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Abstract

OBJECTIVE—Premenstrual dysphoric disorder (PMDD) is characterized by severe, negative
mood symptoms during the luteal phase of each menstrual cycle. We recently reported that women
with PMDD show a greater increase in relative glucose metabolism in the posterior cerebellum
from the follicular to the luteal phase, as compared with healthy women, and that the phase-related
increase is proportional to PMDD symptom severity. We extended this work with a study of brain
structure in PMDD.

METHODS—High-resolution magnetic resonance imaging (MRI) scans were obtained from 12
women with PMDD and 13 healthy control subjects (whole-brain volume-corrected p<.05).
Voxel-based morphometry was used to assess group differences in cerebral grey-matter volume
(GMV), using a statistical criterion of p<.05, correcting for multiple comparisons in the whole-
brain volume.

RESULTS—PMDD subjects had greater GMV than controls in the posterior cerebellum but not
in any other brain area. Age was negatively correlated with GMV within this region in healthy
women, but not in women with PMDD. The group difference in GMV was significant for women
over age 30 (p=.0002) but not younger participants (p>.1).

CONCLUSIONS—PMDD appears to be associated with reduced age-related loss in posterior
cerebellar GMV. Although the mechanism underlying this finding is unclear, cumulative effects of
symptom-related cerebellar activity may be involved.
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Introduction

It is estimated that 5-8 % of reproductive women suffer from the neuroendocrine affective
disorder PMDD, experiencing decreases in the quality of life similar to those associated with
major depressive disorder (Halbreich et al. 2003; Wittchen et al. 2002). The symptoms of
PMDD include irritability/anger, depression, mood swings, anxiety/tension, feeling “out of
control,” difficulty concentrating, food cravings, sleep disturbances, and fatigue (American
Psychiatric Association1994). They appear during the luteal phase of the menstrual cycle,
reach a zenith within the week prior to menses, and resolve by Day 7 of the subsequent
follicular phase (Backstrom et al. 2003). PMDD does not share common biological markers
or an identical profile of therapeutic responses to medications or psychotherapy with other
affective disorders (Rubinow and Schmidt 1995). PMDD does not respond to psychotherapy
or non-serotonergic antidepressants, and differences in concentrations of ovarian sex
steroids do not explain the symptoms (Rubinow et al. 1988; Rubinow and Schmidt 2006).

Neuroimaging studies of women with PMDD have begun to provide information about
underlying pathophysiology. A protein magnetic resonance spectroscopy study showed that
women with PMDD have higher concentrations of cortical y-aminobutyric acid (GABA) in
the luteal phase than in the asymptomatic follicular phase of the menstrual cycle, whereas
healthy women exhibited opposite findings (Epperson et al. 2002). The authors concluded
that abnormal GABA receptor functioning could reduce sensitivity to GABA agonists,
including neuroactive steroids. Diminished progesterone-mediated GABAergic inhibition
was also suggested in a study in which transcranial magnetic stimulation was applied to the
motor cortex of women with premenstrual syndrome (Smith et al. 2003).

In a study pairing presentation of emotional words with fMRI, Go/NoGo task, accuracy of
performance was lower in the luteal phase than in the follicular phase in women with PMDD
(Protopopescu et al. 2008). This finding was interpreted as showing less impulse control via
prefrontal “top-down” modulation of the limbic system during the luteal phase than the
follicular phase. Consistent with this explanation, negative words elicited more activity
during the luteal than the follicular phase in the anterior-medial orbitofrontal cortex of
control participants. Women with PMDD did not have more activity in the anterior-medial
orbitofrontal cortex during the luteal than the follicular phase, but instead had more activity
in the amygdala (Protopopescu et al. 2008).

