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Introduction: Hormonal fluctuations associated with female reproductive life events may
precipitate or worsen affective episodes in women with bipolar disorder (BD). Previous
studies have shown that women with BD report higher rates of premenstrual dysphoric
disorder (PMDD) than controls. Further, bipolar women who report premenstrual worsening of mood display a worse course of their bipolar illness. Despite this, the neural
correlates of comorbid BD and PMDD have not been investigated.
Methodology: Eighty-five [CTRL, n = 25; PMDD, n = 20; BD, n = 21; BD with comorbid
PMDD (BDPMDD), n = 19], regularly cycling women, not on hormonal contraception,
underwent two MRI scans: during their mid-follicular and late luteal menstrual phases.
We investigated resting-state functional connectivity (Rs-FC), cortical thickness, and
subcortical volumes of brain regions associated with the pathophysiology of BD and
PMDD between groups, in the mid-follicular and late luteal phases of the menstrual
cycle. All BD subjects were euthymic for at least 2 months prior to study entry.
Results: Women in the BDPMDD group displayed greater disruption in biological rhythms
and more subthreshold depressive and anxious symptoms through the menstrual cycle
compared to other groups. Rs-FC was increased between the L-hippocampus and
R-frontal cortex and decreased between the R-hippocampus and R-premotor cortex
in BDPMDD vs. BD (FDR-corrected, p < 0.05). Cortical thickness analysis revealed
decreased cortical thickness of the L-pericalcarine, L-superior parietal, R-middle temporal, R-rostral middle frontal, and L-superior frontal, as well as increased cortical thickness
of the L-superior temporal gyri in BDPMDD compared to BD. We also found increased
left-caudate volume in BDPMDD vs. BD (pCORR < 0.05).
Conclusion: Women with BD and comorbid PMDD display a distinct clinical and
neurobiological phenotype of BD, which suggests differential sensitivity to endogenous
hormones.
Keywords: fMRI, bipolar disorder, premenstrual dysphoric disorder, MRI, menstrual
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cingulate cortex (ACC), ventromedial striatum, globus paladus,
and thalamus]; and (2) medial prefrontal-sub-cortical system
(ventromedial PFC, subgenual ACC, nucleus accumbens, globus
palladus, and thalamus) (22–24). Both of these networks function
in synchrony to modulate the activity of the amygdala (23, 24).
It has been hypothesized that an imbalance between these two
neural streams may lead to the onset of affective episodes and
emergence of clinical symptoms of BD.
Interestingly, there is considerable overlap between regions
implicated in the neurobiology of BD, those affected by PMDD
(25–27) and by female sex hormones (28, 29). Female sex
hormones such as 17β-estradiol (E2) and progesterone (P4)
bind to their specific receptors in various regions of the cerebral
cortex and subcortical gray matter regions involved in emotional
regulation and stress response, such as the amygdala, thalamus,
hypothalamus, and hippocampal formation (30–32). Our group
recently published a study investigating the hormonal correlates
of resting-state functional connectivity (Rs-FC) across the
menstrual cycle in healthy women. We found that serum levels
of E2, P4, allopregnanlone, and dehydroepiandrosterone sulfate
(DHEAS) correlated with patterns of resting-state functional
coupling throughout the cerebral cortex (33). This contributes to
a growing body of literature showing structural and functional
brain changes across the menstrual cycle in women with and
without PMDD [for review, see Ref. (27)]. Overall literature on
women with PMDD is limited (27), but available studies using
fMRI have found increased dlPFC activation during a working
memory task, which also correlated with disease dimensions (26).
Another study found increased fALFF in the bilateral precuneus,
left hippocampus and inferior temporal cortex and decreased
fALFF in the ACC and cerebellum in the late luteal phase of
individuals with PMS (34). Overall, neurobiological models of
PMDD suggest that there might be an increase in negative and
decrease in positive emotional processing, and reduced top-down
prefrontal modulation of limbic circuitry in the late luteal phase
of the menstrual cycle (25, 35).
Despite emerging clinical literature suggesting a link between
BD and PMDD, neuroimaging literature in these populations is
sparse. To our knowledge, no brain imaging has been conducted
in women with BD and comorbid PMDD. The primary goal of
this study was to examine the brain structure and function in
a group of well-characterized women with comorbid BD and
PMDD using Rs-FC, cortical thickness analysis, and anatomical
subcortical segmentation. We hypothesized that women with
BD and comorbid PMDD would display menstrual cycle-related
structural and functional differences in brain regions associated
with emotional regulation compared to BD women without
PMDD.

INTRODUCTION
Bipolar Disorder (BD) affects approximately 1–4% of the population (1). It carries a significant burden of illness due to its chronicity, early age of onset, and severity (1, 2). Clinically, research
shows that female reproductive events (e.g., postpartum period
and menopause) have the potential to act as critical windows of
mood worsening in women with BD (3–5). For instance, mood
instability during the premenstrual phase in women with BD
has been reported across numerous studies (6). Women with BD
display high rates of premenstrual syndrome (PMS); with studies
estimating that approximately 51–68% of women with BD report
mood symptoms during the premenstrual period (7–10). Choi
et al. investigated premenstrual exacerbation among women
with BD to find that 51.6% of women with BD type-II displayed
moderate to severe PMS as compared to 23.3% of women with
BD type-I and 19.7% of healthy controls (9). Further, Fornaro
and Perugi investigated the impact of premenstrual dysphoric
disorder (PMDD) in a sample of 92 women with BD (11). In
their sample, 27.2% of women met criteria for PMDD according
to a semi-structured clinical interview. This subset of women
with BD and comorbid PMDD displayed a higher number of
Axis-I comorbidities than those without PMDD (11). Dias and
colleagues conducted a large prospective study, which found
that women with a diagnosis of BD and history of premenstrual
exacerbation of mood displayed shorter time to relapse and
greater symptom severity during 12 months of follow-up (12).
Further, studies with a primary objective of examining prevalence
of PMDD in community-based samples have also highlighted its
association with BD (13). Wittchen and colleagues reported that
women with a diagnosis of PMDD were eight times more likely to
have a diagnosis of comorbid BD (13). It is important to note that
smaller, underpowered studies have failed to find an association
with BD and PMS (14–17). In a recent study of a large sample of
women with BD (N = 1,099), our group found that women with
comorbid PMDD had an earlier onset of bipolar illness, higher
rates of rapid cycling, increased number of mood episodes, and
higher rates psychiatric comorbidities (18). Notably, women with
comorbid BD and PMDD had a shorter gap between BD onset and
menarche, which points toward a potential link between puberty/
sex hormones in the onset of BD in this population (18). Further,
sex hormones have been implicated in the establishment and
regulation of the HPA axis (19); literature supports dysregulation
of this axis in BD (20), therefore suggesting that sex hormones
may play a role in mediated an already dysregulated HPA axis in
the case of BD.
Structural and functional MRI techniques are useful tools
to investigate the neurobiological underpinnings of BD and
potential vulnerabilities induced by the premenstrual period.
Neurobiological models of BD propose that its pathophysiology
is associated with dysregulation in neural pathways involved in
emotional control and processing (21–24). Proposed models suggest a loss of top-down prefrontal modulation of limbic circuitry
and aberrant functioning of two interrelated networks responsible for mediating emotional regulation: (1) lateral prefrontalsub-cortical system [ventrolateral PFC, mid and dorsal anterior
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MATERIALS AND METHODS
Participants

This study was carried out in accordance with the approval and
recommendations of the Hamilton Integrated Research Ethics
Board with written informed consent from all subjects. All
subjects gave written informed consent in accordance with the
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Declaration of Helsinki. Participants were recruited through
community advertisements in the Hamilton and Halton Regions,
ON, Canada.
Eighty-five women between 16 and 45 years of age, with regular
menstrual cycles (25–32 days) were enrolled. Participants were
split into four groups based on their history of BD and PMDD: (1)
healthy controls with no history of PMDD (CTRL); (2) women
with PMDD but no other psychiatric diagnosis (PMDD); (3)
BD with no history of PMDD (BD); and (4) BD with comorbid
PMDD (BDPMDD).
Exclusion criteria included: (i) current or recent (previous
3 months) use of systemic hormonal treatment; (ii) pregnancy;
(iii) contraindications for MRI; (iv) history of head trauma with
loss of consciousness; (v) neurological disorders; (vi) current or
recent (previous 6 months) history of alcohol or drug abuse or
dependence; (vii) unstable general medical conditions. Regularly
cycling women using levonorgestrel intrauterine device were
allowed in the study due to its primarily localized hormonal effect.
All women performed at least 2 months of prospective symptom
charting using the Daily Record of Severity of Problems (DRSP)
in order to confirm PMDD diagnosis, as per DSM-5 criteria (36).
Study participants were informed that recreational drug use was
not allowed during the course of study participation and all participants agreed to comply with this request. We did not perform
drug testing on the day of the MRI scans.
Inclusion criteria for participants with BD (both BD and
BDPMDD groups) included: (i) a diagnosis of BD according
to the SCID-I (SCID-IV-TR) (37); (ii) no current depressive,
manic, or hypomanic episodes according to the SCID-I; (iii) no
changes in psychotropic medications or mood state within at least
2 months prior to and during the study. Due to the exceptionally
high rates of comorbid psychiatric conditions in BD, lifetime but
not current history of psychiatric comorbidities was allowed to
provide a true reflection of most individuals with BD. Similarly,
due to the high rates of comorbid psychiatric conditions in
PMDD, a lifetime history of a single major depressive episode,
past history of generalized anxiety disorder, or posttraumatic
disorder was allowed so long as the individual was fully remitted
for a minimum of 6 months prior to study entry.
Exclusion criteria for participants in the CTRL group
included: (i) a lifetime history of any psychiatric disorder
according to the SCID-I and (ii) greater than a 30% change in
the four core symptoms of PMDD in their late luteal phase from
their mid-follicular phase according to the DRSP (36). Women
with BD without PMDD (BD group) also did not display greater
than a 30% change in the four core symptoms of PMDD in their
late luteal phase from their mid-follicular phase according to the
DRSP. A diagnosis of PMDD (both in PMDD and BDPMDD
groups) was established by two independent licensed psychiatrists blinded by subjects’ group status (Benicio N. Frey, Luciano
Minuzzi) using 2 months of prospective daily symptom charting
as confirmed by the DRSP (36).

