI = Montreal Neurological Institute; PMDD = premenstrual dysphoric disorder; SD = standard deviation; TFCE = threshold-free cluster enhancement.
*Threshold-free cluster enhancement voxel-wise comparisons of fractional anisotropy and white matter volume between individuals with PMDD and healthy controls in tracts of interest.
Mean raw values of fractional anisotropy and white matter volume were extracted from significant clusters and are presented for each group. Results are corrected for multiple
comparisons using the family-wise error rate at p < 0.1 across voxels.
†q < 0.1, corrected for false discovery rate across regions of interest.

p value
0.010
0.016
0.025
0.040
0.063
0.100

Figure 2: Between-group differences in white matter volume in the uncinate fasciculus. Threshold-free cluster enhancement voxel-wise comparisons showing higher white matter volume in individuals with premenstrual dysphoric disorder compared to healthy controls. The significant
cluster (peak at x, y, z = 36, 0, −14; k = 110 voxels; pFWE = 0.010; threshold-free cluster enhancement) has been overlaid onto a Montreal
Neurological Institute standard template. The colour bar indicates p values after FWE correction across voxels. FWE = family-wise error.

Correlations between symptom severity and white matter
metrics
In individuals with PMDD, FA values were not correlated
with total DRSP scores or individual core affective symptoms
after correction for multiple testing. However, at the uncorrected level, we found trend-level positive associations between FA values in the right SLF and individual DRSP items
such as depression (r = 0.35, p = 0.010) and anxiety (r = 0.26,
p = 0.058; Figure 1C). White matter volume in the differential
cluster of the right uncinate fasciculus did not correlate with
symptom severity.
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Discussion
The present studies sought to investigate whether white
matter structure is altered in individuals with PMDD compared to healthy controls, using DTI and VBM analyses.
We compared DTI metrics and white matter volumes in
individuals with PMDD and healthy controls scanned during the symptomatic phase of the menstrual cycle, in
2 neuroimaging studies. An additional purpose of these
studies was to determine whether differential white matter
metrics were associated with symptom severity in individuals with PMDD.

J Psychiatry Neurosci 2022;47(1)

White matter and PMDD

Our findings defined, for the first time, the brain structural
correlates of PMDD using tract-based spatial statistics and DTI
metrics of white matter microstructure, as well as VBM metrics
of white matter volume. We observed greater FA in individ
uals with PMDD compared to controls in the bilateral dorsal
cingulum bundle, the bilateral uncinate fasciculus, the left
genu of the corpus callosum and the right SLF. Interestingly,
AD differed between individuals with PMDD and controls in
the same direction and in regions that overlapped with the FA
findings, indicating that differences in FA in these regions were
likely driven by differences in AD. We detected greater white
matter volume in individuals with PMDD than controls in the
right uncinate fasciculus. We also reported trend-level positive
associations between FA values in the right SLF and symptom
severity in individuals with PMDD, reflecting the relationship
between white matter structure and premenstrual mood.
Taken together, these results are of relevance to PMDD, because these tracts bridge cortical and subcortical areas, particularly corticolimbic connections, and thus could align with the
hypothesis of altered top–down control in PMDD.30
Functional neuroimaging studies suggest an impaired top–
down process in the affective networks in PMDD.4 This could
relate to reduced white matter integrity in tracts that connect
cortical control areas and subcortical regions of the limbic
system in PMDD. Such a relationship would be in line with
DTI studies in psychiatric disorders, pointing to lower FA in
patients with schizophrenia, mood disorders and autism.31–33
Conversely, our findings of higher white matter integrity in
the brains of individuals with PMDD suggest that compensatory neuroadaptive mechanisms might counteract the dysregulation of corticolimbic regions. Indeed, the etiology of
this hormone-dependent disorder is likely to diverge from
the etiology of other psychiatric disorders, in light of the
cyclical aspect of PMDD symptomatology. Moreover, although the present DTI findings were limited by the small
size of the control group, the VBM results obtained from a
larger group of individuals with PMDD and controls followed the same direction, as did the correlations with symptom severity, supporting the validity of these findings.
We detected higher FA and white matter volume in individuals with PMDD in the uncinate fasciculus (significant
after correction for multiple testing), a white matter tract that
connects the prefrontal cortex and the anteromedial temporal
lobe,34 including connections between regions of the limbic
system, such as the amygdala and the orbitofrontal cortex.
The amygdala is one of the key regions hypothesized to play
a role in the pathophysiology of PMDD, in the context of an
altered top–down inhibitory process.4 For instance, compared
to controls, individuals with PMDD show enhanced reactivity to social stimuli in the amygdala during the symptomatic
luteal phase.35 As well, greater reactivity to negative emotional stimuli in the amygdala and the orbitofrontal cortex
has been reported in individuals with PMDD in the late
luteal phase.36 Therefore, the differential FA and white matter
volume we found in the uncinate fasciculus in individuals
with PMDD compared with controls may relate to the functional variations reported in the amygdala and orbitofrontal
cortex in individuals with PMDD.4