We recently mapped cerebral function in the absence of explicit provocation, using positron-
emission tomography (PET) with [18F]fluorodeoxyglucose, while participants performed an
affectively neutral vigilance task. Within parts of the cerebellum that have been previously
activated during emotional tasks (Stoodley and Schmahmann 2009), women with PMDD
showed a greater increase in relative glucose metabolism from the follicular phase to the late
luteal phase than healthy control women, and the degree of metabolic increase was
proportional to symptom severity (Rapkin et al. 2011). These findings suggest that activity
in cerebellar nuclei that have been implicated in emotion-processing and in other mood
disorders also contribute to negative mood or its regulation in PMDD.

Increasing regional brain activity produced by effortful processing over weeks, learning a
motor task (Draganski et al. 2004), and hours learning a cognitive task (Kwok et al. 2011)
have been shown to produce congruent increases in local grey-matter volume (GMV). To
our knowledge, however, there have been no studies of brain structure in women with
PMDD. Women with PMDD experience about 3000 days of severe symptoms throughout
their lives (Rapkin and Winer 2009). We hypothesized that cumulative increases in the
activity of a distributed cerebellar network associated with emotional processing,
operationalised as lobule VI, and the Crusl and vermis portions of lobule VI (Stoodley and

J Affect Disord. Author manuscript; available in PMC 2014 April 05.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Berman et al.

Page 3

Schmahmann 2009), would result in greater local cerebellar GMV in women with PMDD as
compared to those without PMDD. On the other hand, increased neural activity might
increase glutamate-release and associated excitotoxicity, and have the opposite effect on
GMV. There also could be structural abnormalities in parts of the brain other than the
cerebellum, such as the amygdala and frontal cortex, which have also been implicated in
mood disorders. Therefore, as a conservative test of our hypothesis, we employed a whole-
brain analysis and required evidence of higher GMV in either group to retain significance
after correction for whole-brain search volume.

Methods and Materials

General Experimental Design

Participants

As described earlier (Rapkin et al. 2011), research participants were screened prospectively
for two menstrual cycles using the Daily Rating of Severity of Problems (DRSP) (Endicott
et al. 2006) and assigned to either a PMDD group or a healthy control comparison group.
All patients in the PMDD group were diagnosed with severe premenstrual syndrome, and
also met the DSM 1V criteria for PMDD. Participants continued to complete the DRSP for
the next 1-2 months while undergoing the scanning sessions. During both the follicular and
late luteal phases of the menstrual cycle, PET scans were performed to measure relative
regional cerebral glucose metabolism as an index of regional brain function. A composite
mood summary score was created by summing the ratings from the DRSP on the day of
each PET scan for the core mood symptoms of depression, anxiety, mood swings, and
irritability. A structural MRI scan of the brain was acquired on a separate day within one
month of the initial PET scan (Rapkin et al. 2011), and the MRI data are the subject of this
manuscript. Although MRI was recorded only once per subject, the proportion of MRI scans
acquired during the luteal phase was balanced in the two groups (69% in controls versus
67% in woman with PMDD).

Participants were healthy, English-speaking, right-handed women with regular menstrual
cycles of 24 — 32 days. They were recruited through local newspaper advertisements.
Participants were screened over the telephone and scheduled for an on-site visit to determine
study eligibility, using medical history and physical examination, including a brief
neurological examination, and a handedness inventory (Oldfield 1971). After a thorough
explanation of the protocol, written informed consent was obtained as approved by the
UCLA Office for Protection of Research Subjects. Psychiatric evaluation was performed
using the Mini International Neuropsychiatric Interview for DSM IV, English version 5.0
(Sheehan et al. 1998).

Participants were excluded if they reported any of the following conditions: 1) current or
past history of any major Axis 1 psychiatric disorder, 2) use of medication for premenstrual
syndrome, including herbal treatments and oral or injectable contraceptives, 3) use of
psychoactive medications or recreational drugs, including ethanol more than two times per
week, or marijuana more than once per week, 4) contraindications to MRI scanning,
including implanted ferromagnetic devices, pacemakers, or claustrophobia. Self-report
measures over the first two months of the study were used to confirm the diagnosis of
PMDD and to ensure that the control participants were asymptomatic throughout the
follicular and late luteal phases, as previously described (Rapkin et al. 2011).