of the SCID-I by a psychiatrist or trained Ph.D. candidate, followed by a psychiatric and gynecological history. The second and
third visits took place during the mid-follicular phase (days 5–10
of the menstrual cycle) or the late luteal phase of the menstrual
cycle (7 days preceding menses). Approximately half of the
study participants began with their mid-follicular visit and half
with their late luteal visit. Menstrual cycle phase was confirmed
through prospective charting and hormonal analysis. Visits two
and three included an MRI scan, collection of a blood sample for
hormone analysis, and completion of validated clinical questionnaires as detailed below.

Clinical Questionnaires

The Mongomery-Asberg Depression Rating Scale (MADRS)
(38) and Hamilton Depression Rating Scale (HAMD) (39) were
administered to assess severity of depressive symptoms. The
Young Mania Rating Scale (YMRS) (40) was administered to
assess the severity of manic/hypomanic symptoms through the
menstrual cycle. Self-reported disruptions in biological rhythms
were investigated using the Biological Rhythms Interview of
Assessment in Neuropsychiatry (BRIAN) (41). The Pittsburgh
Sleep Quality Index (PSQI) was used to asses sleep quality (42)
and the State Trait Anxiety Inventory (STAI) was used to identify
state and trait-based anxiety (43).
Statistical analysis of demographic and clinical variables was
completed using R (Version 3.1.21). Shapiro–Wilks tests and
Bartlett’s test were used to evaluate normal distribution of clinical
scales and homogeneity of variances between groups, respectively.
Differences in demographic variables and clinical scales were
analyzed using Kruskal–Wallis or Analysis of Variance (ANOVA).
Pairwise between-group differences were ascertained using parametric and nonparametric Dunnett Tests using BDPMDD as the
reference group. A p-value of < 0.05 was considered significant.

Hormonal Analysis

Immediately following both MRI scans, 10 ml of whole blood was
collected in serum tubes to confirm menstrual phase. The blood
was clotted at room temperature for 45 min, and centrifuged at
20°C for 15 min at 3,000 rpm. Four serum aliquots were obtained
and frozen at −80°C until assayed. Serum was assayed for
progesterone (P4), 17-β-estradiol (E2), and DHEAS using commercially prepared solid phase enzyme-linked immunosorbent
assay (ELISA) kits from ALPCO Diagnostics, Salem, NH, USA.
Samples were also assayed for allopregnanolone (ALLO) using
ELISA kit from Kiamiya Biomedical Company, Seattle, WA,
USA. All serum samples were assayed in duplicate following the
manufacturer’s protocol, with a fresh aliquot for each analyte.
The inter-assay variations for P4, E2, DHEAS, and ALLO were
11.3, 8.7, 9.2, and 6.0%, respectively. The intra-assay variations
were 10.4, 7.7, 9.3, and 11.7% and the sensitivities were 0.1 ng/ml,
10 pg/ml, 0.005 µg/ml, and 0.52 ng/ml, respectively. A licensed
gynecologist (Dustin Costescu) confirmed that hormone levels
were within physiological range for each menstrual phase.

Study Design

Study participation was comprised of three visits to St. Joseph’s
Healthcare Hamilton. The first visit consisted of administration
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MRI Protocol

Harvard-Oxford Atlas available with CONN. Statistical analysis
was performed using an ANOVA in the mid-follicular and late
luteal menstrual phases. Seed points with significant clusters were
then explored using post hoc testing. A voxel height threshold
of p < 0.001 and cluster threshold of 0.05-FDR corrected was
used to identify significant clusters that responded to regions of
interest. Due to previous studies showing an association between
BMI and brain volume and chemistry in BD (45–48), and since
BMI differed between groups, we tested any potential effects of
BMI on Rs-FC by (i) adding BMI as a second-level covariate and
(ii) directly analyzing the effect of BMI for particular regions of
interest within groups. The same sub-analysis was completed for
psychosis history and medication load, as these variables may
influence Rs-FC.
Fisher transformed functional connectivity values for each
subject were extracted from each significant cluster. Values
were then exported to R (Version 3.1.2.) and correlated with
luteal MADRS and STAI scores (state and trait) using spearman
correlations.

Image Acquisition

Images were acquired using a GE whole body short-bore 3T
scanner with eight parallel receiver channels (General Electric,
Milwaukee, WI, USA). Anatomical images were acquired with
high-resolution T1-weighted images (gradient-echo inversionrecovery sequence, TR = 1.6 s, TE = 5 ms, matrix 256 × 256 × 128,
FOV 220 mm × 220 mm, slice thickness 1 mm). Functional
resting-state imaging was completed using a T2*-interleaved
echo-planar imaging sequence with TR = 2,000 ms, TE = 40 ms,
flip angle = 60°, 4 mm thick, 29 axial slices, matrix 64 × 64
resolution over 256 mm FOV. Once positioned in the scanner,
participants were instructed to “Lay still, relax, and try not to
think about anything in particular” as they looked at a fixation
point. Anatomical and resting-state scans took place over 10 min
and were followed by functional tasks that will be published at a
later date.

Preprocessing for Rs-FC

The resting-state and anatomical MRI data were preprocessed
using the Statistical Parametric Mapping Software SPM122 and
CONN Functional Connectivity Toolbox Verson 17e3 (44).
Imaging data were obtained in DICOM file format and converted to NIFTI using SPM and then uploaded to CONN for
further preprocessing. The default preprocessing pipleline
for volume-based analyses was optimized to preprocess both
structural and functional scans. Briefly, structural scans were
translated and centered to (0, 0, 0) coordinates and subsequently
underwent direct segmentation (gray matter, white matter,
and cerebrospinal fluid) and Montreal Neurological Institute
(MNI) normalization. Functional scans were realigned and
unwarped (motion estimation and correction), and translated
and centered to (0, 0, 0) coordinates. Outliers were identified as
volumes with greater than 2 mm of motion in the translational
plane, and were detected using the ART toolbox and added as
condition files for denoising. Images with motion greater than
3 mm in the translational plane and 3° in the rotational plane
were discarded. Finally, functional data were segmented (GM,
WM, CSF), normalized to MNI space, and spatially smoothed
to increase the signal to noise ratio with an 8-mm FWHM
Gaussian filter.

Potential Effects of Medication on Rs-FC

Analyses were completed to assess the potential effects of psychotropic medications on Rs-FC in bipolar subjects according
to previous imaging studies investigating dose equivalences
(49–51). Antipsychotics, lithium, anticonvulsants, antidepressants, and anxiolytics were coded to 0, 1, or 2 to represent absent,
low, or high dose medication groupings using the method
described by Hassel and colleagues (49). Lithium, anticonvulsants, and antidepressants were categorized into groups from 1
to 4 depending on medication dose (51). Based on this, individuals in category 1 or 2 were grouped in the low dose group
(scoring a 1), and individuals in category 3 or 4 were grouped in
the high dose group (scoring a 2). Antipsychotics were converted
to chlorpromazine equivalent doses. Doses below or above the
mean effective daily dose of chlorpromazine were coded as 1 or
2, respectively. Individuals not taking antipsychotics were coded
0. Anxiolytics were also grouped into similar categories based
on the recommended daily dosage found in the Physician’s Desk
Reference (52). In this case, the dose was coded as 0 if absent
or present in very low dose with reference to the midpoint,
1 if around the midpoint, and 2 if higher than the midpoint.
Composite scores of medication load were then calculated and
used as second-level covariates in CONN in an analysis using
our a priori seed points.