Individuals with PMDD also had higher FA in the mid
cingulate subdivision of the dorsal cingulum bundle compared to controls. The cingulum is the most important white
matter structure in the limbic system, linking the cingulate
gyrus to subcortical regions, as well as to frontal, parietal and
medial temporal areas.37 It plays an important role in emotion
regulation, attention, motivation and working memory. This
finding is of relevance to PMDD, especially considering previous functional MRI studies on emotion processing.35,38 Specif
ically, lower brain activation during emotion processing was
found in the anterior cingulate cortex in individuals with
PMDD, independent of menstrual cycle phase38 or solely in the
luteal phase.35 Because altered function of the corticolimbic
system is one of the core findings of neuroimaging studies on
PMDD,4 a greater microstructural coherence of the white matter tract interconnecting the cingulate gyrus with the frontal
and subcortical regions may represent compensatory mechan
isms resulting from poor top–down communication between
cognitive and emotional circuits. This could also relate to differential resting-state activity in the default mode network,
which remains understudied in PMDD39 and whose key nodes
largely overlap with the termination regions of the cingulum.40
The right SLF was also characterized by higher FA meas
ures in component II terminating in the dorsolateral prefrontal cortex41 in individuals with PMDD. This finding was in
line with those of a study that provided evidence for increased FA in bipolar disorder in the right SLF.42 However, it
contrasted with the results of a meta-analysis that showed
that the majority of studies of FA in emotional disorders reported reduced FA in the left SLF. The SLF connects the prefrontal cortex in each cerebral hemisphere with the parietal
lobe.43 Interestingly, several reports of variations in the function of the prefrontal cortex and parietal regions have been
made in PMDD, although the direction of effect seems to depend on the specific paradigms used in each functional MRI
study.4 In addition, evidence from resting-state functional
MRI points to stronger connectivity involving the executive
control network, which links the dorsolateral prefrontal cortex
and parietal cortex,44 in individuals with PMDD.45 Hence, the
greater FA found in the right SLF in individuals with PMDD
in the present study may relate to stronger functional connectivity, and to differential brain reactivity previously reported
in brain networks involving frontal and parietal regions in
individuals with PMDD. In line with such findings, we found
a positive correlation at a trend level between FA values in the
right SLF and the severity of anxiety and depression, 2 key
symptoms experienced by individuals with PMDD.
Furthermore, the genu of the corpus callosum was among
the areas highlighted by the DTI findings. The corpus callosum connects the left and right cerebral hemispheres and is
involved in interhemispheric communication.46 The genu
consists of a high density of thin fibres that cross over to form
the forceps minor, which connects the homologous medial
and lateral prefrontal associative areas.47 Although there is no
consensus on the specific functions of this callosal subregion,
it is thought to be relevant to emotion regulation. Neuro
imaging studies support this hypothesis, showing a positive
association between emotion regulation abilities and FA in
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the forceps minor in healthy participants.48 In addition, across
emotional disorders, reduced FA in the forceps minor and
genu of the corpus callosum characterizes patients compared
to controls,6 although it seems to be of particular relevance to
bipolar disorder.6,49,50 In individuals with PMDD, differential
reactivity of the medial and dorsolateral prefrontal areas to
emotional tasks has been reported,4 a finding that could
relate to the higher FA in the genu of the corpus callosum we
found in individuals with PMDD compared to controls.

Limitations
Although DTI metrics provide us with unique insights into
white matter microstructure, variations in FA and diffusivity metrics should be interpreted with caution. Commonly
interpreted as a marker of white matter integrity, FA is
under the influence of multiple microstructural features that
cannot be disentangled at the voxel level (e.g., degree of
myelination, internal axonal structure, axon packing, water
content and orientation of large macromolecules and membranes in the tissues).51 Moreover, although the degree of
myelination correlates with FA, it is not possible to disentangle the effects of axon count and myelin while interpreting FA changes, because they are strongly interrelated.52 As
for the diffusivity metrics AD and RD, which contribute to
define FA, interpretation in terms of underlying biophysical
properties is also challenging.52 Animal experiments have
suggested that astrocytes, myelin and oligodendrocytes
make the greatest contribution to any white matter voxel
measurements in human MRIs.53 With respect to white matter volume measures derived from T1-weighted images,
a postmortem quantitative MRI study showed that they are
presumably dependent on myelin content.54 Therefore, the
greater FA and white matter volume found in individuals
with PMDD in the present study was most likely to reflect
more numerous, myelinated and coherently oriented white
matter fibres.
Combining DTI and VBM analyses of white matter is likely
to provide complementary information about white matter
structure. The direction of effect in the uncinate fasciculus
was consistent across imaging modalities in the present
study. This contributed to overcoming the limitation of small
sample size in study I, which was underpowered to detect
moderate effect sizes.55
One possible consequence of the small sample was the
lower progesterone concentrations found in the control
group compared to the PMDD group in the DTI study
(study I). Indeed, the reduced variability in menstrual cycle
day at scanning and therefore in progesterone concentrations
imparted by the small control group in study I could explain
this difference.
The exploratory nature of this study should be noted when
considering the number of tracts of interest investigated, because only the left uncinate fasciculus remained significant
after FDR correction of the DTI findings. Finally, the use of
tract-based spatial statistics and threshold-free cluster enhancement provided improved sensitivity compared to traditional voxel-level approaches.18,23
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Conclusion
The present findings provide the first evidence of differential cerebral white matter structure associated with PMDD.
These findings suggest that structural modifications in
white matter tracts that ensure communication between cortical and subcortical limbic and paralimbic regions may be
involved in the pathophysiological mechanisms of PMDD.
This primary evidence of white matter variations in PMDD
calls for independent replication and further investigation
into the structure of the specific networks involved in the
symptomatology of this mood disorder.
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