Data from one PMDD participant, studied with PET, was excluded from structural analysis
due to an abnormal MRI image (as detailed in the next section). Data from another
participant with PMDD, and one without PMDD, who were excluded from the PET study
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due to unusable PET scans, were included in this study. The twenty-five usable participants
were 20-41 years of age (mean = 30.1, standard deviation [SD] = 6.48). The age of the
twelve participants with PMDD (30.9 +/- 6.63) did not differ significantly from the thirteen
control participants (29.2 +/- 6.50) as assessed by a 2-tailed t-test (p > 0.5).

Data Acquisition and Analysis

Brain grey matter structure was assessed by a high-resolution, sagittal T1-weighted, 3D
volumetric MRI scan (1.5 T, Siemens Sonata) using a whole-brain MPRAGE sequence
(repetition time/echo time = 25/11 ms, number of excitations = 1, slice thickness = 1.2 mm
contiguous, in-plane resolution = 1 x 1 mm2, runtime = 10 min). Analyses were performed
using publicly available software for voxel-based morphometry (VBM dbm.neuro.uni-
jena.de/vbm8/VVBM8-Manual.pdf) within a commonly used brain image analysis package
for Statistical Parametric Mapping (SPM8 http://www.fil.ion.ucl.ac.uk/spm/software/spm8/).

Using a high-dimensional DARTEL normalization procedure included in the VBMS8
software (Ashburner, 2007), the original T1 images were transformed into the template
space developed at the Montreal Neurological Institute (MNI space), and segmented into
separate component images representing grey matter, white matter, and cerebrospinal fluid
comprised of 1.5 mms3 voxels. Segmented grey matter images were modulated using
nonlinear transforms in order to analyze differences in regional GMV, corrected for
individual brain size. Recommended automated SPM quality checks were used to assess the
output images visually and through box plots and covariance matrices. One outlier was
identified (>2.0 SD in structural covariance from the mean whole-brain image, whereas all
other images were <0.7 SD). This PMDD participant was also a clinical outlier (>2SD), the
only participant in either group whose composite mood summary score was worse during
the follicular as compared to luteal phase assessment. For these reasons, the participant was
dropped from analysis, resulting in sample sizes of 12 PMDD participants and 13 healthy
comparison participants.

The modulated images were smoothed with a Gaussian kernel of 8x8x8 mm3, and entered
into a whole-brain SPM analysis that assessed differences in GMV between the PMDD and
control group. Because the cerebellum is one of the brain areas with the highest rate of age-
related shrinkage, decreasing approximately 2% per decade during adulthood (Eckert 2011;
Raz et al. 2001; Raz et al. 2010), a second whole-brain SPM analysis was performed to
assess covariance between GMV and age in the two groups. In this analysis, the covariates
were the ages of the PMDD and control women. Separate contrasts were used to quantify
positive and negative covariation with age across both groups (2 contrasts), positive and
negative covariation with age in each group (4 contrasts), and differences between the
groups in the covariation of GMV with age (2 contrasts). For further characterization of
group differences in GMV with respect to age, GMV values at the location of the largest
group difference in GMV was compared between the groups separately for the 13 women
under and the 12 women over the age of 30 (median split).

To assess statistical significance, a cluster-forming threshold of p<0.005, uncorrected, was
applied voxel-wise. The sizes of resulting clusters were adjusted to correct for the varying
degrees of smoothness in different parts of the brain (Hayasaka et al., 2004), and family-
wise error (FWE) was applied to correct for multiple comparisons in testing significance of
cluster extent (p<0.05).

Because both analyses generated significant whole-brain clusters that were predominantly
cerebellar, and the cerebellum was the region of greatest a priori structural interest (see
introduction) the location of effects within the cerebellum were further characterized using
post hoc region-of-interest (ROI) analyses of the 18 subregions that comprise the cerebellum
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in an anatomy toolbox that is distributed with SPM8. The toolbox uses a probabilistic atlas
of the cerebellar lobules as defined in an fMRI atlas based on an individual cerebellum
(Schmahmann et al. 2000), after transformation into MNI-space (Diedrichsen et al. 2009).