Seed-Based Analysis

Seed-based analysis was completed using the CONN toolbox version 17e (44). Subject specific maps of CSF and WM were used
as nuisance regressors during the denoising step of analysis. The
aCompCor strategy was employed within CONN to control for
the effects of physiological motion and residual head movement.
The functional images were then temporally band-pass filtered
(0.008–0.09 Hz). The following regions were used as seed points
in a seed-to-voxel analysis: (i) right and left vlPFC; (ii) right and
left vmPFC; (iii) right and left amygdala; (iv) right and left hippocampus; (v) right and left postcentral gyrus; (vi) precuneus;
and (vii) subcallosal cortex. They were taken from the FSL
2
3

Cortical Thickness and Subcortical Volume Analysis

Cortical thickness and subcortical volume analysis were
conducted using the FreeSurfer Software Version 5.3.0.4 The
FreeSurfer Software uses a semi-automated process, which
is described in full detail in Ref. (53, 54). Briefly, non-brain
tissue is removed through a process known as skull stripping,
images are transformed into Talairach space, signal intensity
is corrected and normalized, tissue is classified into WM, GM,
and CSF, and the white matter and gray matter boundaries

http://www.fil.ion.ucl.ac.uk/spm.
https://www.nitrc.org/projects/conn.
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are tessellated. Each subject’s images were manually inspected
to ensure that the GM/WM and GM/CSF boundaries were
correctly identified. Images with inaccuracies in boundary
identification were manually corrected and reprocessed.
Then, data were normalized and smoothed using a 10-mm
full-width-half-maximum Gaussian kernel. Cortical thickness
was measured as the closest distance between the GM/WM
boundary and the GM/CSF boundary at each vertex on the
tessellated surface.
Statistical analysis was completed in FreeSurfer qdec. Cortical
thickness was compared between groups using a general linear
model using age and BMI as covariates, using a different slope
different onset (DODS) approach. All clusters were required to
have a minimum size of 50 mm2. All results were Bonferroni
corrected for multiple comparisons.
The volumes of subcortical gray matter regions were extracted
from FreeSurfer (automated segmentation) and corrected for
intracranial volume. Volumes across regions of interest were
compared between groups using an ANCOVA with BMI as
a covariate and explored using post hoc analyses and multiple
comparison corrections. Regions of interest were (i) left and right
caudate; (ii) left and right putamen; (iii) left and right hippocampus; (iv) left and right amygdala; (v) left and right thalamus; (vi)
left and right accumbens area; and (vii) left and right ventral
diencephalon.

the right hippocampus and the right premotor cortex (BA6)
(k = 166; x = +64, y = +02, z = +06; p = 0.044, FDR-corrected).
In addition, we found the greatest number of clusters when
using the left hippocampus as a seed point, which yielded three
significant clusters: (i) right somatosensory association cortex
(BA5) (p = 0.037, FDR-corrected); (ii) right frontal cortex
(BA8) (p = 0.037, FDR-corrected); (iii) right somatosensory
cortex (BA1) (p = 0.033, FDR-corrected). Pairwise analyses
revealed decreased connectivity between the right hippocampus and the left premotor cortex (p = 0.029, FDR-corrected)
in BDPMDD compared to BD, and increased connectivity in
BDPMDD compared to BD between the left hippocampus and
the right frontal cortex (p = 0.048, FDR-corrected) in the late
luteal phase (Figure 1).
We found that MADRS scores were positively correlated with
Rs-FC between the right hippocampus and left premotor cortex
(r = 0.46, p = 0.037) in BD but not BDPMDD. Further, STAIstate scores were positively correlated with clusters between the
left hippocampus and right dlPFC [BA9] (r = 0.54, p = 0.017)
and right dorsal frontal cortex [BA8] (r = 0.46, p = 0.048) in
BDPMDD but not PMDD.
Moreover, we found increased functional connectivity
between the right hippocampus and clusters in the left frontal
cortex, right dorsolateral prefrontal cortex, and left dorsolateral
prefrontal cortex in BDPMDD compared to PMDD. Further,
using the same seed point decreased functional connectivity was
found with bilateral clusters in the right and left primary motor
cortex in BDPMDD compared to PMDD. Decreased functional
connectivity between the left hippocampus and a cluster in the
left somatosensory cortex was also found in BDPMDD compared
to PMDD (Table 4).
No differences in Rs-FC were found using the following seed
points: (i) right and left vlPFC; (ii) right and left vmPFC; (iii)
right and left amygdala; and (iv) right and left postcentral gyrus.
We tested and we did not find any significant effect of medication
load, psychosis, or BMI on any of the Rs-FC results.

RESULTS
Clinical Scales

Participants in the BDPMDD group had a significantly higher
BMI than CTRL (p = 0.001) and PMDD (p = 0.009) groups.
As a result, BMI was added as a covariate in all imaging analyses.
Groups were matched by age (p = 0.054) and years of education
(p = 0.09). Neither medication load (p = 0.86), age of onset
(p = 0.81), or number of comorbid conditions (p = 0.94) were
different between the BD and the BDPMDD groups (Table 1).
Consistent with research suggesting that comorbidity with
PMDD is associated with an increased illness burden for
women with BD (12, 18), we found a stepwise progression of
severity of symptoms from the CTRL group to the BDPMDD
group (Table 2). Notably, even though participants in both the
BD and BDPMDD groups were clinically euthymic for a minimum of 2 months prior to entering and during the study, the
BDPMDD group had significant higher MADRS (p = 0.037)
and BRIAN scores (p = 0.007) during the follicular phase of
the menstrual cycle. Hormonal levels were all within normal
range for each menstrual phase, and there no between-group
differences except for higher ALLO levels in the PMDD group
(Table 3).

Cortical Thickness

We identified six clusters representing significant differences
in cortical thickness between BD and BDPMDD groups
(Table 5, Figure 2). Compared to BD, BDPMDD women
displayed cortical thinning in the following regions: (i) left pericalcarine gyrus (pCORR = 0.007); (ii) left superior parietal gyrus
(pCORR = 0.0024); (iii) right middle temporal gyrus (pCORR = 0.0002);
(iv) right rostral middle frontal gyrus (pCORR = 0.0006); and (v) left
superior frontal gyrus (pCORR = 0.04). Further, we found increased
thickness in BDPMDD compared to BD in the left superior temporal gyrus (pCORR = 0.045).
We found seven regions of cortical thinning in BDPMDD
compared to controls: (i) left insula; (ii) right middle temporal
gyrus; (iii) right medial orbitofrontal gyrus; (iv) left pars triangularis; (v) left rostral middle frontal gyrus; (vi) right cuneus; and
(vii) right superior frontal gyrus (all pCORR < 0.05). Compared
to PMDD the BDPMDD group had increased cortical thickness
in the (i) left superior temporal gyrus; (ii) right pars orbitalis;
(iii) left lingual gyrus; and (iv) right superior parietal gyrus and
decreased cortical thickness in the (i) right medial orbitofrontal

Resting-State fMRI

We investigated whole brain differences in Rs-FC using a seedto-voxel approach. We found significant group differences in
Rs-FC particularly in the late luteal phase using the right and
left hippocampus as seed points (Table 4, Figure 1). Specifically,
we found differences in functional connectivity between
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Table 1 | Participants demographics.
HC (n = 25)

PMDD (n = 20)

BD (n = 21)

BDPMDD (n = 19)

p-Value

27.44 (7.74)
23.24 (3.29)
16.94 (2.64)

31.80 (7.33)
24.02 (4.32)
17.23 (3.55)

33.57 (8.04)
26.76 (5.96)
16.40 (2.82)

31.74 (7.91)
29.46 (5.11)
15.05 (2.07)

p = 0.054
p < 0.001
p = 0.091

17.1 (5.85)
1.55 (1.68)
BD-I: 7
BD-II: 12
7

p = 0.817
p = 0.943

History of psychosis

18.3 (7.74)
1.27 (1.35)
BD-I: 12
BD-II: 9
3

Psychiatric medications
Lithium
Anticonvulsants
Antipsychotics
Anxiolytics
Antidepressants
Sleep aids
Mean # of psychotropic meds (SD)

3
7
10
6
5
2
2.05 (1.02)

1
8
8
10
4
3
2.50 (1.22)

Age (SD)
BMI (SD)
Years of education (SD)
Illness history
Age of onset (SD)
Average number of Comorbidities (SD)
Diagnosis

2

p = 0.868

BD, bipolar disorder; BD-I, bipolar disorder type-I; BD-II, bipolar disorder type-II; BMI, body mass index; PMDD, premenstrual dysphoric disorder; BDPMDD, BD with comorbid PMDD.

gyrus and (ii) right inferior parietal gyrus (all pCORR < 0.05)
(Table 5, Figure 2). There were no within-group differences
in cortical thickness across the mid-follicular and late luteal
menstrual phases.

a target for future studies investigating whether the manipulation
of hormonal levels (e.g., oral contraceptives) can modulate these
networks and ameliorate the premenstrual worsening observed
in women with comorbid BD and PMDD (5, 56).

Subcortical Volumes

Clinical Scales

We investigated the volume of subcortical regions of interest
between groups in each menstrual phase, including right and
left caudate; left and right putamen; left and right hippocampus;
left and right amygdala; left and right thalamus; left and right
accumbens area; and left and right ventral diencephalon. We
found significant between-group differences in the left caudate
during the late luteal menstrual phase. Post hoc analyses revealed
that these results were driven by increased volume in the left
caudate in BDPMDD compared to BD (pCORR = 0.007). We did
not find any other differences in the volume of other regions of
interest in either menstrual phase between groups.

We found that the BDPMDD group reported significantly higher
scores than all of the other groups in most of the clinical questionnaires. This is of particular importance as in our study all women
with a diagnosis of BD were clinically euthymic for a minimum
of 2 months before study entry. The presence of subthreshold
depressive and anxious symptoms, as well as disturbances in
sleep and biological rhythms during the mid-follicular phase
may render these women more vulnerable to relapse. This is supported by literature that highlights that the severity of circadian
rhythm disruptions and subthreshold symptoms are associated
with higher risk of relapse (57–62). For instance, a systematic
review by Jackson et al. found that disruptions in sleep were
the most common prodrome of mania and sixth of bipolar
depression (63). In addition, a greater severity of subthreshold
symptoms has also been associated with poorer psychosocial
functioning (58). This may highlight susceptibility of women
with BD and comorbid PMDD to develop more frequent mood
episodes and contribute to their burden of illness. These findings
support a study by Dias et al., which found that women with BD
and premenstrual mood worsening represent a phenotype of BD
that is more symptomatic and relapse prone (12). This is also
consistent with our recent study showing that women with BD
and comorbid PMDD had a larger number psychiatric comorbidities, higher rates of rapid cycling, and increased number of
hypo/manic and depressive episodes (18).

DISCUSSION
The main finding from our seed-to-voxel analysis was that
women with BD and comorbid PMDD displayed distinct patterns of Rs-FC compared to those with BD without a diagnosis of
PMDD, particularly in a network involving the left and right hippocampus and premotor and frontal cortical areas. Interestingly,
these differences in Rs-FC were observed specifically during the
(symptomatic) late luteal phase of the menstrual cycle. Structural
analyses revealed differences in cortical thickness between BD and
BDPMDD groups across parietal, temporal, and frontal regions,
and a specific increased volume in the left caudate. These neuroimaging findings may highlight a biological susceptibility in women
with comorbid BD and PMDD that predisposes or contributes
to a worse course of their bipolar illness (18). In addition, given
that estrogen receptor alpha and beta are highly expressed in the
hippocampus and the temporal cortex (32, 55), these areas may be
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Resting-State Functional Connectivity

We identified differences in Rs-FC between BD and BDPMDD
groups using a seed-to-voxel analysis using the right and left
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Table 2 | Clinical scores between groups.
Clinical scale (SD)

HC

PMDD

BD

BDPMDD

p-Value

MADRS—follicular phase

2.60 (2.99)

5.40 (5.40)

6.33 (5.47)

10.79 (5.50)

Overall: p < 0.001
BDPMDD-BD: p = 0.037
BDPMDD-PMDD: p = 0.017
BDPMDD-CTRL: p < 0.001

MADRS—luteal phase

2.16 (2.90)

14.68 (7.80)

9.24 (6.86)

14.79 (7.28)

Overall: p < 0.001
BDPMDD-BD: p = 0.051
BDPMDD-PMDD: p = 0.997
BDPMDD-CTRL: p < 0.001

HAMD—follicular phase

1.44 (1.69)

3.25 (3.37)

4.43 (3.71)

6.58 (4.23)

Overall: p < 0.001
BDPMDD-BD: p = 0.22
BDPMDD-PMDD: p = 0.029
BDPMDD-CTRL: p < 0.001

HAMD—luteal phase

1.20 (1.58)

9.37 (5.12)

5.95 (3.97)

9.16 (4.50)

Overall: p < 0.001
BDPMDD-BD: p = 0.067
BDPMDD-PMDD: p = 0.993
BDPMDD-CTRL: p < 0.001

YMRS—follicular phase

0.48 (1.00)

0.75 (1.12)

1.48 (1.29)

1.37 (1.67)

Overall: p = 0.106

YMRS—luteal phase

0.60 (1.15)

1.89 (1.56)

1.38 (1.43)

2.53 (1.65)

Overall: p < 0.001
BDPMDD-BD: p = 0.103
BDPMDD-PMDD: p = 0.308
BDPMDD-CTRL: p < 0.001

BRIAN—follicular phase

27.28 (6.36)

35.45 (11.2)

37.48 (9.26)

47.79 (8.99)

Overall: p < 0.001
BDPMDD-BD: p = 0.007
BDPMDD-PMDD: p = 0.005
BDPMDD-CTRL: p < 0.001

BRIAN—luteal phase

28.48 (8.41)

40.61 (12.3)

38.35 (12.4)

48.50 (8.42)

Overall: p < 0.001
BDPMDD-BD: p = 0.009
BDPMDD-PMDD: p = 0.109
BDPMDD-CTRL: p < 0.001

PSQI—follicular phase

4.28 (2.42)

5.05 (2.87)

5.95 (3.03)

7.95 (3.61)

Overall: p = 0.003
BDPMDD-BD: p = 0.165
BDPMDD-PMDD: p = 0.032
BDPMDD-CTRL: p = 0.003

STAI-state—follicular phase

29.16 (6.84)

31.80 (9.47)

33.40 (9.49)

40.58 (14.2)

Overall: p = 0.028
BDPMDD-BD: p = 0.209
BDPMDD-PMDD: p = 0.160
BDPMDD-CTRL: p = 0.028

STAI-state—luteal phase

31.04 (7.27)

43.47 (13.1)

34.10 (9.19)

45.84 (14.0)

Overall: p = 0.005
BDPMDD-BD: p = 0.024
BDPMDD-PMDD: p = 0.950
BDPMDD-CTRL: p = 0.005

STAI-trait—follicular phase

30.08 (7.28)

33.95 (9.19)

41.70 (10.2)

47.63 (15.2)

Overall: p = 0.002
BDPMDD-BD: p = 0.286
BDPMDD-PMDD: p = 0.014
BDPMDD-CTRL: p = 0.002

STAI-trait—luteal phase

30.67 (9.43)

38.63 (11.7)

41.95 (11.6)

48.63 (14.0)

Overall: p < 0.001
BDPMDD-BD: p = 0.28
BDPMDD-PMDD: p = 0.070
BDPMDD-CTRL: p < 0.001

BRIAN, Biological Rhythms Interview of Assessment in Neuropsychiatry; HAMD, Hamilton Depression Rating Scale; MADRS, Montgomery Asberg Depression Rating Scale; PSQI,
Pittsburgh Sleep Quality Index; STAI, State Trait Anxiety Inventory; YMRS, Young Mania Rating Scale; BD, bipolar disorder; PMDD, premenstrual dysphoric disorder; BDPMDD, BD
with comorbid PMDD.

hippocampus as seed points in the late luteal phase. Aberrant
prefrontal-limbic circuitry is well documented in BD; many of
the brain regions in this circuitry are also influenced by hormonal fluctuations and implicated in the pathophysiology of

Frontiers in Psychiatry | www.frontiersin.org

PMDD—the hippocampus as a primary example. The hippocampus is central to the trait-based pathology of BD and to the regulation of memory (encoding and retrieval) and emotional processes
(21, 24, 64, 65). It also is a prominent site of E2 and 5HT receptors
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Table 3 | Hormone levels in the mid-follicular and late luteal menstrual phases.
Hormone levels

HC

PMDD

BD

BDPMDD

p-Value

Follicular phase
P4 (pg/mL)
E2 (ng/mL)
ALLO (ng/mL)
DHEAS (μg/dL)

1.66 (2.08)
69.71 (45.2)
4.13 (1.60)
163.56 (77.2)

1.23 (0.91)
87.27 (38.2)
13.58 (14.8)
161.67 (93.1)

1.66 (4.15)
73.71 (57.3)
4.97 (4.01)
160.63 121.9

1.03 (0.84)
76.34 (51.6)
5.82 (4.25)
129.27 (79.2)

p = 0.127
p = 0.220
p = 0.010
p = 0.506

Luteal phase
P4 (pg/mL)
E2 (ng/mL)
ALLO (ng/mL)
DHEAS (μg/dL)

4.53 (2.82)
86.54 (51.3)
4.88 (2.02)
155.92 (73.9)

3.72 (2.10)
106.13 (50.7)
13.45 (11.7)
149.86 (75.9)

5.25 (11.0)
87.18 (73.0)
5.54 (4.16)
166.14 (156.8)

4.20 (3.62)
78.77 (39.5)
5.58 (4.78)
124.44 (84.3)

p = 0.505
p = 0.187
p = 0.012
p = 0.605

ALLO, allopregnanolone; E2, β17-estradiol; DHEAS, dehydroepiandrosterone sulfate; P4, progresterone; BD, bipolar disorder; PMDD, premenstrual dysphoric disorder; BDPMDD,
BD with comorbid PMDD.

Table 4 | Differences in Rs-FC across groups.
Seed region

Group/change

Area

Coordinates (x y z)

BDPMDD > PMDD

BD > BDPMDD

L-Frontal Cortex (BA 8)
R-Dorsolateral Prefrontal Cortex (BA 9)
L-Dorsolateral Prefrontal Cortex (BA 9)
R-Primary Motor Cortex (BA 4)
L-Primary Motor Cortex (BA 4)
R-Premotor Cortex (BA 6)

−42 +16 +44
+12 +42 +40
−20 +44 +42
+66 +00 +14
−50 −08 +12
+64 +02 +06

BDPMDD > BD
BDPMDD < PMDD

R-Frontal Cortex (BA 8)
L-Somatosensory Cortex (BA 1)

+02 +34 +44
−60 −18 +50

T min

Cluster size

Clusterwise p-value

3.32

539
276
197
297
229
201

p = 0.0004
p = 0.011
p = 0.031
p = 0.007
p = 0.011
p = 0.029

3.32
−3.33

165
431

p = 0.048
p = 0.016

Luteal phase
R-Hippocampus

BDPMDD < PMDD

3.33

−3.33

L-Hippocampus

Peak cluster coordinates are shown in Montreal Neurological Institute coordinates. BA, Brodmann Area; L, Left; R, Right; BD, bipolar disorder; PMDD, premenstrual dysphoric
disorder; BDPMDD, BD with comorbid PMDD.