Group Differences in GMV

In a whole-brain volumetric analysis, women with PMDD had higher GMV than control
women in a cluster of 2,228 voxels in the cerebellum (whole-brain corrected p = 0.035; peak
t = 5.07 at location —22, =80, —20). There were no other significant group differences in
GMV.

Relationship of GMV to Age (Table 1)

Localization

Across all participants (13 control, 12 PMDD) GMV was negatively correlated with age in a
cluster that extended from the right posterior cerebellar hemisphere anterosuperiorly into the
lingual gyrus and parahippocampal gyrus of the cerebral cortex (see Table 1, first line).
There was a group difference in the slope of the relationship of age to GMV, with the
relationship being more negative in the healthy control than the PMDD group for a cluster
restricted to the left posterior cerebellar hemisphere (see Table 1, second line). The peak t-
score for this group difference was at the same location as the peak t-score for the group
difference in GMV reported in the preceding section; —22,—-80,—20. The clusters
representing the spatial extent of the two effects were almost identical (see Figure 1).
Finally, in the healthy control group assessed alone, there were two significant clusters
where GMV decreased with age. One of these clusters was congruent with the cluster
representing the main effect of negative covariation across groups with a peak t-score at the
same voxel (compare first line to third line in Table 1); the second was in the left superior
parietal lobe.

In women under 30, the mean GMV at the location of maximum group differences (voxel
-22, -80, —20) was not significantly higher in the PMDD group than in the control group
(mean [sd] = .72 [.06] vs .66 [.05] 2-tailed t-test p = .12). In contrast, for women over 30, the
mean GMV was significantly higher in the PMDD group than the control group (mean [sd]
=.76 [.03] vs .62 [.04] p = .0002).

There were no areas of positive covariation (i.e., where GMV increased with age) across
groups or in either individual group. There were no areas of negative covariation in the
PMDD group, and no areas where the slope of the relationship of GMV to age was more
positive in the control group than the PMDD group.

of Effects within the Cerebellum

Both whole-brain analyses found significant group differences only in the cerebellum. Post
hoc ROI analyses were employed to characterize where in the cerebellum these effects were
localized. Group differences attaining p < .005 in GMV and the relationship of GMV to age
within the cerebellar lobules were very similar in spatial localization (Figure 1). Both effects
covered a greater proportion of the cerebellar vermis than the cerebellar hemispheres (22%
vs 4% for GMV differences, 20% vs 5% for GMV by age differences), and covered a
greater proportion of six ROIs previously associated with emotional processing (Stoodley
and Schmahmann 2009) as compared to the other 12 ROIs (8% compared to 5% for GMV,
9% vs 5% for the relationship of GMV to age) (see Table 2).

Table two shows that of the 18 cerebellar partitions assessed, peak effects retained statistical
significance (p<.05 after ROl volume-correction) in the six partitions associated with
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emotional processing and the two comprising vermis lobule VI11. We did not define this
region as “emaotional” a prioribecause the meta-analysis of Stoodley and Schmahmann
(2009) reported that emotional processing was associated with activity in lobule VI and the
Crus | and vermis portions of lobule VII. However, examination of their Table 3 revealed
that one of the clusters associated with emotion had a peak (MNI —-4,-80, —34) that was
labeled as being in vermis lobule V11 in their paper, whereas it is localized to vermis lobule
VIl according to the SPM anatomy toolbox (Diedrichsen et al. 2009). This observation
suggests that emotional processing in the vermis may extend posterior and inferiorly into
lobule VIII. The vermis of lobule V111 comprises only 3.3 % of the total cerebellum.
However, including it with the other six regions we defined a priori as belonging to the
“emotional” cerebellum would increase the disparity between the proportion of the
emotional and non-emotional cerebellum showing group structural differences attaining p
<.005 (10% compared to 3% for GMV, 11% vs 3% for the relationship of GMV to age).
This idea is consistent with a previous report of abnormally low gray matter density in
lobule VI in first-episode patients with major depressive disorder (Peng et al. 2010).