Figure 1 | Clusters of resting state functional connectivity between bipolar disorder (BD) and BD with comorbid PMDD (BDPMDD) groups in the late luteal phase.
(A) Increased connectivity in between the left hippocampus (seed) and right frontal cortex (k = 165; X = + 02, Y = + 34, Z = + 44; p = 0.048, FDR-corrected),
BDPMDD compared to BD. (B) Decreased connectivity between the right hippocampus (seed) and the left premotor cortex (k = 201; X = + 64, Y = + 02, Z = + 06;
p = 0.029, FDR-corrected) in BDPMDD compared to BD. Statistical details are shown in Table 4.

(31, 66), has high expression of BDNF (67) and plays an inhibitory role in stress response (68) and HPA axis regulation (20).
Interestingly, it has been postulated that sex hormones interact
with the HPA axis to facilitate the response to chronic stress
(69). On the other hand, stress hormones may downregulate
the action of sex hormones, by exerting modulatory effects
on the reproductive neuroendocrine axis (19). Abnormalities

Frontiers in Psychiatry | www.frontiersin.org

in the HPA axis are also present in patients with BD and may
have important consequences on the neurobiology of BD (20).
The activity of the HPA axis is modulated by the hippocampi,
prefrontal, and orbitofrontal cortices, ACC and amygdala—all of
which have been implicated in the pathophysiology of BD (20,
24). Thus, considering that the women enrolled in our study were
clinically stable, it is conceivable that the differences functional
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a functional trait marker of the added weight of PMDD on the
pathophysiology of BD.
Interestingly, we found decreased coupling between the right
hippocampus and the left premotor cortex in the late luteal
phase in BDPMDD compared to BD. Previous studies using
PET imaging have reported increased activity of the premotor
cortex during “sadness” inducing paradigms in remitted but
not depressed patients with BD (73), but decreased activity in
patients with major depressive disorder (74). Further, a recent
study reported that decreased connectivity of the somatomotor
network, including the premotor cortex (as seen in the BDPMDD
group), is present in bipolar depression and may represent aberrantly slow flow of inner time—a common feature of depression
(75). Therefore, we hypothesize that this pattern of functional
decoupling in BD and PMDD vs. BDPMDD may highlight the
impact of comorbid PMDD in the late luteal phase in women
with BD. Together, these findings suggest that, premenstrually,
women with BD and comorbid PMDD may display changes
in Rs-FC that mirror the ones observed in bipolar depression.
Compared to PMDD, increased functional connectivity
between the right hippocampus and left frontal and bilateral
dlPFC, and decreased functional connectivity between the right
hippocampus and bilateral primary motor cortex, and left hippocampus and left somatosensory cortex in BDPMDD, further
highlights involvement of somatomotor and executive control
networks in the pathology of BD. These patterns of functional
connectivity may reflect activity that is abnormally enhanced
between limbic and frontal regions, and impaired between
limbic and somatosensory and motor regions which play a role
in mediating affective regulation and risk-taking behavior, both
of which are affected in BD (76). Thus, aberrant patterns of
functional connectivity between BDPMDD and PMDD in the
late luteal phase may reflect functional differences related to the
pathology of BD, and/or the pathology of comorbid PMDD and
BD on brain functioning compared to PMDD. These findings also
emphasize the need for more research exploring the impact of the
endogenous hormones on women with BD.

Table 5 | Differences in cortical thickness between groups.

CTRL vs. BDPMDD
CTRL > BDPMDD
L-Insula
R-Middle temporal
R-Medial orbitofrontal
L-Pars triangularis
L-Rostral middle frontal
R-Cuneus
R-Superior frontal
PMDD vs. BDPMDD
PMDD > BDPMDD
R-Medial oribitofrontal
R-Medial orbitofrontal
R-Inferior parietal
BDPMDD > PMDD
L-Superior Temporal
R-Pars Orbitalis
L-Lingual
R-Superior parietal
BD vs. BDPMDD
BD > BDPMDD
L-Pericalcarine
L-Superior parietal
R-Middle temporal
R-Rostral middle frontal
L-Superior frontal
BDPMDD > BD
L-Superior temporal

Size
mm2

Peak coordinates
xyz

Peak T
value

pCORRValue

262.25
220.89
148.09
91.66
85.62
80.53
69.04

−32.1 14.7 −7.0
45.6 −61.0 6.4
11.1 28.0 −17.8
−46.0 32.6 8.4
−40.2 27.7 23.7
7.5 −83.8 24.4
7.6 17.0 59.0

4.0548
4.7045
3.5026
3.3432
3.5982
2.6684
3.5556

0.0022
0.0004
0.0048
0.0209
0.0099
0.0444
0.004

126.21
58.92
56.52

12.6 26.6 −16.2
7.0 15.9 −15.4
44.0 −61.7 6.6

3.5949
3.0872
3.0320

0.0060
0.0246
0.0282

215.50
137.85
100.15
86.37

−48.3 4.9 −24.7
43.8 44.6 −9.7
−23.5 −59.9 0.1
26.7 −69.2 28.6

3.5025
3.7023
3.3728
2.9995

0.0039
0.0048
0.0057
0.0306

417.43
236.87
223.90
105.38
88.44

−13.1 −74.0 2.8
−20.7 −62.4 36.5
45.6 −61.0 6.4
25.3 49.3 0.3
−10.0 34.2 50.9

3.5462
3.9530
4.8981
4.0143
2.8887

0.0072
0.0024
0.0002
0.0006
0.0402

112.82

−48.7 4.8 −24.0

2.8448

0.045

L, left; R, right; PMDD, premenstrual dysphoric disorder; BD, bipolar disorder;
BDPMDD, BD with comorbid PMDD.

connectivity that we observed in the right and left hippocampi
of women with comorbid BD and PMDD may be either an
attempt from the brain to regulate the network involved in stress
response, or a trait abnormality that may render these women
more vulnerable to develop future episodes. Longitudinal studies
are required to test these hypotheses. Literature also suggest that
progesterone-derived neurosteroids may play an important role
in mediating neuronal plasticity neural survival and neurogenesis
in the hippocampus (67). Future neuroimaging studies correlating sex hormones with brain structure and function in BD and
PMDD would be useful.
Structural changes have been observed in the hippocampus
across the menstrual cycle as studies in healthy women report
both decreased gray matter in the anterior hippocampus and
increased volume in the bilateral hippocampi during the follicular phase (70, 71). fMRI studies in healthy women highlight
increased functional coupling at rest between the bilateral hippocampi and bilateral superior parietal lobe in the late vs. early
follicular phase, and decreased activity of the hippocampus in the
luteal phase with response to emotional faces (72). In this context,
the increased functional coupling between the left hippocampus
and right frontal cortex in BDPMDD compared to controls may
suggest (i) compensatory changes in functional connectivity
resulting from the late luteal menstrual phase in women during
the “hormonal sensitivity” period (premenstrual) and/or (ii)
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Structural MRI: Cortical Thickness and
Automated Subcortical Segmentation

We found decreased thickness in several frontal and temporal gyri
central to the default mode and cognitive networks in BDPMDD
compared to CTRL, PMDD and BD. The only exceptions were
the left superior temporal gyrus, which was thicker in individuals
with BDPMDD compared to BD and PMDD, and the right pars
orbitalis, left lingual, right superior parietal gyri compared to the
PMDD group. A systematic review of cortical thickness studies
in BD reported decreases in thickness in the bilateral superior
frontal gyri, superior parietal gyrus, middle temporal gyrus and
pericalcarine gyri compared to controls (77). As these regions
are thinner in individuals in the BDPMDD group than BD and
CTRL groups, this suggests, again, that comorbid PMDD may
impose a worse impact on brain structure in women with BD.
This also may help explain the affective lability reported in our
clinical data and in literature in women with BD and comorbid
PMDD. This was further reinforced as women in the BDPMDD
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Figure 2 | Cortical thickness across groups compared to BD with comorbid PMDD (BDPMDD). Regional differences in cortical thickness are shown with reference
to the first group in the comparison. Blue regions represent decreased cortical thickness; Red regions represent increased cortical thickness. Further details are
shown in Table 5.

group had increased gray matter volume of the caudate nucleus
compared to the BD group. The caudate nucleus facilitates
cross talk between prefrontal–cortical networks and subserves
behavioral adaptations required for achievement of complex
goals (23, 78). Studies investigating caudate volume between BD
and controls have reported mixed findings with no differences
(79, 80) and decreased volume compared to controls (81).
Decreased volume of the caudate has also been reported in
women with major depressive disorder (82), this may suggest that women with comorbid BD and PMDD may display
structural and functional brain changes that mirror aspects of
depression. Moreover, our seed-to-voxel analysis results show
increased prefrontal-limbic activity, which neurobiological
models of BD postulate may be mediated by both the dorsal
and ventral prefrontal–cortical networks involving the striatum.
When taken in conjunction with our Rs-FC findings, increased
caudate volume in BDPMDD could also potentially reflect
abnormal activity of prefrontal–cortical circuitry central to the
trait-based pathology of BD, which seems to be exacerbated in
the late luteal phase.

also be confounded by exacerbation of their bipolar illness.
However, the use of mood, sleep, and biological rhythms questionnaires in both menstrual phases increased our confidence
in self-reported results.
Second, Rs-fMRI provides an indirect measure of spontaneous
neuronal activity in the ultralow frequency range (0.01–0.10 Hz)
(83). The fMRI techniques used in this paper, seed-to-voxel
and ROI-ROI are based on an oversimplification that BOLD
activation measured is static through the duration of the scanning paradigm (84). Further, results may be confounded by the
participant’s ability to remain awake for the duration of the scan,
and inability to control the participant’s memory in the scanner.
Although we advised participants not to think about anything in
particular, and remain awake with their eyes fixed at the fixation
point throughout the entire resting-state brain scan, no objective measures, such as simultaneous electroencephalogram or
eye tracking, were in place to confirm that participants followed
our instructions. Third, the effects of psychotropic medications
on Rs-FC are a common limitation of fMRI research in BD
(85). Studies investigating Rs-FC in BD, including our current
and previous work (86), have largely ruled out the influence of
medication following correlation analysis with BOLD activation
(87–89). It would be almost impossible to recruit a sizeable
sample of BD subjects in sustained clinical remission without
treatment. The primary goal of this study was to investigate
brain structure and function of comorbid BD and PMDD. We
believe this goal could have only been achieved with a primarily
medicated sample, by ensuring that all participants with BD were
euthymic throughout the study (37). Another limitation of our

Limitations

The limitations of our study deserve attention. First, the DRSP
is a self-administered tool used to chart symptoms of PMS
across the menstrual cycle (36). It is possible that women may
provide an inaccurate account of their premenstrual symptoms or that use of the DRSP may be confounded by stressful
life events. In both groups with a diagnosis of BD (BD and
BDPMDD groups), symptoms reported on the DRSP may
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sample was that it comprised both women with BD type-I and
BD type-II. We encourage future work on differences in Rs-FC
between women with BD type-I and BD type-II. Finally, it is
important to note that our study was cross-sectional and as a
result this study only reflects a current picture of disease state
and not disease progression. Longitudinal studies in this area are
required to provide a picture of disease burden and progression
in women with BD and comorbid PMDD.
In conclusion, we found differences in the thickness of the
cerebral cortex in regions critical to emotional regulation and
cognition, as well as volumetric enlargement of the left caudate
in the late luteal phase of participants in the BDPMDD group
compared to BD group. Further, results from Rs-FC analysis
highlight differences in brain regions dense in E2 and 5HT
receptors, such as the right and left hippocampus and the temporal cortex, which may be liable to hormonal influence. Such
differences in brain structure and function may help explaining
the worse course of illness and clinical profile in women with
these comorbid conditions. When taken in the context of other
literature on this population, our results suggest that women
with BD and comorbid PMDD display a distinct clinical and
neurobiological phenotype of BD involving sensitivity to endogenous hormones.

ETHICS STATEMENT

REFERENCES

12. Dias RS, Lafer B, Russo C, Del Debbio A, Nierenberg AA, Sachs GS, et al.
Longitudinal follow-up of bipolar disorder in women with premenstrual
exacerbation: findings from STEP-BD. Am J Psychiatry (2011) 168:386–94.
doi:10.1176/appi.ajp.2010.09121816
13. Wittchen HU, Becker E, Lieb R, Krause P. Prevalence, incidence and stability
of premenstrual dysphoric disorder in the community. Psychol Med (2002)
32:119–32. doi:10.1017/S0033291701004925
14. Sit D, Seltman H, Wisner KL. Menstrual effects on mood symptoms in treated
women with bipolar disorder. Bipolar Disord (2011) 13:310–7. doi:10.1111/j.
1399-5618.2011.00921.x
15. Shivakumar G, Bernstein IH, Suppes T; The Stanley Foundation Bipolar
Network. Are bipolar mood symptoms affected by the phase of the menstrual
cycle? J Women Health (2008) 17:473–8. doi:10.1089/jwh.2007.0466
16. Diamond SB, Rubinstein AA, Dunner DL, Fieve RR. Menstrual problems
in women with primary affective illness. Compr Psychiatry (1976) 17:541–8.
doi:10.1016/0010-440X(76)90036-5
17. Leibenluft E, Ashman SB, Feldman-Naim S, Yonkers KA. Lack of relationship
between menstrual cycle phase and mood in a sample of women with rapid
cycling bipolar disorder. BPS (1999) 46:577–80.
18. Slyepchenko A, Frey BN, Lafer B, Nierenberg AA, Sachs GS, Dias RS.
Increased illness burden in women with bipolar and premenstrual
dysphoric disorder: data from 1,099 women. Acta Psychiatr Scand (2017)
136(5):473–82. doi:10.1111/acps.12797
19. Oyola MG, Handa RJ. Hypothalamic-pituitary-adrenal and hypothalamic-pituitary-gonadal axes: sex differences in regulation of stress responsivity.
Stress (2017) 53:1–19. doi:10.1080/10253890.2017.1369523
20. Murri MB, Prestia D, Mondelli V, Pariante C, Patti S, Olivieri B, et al.
The HPA axis in bipolar disorder: systematic review and meta-analysis.
Psychoneuroendocrinology (2015) 63:327–42. doi:10.1016/j.psyneuen.2015.
10.014
21. Wessa M, Linke J. Emotional processing in bipolar disorder: behavioural and
neuroimaging findings. Int Rev Psychiatry (2009) 21:357–67. doi:10.1080/
09540260902962156
22. Phillips ML, Swartz HA. A critical appraisal of neuroimaging studies of bipolar disorder: toward a new conceptualization of underlying neural circuitry
and a road map for future research. Am J Psychiatry (2014) 171:829–43.
doi:10.1176/appi.ajp.2014.13081008

This study was carried out in accordance with the recommendations of the Hamilton Integrated Research Ethics Board with
written informed consent from all subjects. All subjects gave
written informed consent in accordance with the Declaration of
Helsinki.

AUTHOR CONTRIBUTIONS
SS completed data collection, data analysis (clinical and neuroimaging), and wrote the manuscript. OA aided with participant
recruitment. DC contributed to analysis of hormone data. DC, GH,
LM, and BF contributed to text composition. LM and BF contributed to the study design and all aspects of analysis. MS, BF, and LM
aided with scoring of the Daily Record of Severity of Problems. All
authors approved the final version of the manuscript.

FUNDING
This research was supported by the Ontario Mental Health
Foundation (Type-A Grant to BF) and from J.P. Bickell Foundation
(Medical Research Grant to BF).

1. Merikangas KR, Jin R, He J-P, Kessler RC, Lee S, Sampson NA, et al.
Prevalence and correlates of bipolar spectrum disorder in the world mental
health survey initiative. Arch Gen Psychiatry (2011) 68:241–223. doi:10.1001/
archgenpsychiatry.2011.12
2. Song J, Bergen SE, Kuja-Halkola R, Larsson H, Landén M, Lichtenstein P.
Bipolar disorder and its relation to major psychiatric disorders: a family-based study in the Swedish population. Bipolar Disord (2014) 17:184–93.
doi:10.1111/bdi.12242
3. Frey BN, Dias RS. Sex hormones and biomarkers of neuroprotection and
neurodegeneration: implications for female reproductive events in bipolar
disorder. Bipolar Disord (2013) 16:48–57. doi:10.1111/bdi.12151
4. Miller LJ, Ghadiali NY, Larusso EM, Wahlen KJ, Avni-Barron O, Mittal L,
et al. Bipolar disorder in women. Health Care Women Int (2014) 36:475–98.
doi:10.1080/07399332.2014.962138
5. Smith M, Frey BN. Treating comorbid premenstrual dysphoric disorder
in women with bipolar disorder. J Psychiatry Neurosci (2016) 41:E22–3.
doi:10.1503/jpn.150073
6. Teatero ML, Mazmanian D, Sharma V. Effects of the menstrual cycle on
bipolar disorder. Bipolar Disord (2013) 16:22–36. doi:10.1111/bdi.12138
7. Blehar MC, DePaulo JR, Gershon ES, Reich T, Simpson SG, Nurnberger JI.
Women with bipolar disorder: findings from the NIMH genetics initiative
sample. Psychopharmacol Bull (1998) 34:239–43.
8. Payne JL, Roy PS, Murphy-Eberenz K, Weismann MM, Swartz KL, McInnis MG,
et al. Reproductive cycle-associated mood symptoms in women with major
depression and bipolar disorder. J Affect Disord (2007) 99:221–9. doi:10.1016/j.
jad.2006.08.013
9. Choi J, Baek JH, Noh J, Kim JS, Choi JS, Ha K, et al. Association of seasonality and premenstrual symptoms in bipolar I and bipolar II disorders. J Affect
Disord (2011) 129:313–6. doi:10.1016/j.jad.2010.07.030
10. Rasgon N, Bauer M, Grof P, Gyulai L, Elman S, Glenn T, et al. Sex-specific
self-reported mood changes by patients with bipolar disorder. J Psychiatr Res
(2005) 39:77–83. doi:10.1016/j.jpsychires.2004.05.006
11. Fornaro M, Perugi G. The impact of premenstrual dysphoric disorder
among 92 bipolar patients. Eur Psychiatry (2010) 25:450–4. doi:10.1016/j.
eurpsy.2009.11.010

Frontiers in Psychiatry | www.frontiersin.org

11

January 2018 | Volume 8 | Article 301

Syan et al.

Neurobiology of BD and Comorbid PMDD

23. Strakowski SM, Adler CM, Almeida J, Altshuler LL, Blumberg HP,
Chang KD, et al. The functional neuroanatomy of bipolar disorder: a consensus model. Bipolar Disord (2012) 14:313–25. doi:10.1111/j.1399-5618.
2012.01022.x
24. Maletic V, Raison C. Integrated neurobiology of bipolar disorder. Front
Psychiatry (2014) 5:98. doi:10.3389/fpsyt.2014.00098
25. Rapkin AJ, Berman SM, Mandelkern MA, Silverman DHS, Morgan M,
London ED. Neuroimaging evidence of cerebellar involvement in premenstrual dysphoric disorder. Biol Psychiatry (2011) 69:374–80. doi:10.1016/j.
biopsych.2010.09.029
26. Baller EB, Wei S-M, Kohn PD, Rubinow DR, Alarcón G, Schmidt PJ, et al.
Abnormalities of dorsolateral prefrontal function in women with premenstrual dysphoric disorder: a multimodal neuroimaging study. Am J Psychiatry
(2013) 170:305–14. doi:10.1176/appi.ajp.2012.12030385
27. Comasco E, Sundström-Poromaa I. Neuroimaging the menstrual cycle and
premenstrual dysphoric disorder. Curr Psychiatry Rep (2015) 17:282–210.
doi:10.1007/s11920-015-0619-4
28. Toffoletto S, Lanzenberger R, Gingnell M, Sundström-Poromaa I, Comasco E.
Emotional and cognitive functional imaging of estrogen and progesterone
effects in the female human brain: a systematic review. Psychoneuroendo
crinology (2014) 50:28–52. doi:10.1016/j.psyneuen.2014.07.025
29. Poromaa IS. Menstrual cycle influence on cognitive function and emotion
processing – from a reproductive perspective. Front Neurosci (2014) 8:380.
doi:10.3389/fnins.2014.00380/abstract
30. Weiser MJ, Foradori CD, Handa RJ. Estrogen receptor beta in the brain:
from form to function. Brain Res Rev (2008) 57:309–20. doi:10.1016/j.
brainresrev.2007.05.013
31. Bixo M, Backstrom T, Winblad B, Andersson A. Estradiol and testosterone in specific regions of the human female brain in different endocrine
states. J Steroid Biochem Mol Biol (1995) 55:297–303. doi:10.1016/09600760(95)00179-4
32. Österlund MK, Gustafsson J-Å, Keller E, Hurd YL. Estrogen receptor β
(ERβ) messenger ribonucleic acid (mRNA) expression within the human
forebrain: distinct distribution pattern to ERα mRNA 1. J Clin Endocrinol
Metab (2000) 85:3840–6. doi:10.1210/jcem.85.10.6913
33. Syan SK, Minuzzi L, Costescu D, Smith M, Allega OR, Coote M, et al.
Influence of endogenous estradiol, progesterone, allopregnanolone, and
dehydroepiandrosterone sulfate on brain resting state functional connectivity
across the menstrual cycle. Fertil Steril (2017) 107:1246.e–55.e. doi:10.1016/j.
fertnstert.2017.03.021
34. Liao H, Pang Y, Liu P, Liu H, Duan G, Liu Y, et al. Abnormal spontaneous
brain activity in women with premenstrual syndrome revealed by regional
homogeneity. Front Hum Neurosci (2017) 11:510–510. doi:10.3389/fnhum.
2017.00062
35. Protopopescu X, Tuescher O, Pan H, Epstein J, Root J, Chang L, et al.
Toward a functional neuroanatomy of premenstrual dysphoric disorder.
J Affect Disord (2008) 108:87–94. doi:10.1016/j.jad.2007.09.015
36. Endicott J, Nee J, Harrison W. Daily Record of Severity of Problems (DRSP):
reliability and validity. Arch Womens Ment Health (2005) 9:41–9. doi:10.1007/
s00737-005-0103-y
37. First MB, Spitzer RL, Gibbon M, Williams JBW. Structured Clinical Interview
for DSM-IV-TR Axis I Disorders, Research Version, Patient Edition with
Psychotic Screen (SCID-I/P W/PSY SCREEN). New York: Biometrics
Research, New York State Psychiatric Institute (2002).
38. Montgomery SA, Asberg M. A new depression scale designed to be sensitive to
change. Br J Psychiatry (1979) 134:382–9. doi:10.1192/bjp.134.4.382
39. Hamilton M. A rating scale for depression. J Neurol Neurosurg Psychiat (1960)
23:56–62. doi:10.1136/jnnp.23.1.56
40. Young RC, Biggs JT, Ziegler VE, Meyer DA. A rating scale for mania: reliability, validity and sensitivity. Br J Psychiatry (1978) 133:429–35. doi:10.1192/
bjp.133.5.429
41. Giglio LMF, da Silva Magalhães PV, Andreazza AC, Walz JC, Jakobson L,
Rucci P, et al. Development and use of a biological rhythm interview. J Affect
Disord (2009) 118:161–5. doi:10.1016/j.jad.2009.01.018
42. Buysse DJ, Reynolds CF, Monk TH, Berman SR, Kupfer DJ. The Pittsburgh
Sleep Quality Index: a new instrument for psychiatric practice and research.
Psychiatry Res (1989) 28:193–213. doi:10.1016/0165-1781(89)90047-4
43. Spielberger CD, Gorsuch RL, Lushene R, Vagg PR, Jacobs GA. Manual for the
State-Trait Anxiety Inventory. Palo Alto, CA: Consulting Psychologists Press
(1983).
Frontiers in Psychiatry | www.frontiersin.org

44. Whitfield-Gabrieli S, Nieto-Castanon A. Conn: a functional connectivity
toolbox for correlated and anticorrelated brain networks. Brain Connect
(2012) 2:125–41. doi:10.1089/brain.2012.0073
45. Bond DJ, da Silveira LE, MacMillan EL, Torres IJ, Lang DJ, Su W, et al.
Relationship between body mass index and hippocampal glutamate/
glutamine in bipolar disorder. Br J Psychiatry (2016) 208:146–52. doi:10.1192/
bjp.bp.115.163360
46. Bond DJ, Lang DJ, Noronha MM, Kunz M, Torres IJ, Su W, et al. The association of elevated body mass index with reduced brain volumes in first-episode mania. Biol Psychiatry (2011) 70:381–7. doi:10.1016/j.biopsych.2011.
02.025
47. Bond DJ, Ha TH, Lang DJ, Su W, Torres IJ, Honer WG, et al. Body mass
index-related regional gray and white matter volume reductions in first-episode mania patients. Biol Psychiatry (2014) 76:138–45. doi:10.1016/j.
biopsych.2013.08.030
48. Bond DJ, Silveira LE, MacMillan EL, Torres IJ, Lang DJ, Su W, et al.
Diagnosis and body mass index effects on hippocampal volumes and neurochemistry in bipolar disorder. Transl Psychiatry (2017) 7:e1071. doi:10.1038/
tp.2017.42
49. Hassel S, Almeida JR, Kerr N, Nau S, Ladouceur CD, Fissell K, et al.
Elevated striatal and decreased dorsolateral prefrontal cortical activity in
response to emotional stimuli in euthymic bipolar disorder: no associations
with psychotropic medication load. Bipolar Disord (2008) 10:916–27.
doi:10.1111/j.1399-5618.2008.00641.x
50. Davis JM, Chen N. Dose response and dose equivalence of antipsychotics. J Clin Psychopharmacol (2004) 24:192–208. doi:10.1097/01.jcp.
0000117422.05703.ae
51. Sackeim HA. The definition and meaning of treatment-resistant depression.
J Clin Psychiatry (2001) 62(Suppl 16):10–7.
52. PDR. Physicians’ Desk Reference. 70th ed. Whippany, NJ: PDR Network (2016).
53. Dale AM, Fischl B, Sereno MI. Cortical surface-based analysis. I. Segmentation
and surface reconstruction. Neuroimage (1999) 9:179–94. doi:10.1006/
nimg.1998.0395
54. Fischl B, Sereno MI, Dale AM. Cortical surface-based analysis. II: inflation,
flattening, and a surface-based coordinate system. Neuroimage (1999)
9:195–207. doi:10.1006/nimg.1998.0396
55. Osterlund M, Kuiper GG, Gustafsson J-Å, Hurd YL. Differential distribution and regulation of estrogen receptor-α and -β mRNA within the
female rat brain. Mol Brain Res (1998) 54:175–80. doi:10.1016/S0169328X(97)00351-3
56. Frey BN, Minuzzi L. Comorbid bipolar disorder and premenstrual dysphoric
disorder: real patients, unanswered questions. Arch Womens Ment Health
(2012) 16:79–81. doi:10.1007/s00737-012-0313-z
57. Harvey AG. Sleep and circadian rhythms in bipolar disorder: seeking
synchrony, harmony, and regulation. Am J Psychiatry (2008) 165:820–9.
doi:10.1176/appi.ajp.2008.08010098
58. Sole B, Bonnin CM, Mayoral M, Amann BL, Torres I, González-Pinto A,
et al. Functional remediation for patients with bipolar II disorder_ Improvement
of functioning and subsyndromal symptoms. Eur Neuropsychopharmacol
(2015) 25:257–64. doi:10.1016/j.euroneuro.2014.05.010
59. Bukh JD, Andersen PK, Kessing LV. Rates and predictors of remission,
recurrence and conversion to bipolar disorder after the first lifetime episode
of depression – a prospective 5-year follow-up study. Psychol Med (2016)
46:1151–61. doi:10.1017/S0033291715002676
60. Judd LL, Paulus MJ, Schettler PJ, Akiskal HS, Endicott J, Leon AC, et al.
Does incomplete recovery from first lifetime major depressive episode herald
a chronic course of illness? Am J Psychiatry (2000) 157:1501–4. doi:10.1176/
appi.ajp.157.9.1501
61. Kaya E, Aydemir Ö, Selcuki D. Residual symptoms in bipolar disorder: the
effect of the last episode after remission. Prog Neuro Psychopharmacol Biol
Psychiatry (2007) 31:1387–92. doi:10.1016/j.pnpbp.2007.06.003
62. Cretu JB, Culver JL, Goffin KC, Shah S, Ketter TA. Sleep, residual mood
symptoms, and time to relapse in recovered patients with bipolar disorder.
J Affect Disord (2016) 190:162–6. doi:10.1016/j.jad.2015.09.076
63. Jackson A, Cavanagh J, Scott J. A systematic review of manic and depres
sive prodromes. J Affect Disord (2003) 74:209–17. doi:10.1016/S0165-0327
(02)00266-5
64. Frey BN, Andreazza AC, Nery FG, Martins MR, Quevedo J, Soares JC,
et al. The role of hippocampus in the pathophysiology of bipolar disorder.
Behav Pharmacol (2007) 18:419–30. doi:10.1097/FBP.0b013e3282df3cde
12

January 2018 | Volume 8 | Article 301

Syan et al.

Neurobiology of BD and Comorbid PMDD

65. Knöchel C, Stäblein M, Storchak H, Reinke B, Jurcoane A, Prvulovic D, et al.
Multimodal assessments of the hippocampal formation in schizophrenia
and bipolar disorder: evidences from neurobehavioral measures and functional and structural MRI. Neuroimage Clin (2014) 6:134–44. doi:10.1016/j.
nicl.2014.08.015
66. Dale E, Pehrson AL, Jeyarajah T, Li Y, Leiser SC, Smagin G, et al. Effects of
serotonin in the hippocampus: how SSRIs and multimodal antidepressants
might regulate pyramidal cell function. CNS Spectr (2015) 21:143–61.
doi:10.1017/S1092852915000425
67. Carta MG, Bhat KM, Preti A. GABAergic neuroactive steroids: a new frontier in
bipolar disorders? Behav Brain Funct (2012) 8:61. doi:10.1186/1744-9081-8-61
68. McEwen BS, Magarinos AM. Stress and hippocampal plasticity: implications
for the pathophysiology of affective disorders. Hum Psychopharmacol (2001)
16:S7–19. doi:10.1002/hup.266
69. Pasquali R. The hypothalamic-pituitary-adrenal axis and sex hormones in
chronic stress and obesity: pathophysiological and clinical aspects. Ann N Y
Acad Sci (2012) 1264:20–35. doi:10.1111/j.1749-6632.2012.06569.x
70. Protopopescu X, Butler T, Pan H, Root J, Altemus M, Polanecsky M, et al.
Hippocampal structural changes across the menstrual cycle. Hippocampus
(2008) 18:985–8. doi:10.1002/hipo.20468
71. Lisofsky N, Mårtensson J, Eckert A, Lindenberger U, Gallinat J, Kühn S.
Hippocampal volume and functional connectivity changes during the
female menstrual cycle. Neuroimage (2015) 118:154–62. doi:10.1016/j.
neuroimage.2015.06.012
72. Derntl B, Windischberger C, Robinson S, Lamplmayr E, Kryspin-Exner I,
Gur RC, et al. Facial emotion recognition and amygdala activation are
associated with menstrual cycle phase. Psychoneuroendocrinology (2008)
33(8):1031–40. doi:10.1016/j.psyneuen.2008.04.014
73. Krüger S, Seminowicz D, Goldapple K, Kennedy SH, Mayberg HS. State
and trait influences on mood regulation in bipolar disorder: blood flow
differences with an acute mood challenge. Biol Psychiatry (2003) 54:1274–83.
doi:10.1016/S0006-3223(03)00691-7
74. Mayberg HS, Liotti M, Brannan SK, McGinnis S, Mahurin RK, Jerabek PA,
et al. Reciprocal limbic-cortical function and negative mood: converging
PET findings in depression and normal sadness. Am J Psychiatry (1999)
156:675–82. doi:10.1176/ajp.156.5.675
75. Northoff G, Magioncalda P, Martino M, Lee H-C, Tseng Y-C, Lane T. Too fast
or too slow? Time and neuronal variability in bipolar disorder – a combined
theoretical and empirical investigation. Schizophrenia Bull (2017):1–11.
doi:10.1093/schbul/sbx050
76. Zhou Y, Li S, Dunn J, Li H, Qin W, Zhu M, et al. The neural correlates of
risk propensity in males and females using resting-state fMRI. Front Behav
Neurosci (2014) 8:2. doi:10.3389/fnbeh.2014.00002
77. Hanford LC, Nazarov A, Hall GB, Sassi RB. Cortical thickness in bipolar
disorder: a systematic review. Bipolar Disord (2016) 18:4–18. doi:10.1111/
bdi.12362
78. Grahn JA. The cognitive functions of the caudate nucleus. Prog Neurobiol
(2008) 86(3):141–55. doi:10.1016/j.pneurobio.2008.09.004
79. Quigley SJ, Scanlon C, Kilmartin L, Emsell L, Langan C, Hallahan B, et al.
Volume and shape analysis of subcortical brain structures and ventricles in

Frontiers in Psychiatry | www.frontiersin.org

80.
81.

82.
83.
84.

85.
86.

87.

88.

89.

euthymic bipolar I disorder. Psychiatry Res (2015) 233:324–30. doi:10.1016/j.
pscychresns.2015.05.012
Mamah D, Alpert KI, Barch DM, Csernansky JG, Wang L. Subcortical
neuromorphometry in schizophrenia spectrum and bipolar disorders.
Neuroimage Clin (2016) 11:276–86. doi:10.1016/j.nicl.2016.02.011
Sacchet MD, Livermore EE, Iglesias JE, Glover GH, Gotlib IH. Subcortical
volumes differentiate major depressive disorder, bipolar disorder, and remitted major depressive disorder. J Psychiatr Res (2015) 68:91–8. doi:10.1016/j.
jpsychires.2015.06.002
Kim MJ, Hamilton JP, Gotlib IH. Reduced caudate gray matter volume in
women with major depressive disorder. Psychiatry Res Neuroimag (2008)
164:114–22. doi:10.1016/j.pscychresns.2007.12.020
Allen EA, Erhardt EB, Damaraju E, Gruner W, Segall JM, Silva RF, et al. A
baseline for the multivariate comparison of resting-state networks. Front Syst
Neurosci (2011) 5:1–23. doi:10.3389/fnsys.2011.00002
Calhoun VD. Dynamic connectivity states estimated from resting fMRI
Identify differences among Schizophrenia, bipolar disorder, and healthy
control subjects. Front Hum Neurosci (2014) 8:897. doi:10.3389/fnhum.
2014.00897/abstract
Phillips ML, Travis MJ, Fagiolini A, Kupfer DJ. Medication effects in neuroimaging studies of bipolar disorder. Am J Psychiatry (2008) 165:313–20.
doi:10.1176/appi.ajp.2007.07071066
Syan SK, Minuzzi L, Smith M, Allega OR, Hall GB, Frey BN. Resting
state functional connectivity in women with bipolar disorder during
clinical remission. Bipolar Disord (2017) 13:334–310. doi:10.1111/bdi.
12469
Lois G, Linke J, Wessa M. Altered functional connectivity between
emotional and cognitive resting state networks in euthymic bipolar I
disorder patients. PLoS One (2014) 9:e107829. doi:10.1371/journal.pone.
0107829
Anticevic A, Savic A, Repovs G, Yang G, McKay DR, Sprooten E, et al.
Ventral anterior cingulate connectivity distinguished nonpsychotic bipolar
illness from psychotic bipolar disorder and schizophrenia. Schizophr Bull
(2014) 41:133–43. doi:10.1093/schbul/sbu051
Brady RO, Masters GA, Mathew IT, Margolis A, Cohen BM, Öngür D, et al.
State dependent cortico-amygdala circuit dysfunction in bipolar disorder.
J Affect Disord (2016) 201:79–87. doi:10.1016/j.jad.2016.04.052

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Copyright © 2018 Syan, Minuzzi, Smith, Costescu, Allega, Hall and Frey. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permit
ted, provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

13

January 2018 | Volume 8 | Article 301