Discussion

We previously showed that women with PMDD have a greater increase in cerebellar activity
from the follicular phase to the symptomatic late luteal phase than healthy control women,
the degree of this increase being correlated with symptom severity (Rapkin et al. 2011). The
group difference in menstrual phase-related increase in activity was localized primarily to
midline vermis and fastigial cerebellar regions, which have been described as being part of
the “limbic” or “emotional” cerebellum (Schmahmann and Sherman 1998; Schmahmann et
al. 2007). Our finding of a cerebellar effect in a mood disorder, along with reports of
elevated glucose metabolism in the midline cerebellum and vermis in unipolar and bipolar
depressed patients (Bench et al. 1992; Ketter et al. 2001; Kimbrell et al. 2002), adds to the
literature implicating the cerebellum in a wide range of behaviors involving emotion, pain,
and cognition (Schmahmann et al. 2007; Strick et al. 2009).

We now show that the cerebellar regions that have been associated with emotional
processing, particularly in the vermis, also show greater GMV in women with PMDD as
compared to healthy control women. There was no evidence for group differences elsewhere
in the brain. A recent report found women with PMDD had greater GM density than women
without PMDD in a small cluster in the left hippocampal gyrus, and less GM density in a
smaller cluster in the left parahippocampal gyrus (Jeong et al. 2012). However, that study
used an early version of SPM, without the high dimensional DARTEL algorithm which
improves VBM registration, and the results were not corrected for multiple-comparisons in
whole brain.

In the current study, control women but not women with PMDD exhibit a negative
correlation of age with GMV in the cerebellum, producing a significant GMV by Age group
difference in essentially the same location as the GMV group difference. In addition, the
peak GMV difference between the groups remains significant for women over but not under
age 30. Therefore, we conclude that PMDD is associated with reduced age-related loss of
GMV in the “emotional” cerebellum.

Our previous demonstrations of greater increase in cerebellar activity from the follicular to
the late luteal phase in women with PMDD as compared with healthy control women, and
the proportionality of relative glucose metabolism to symptom severity (Rapkin et al. 2011)
both attained maximal t-values in a more anterior part of the “emotional” cerebellum than
the maximal values of the structural differences reported here. If the current results are
viewed at a lower threshold of p < 0.05, however, it can be seen that relative protection
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against age-related GMV loss in the women with PMDD (see Figure 2) extends into much
of the area that showed significant effects in our prior study. In combination with
demonstrations that effort-related increases in local activity over periods as brief as a few
hours can increase local GMV (Draganski et al. 2004; Kwok et al. 2011), this observation
suggests that cumulative monthly periods of greater symptom-related cerebellar activity may
be responsible for the preserved GMV in the cerebellum of older women with PMDD, as
compared to control women.

What could preserve cerebellar GMV during aging of woman with PMDD? Phase-related
difficulty in concentrating is one of the standard diagnostic criteria for PMDD, and
complaints of impaired memory and motor coordination are common in the disorder
(American Psychiatric Association 1994; Diener et al. 1992). Assessments of the extent to
which cognitive performance is impaired during the symptomatic luteal phase of the
menstrual cycle have been inconsistent, however, showing either no impairment (Morgan
and Rapkin 2002; Rapkin et al. 1989) or mild deficits on isolated tasks (Diener et al. 1992;
Evans et al. 1998; Man et al. 1999; Posthuma et al. 1987; Resnick et al. 1998). Comparisons
of cognitive performance between women with PMDD and healthy women have similarly
yielded mixed findings. Women with PMDD did show worse cognitive performance in the
late luteal phase than control women in two recent studies that attempted to improve on
earlier studies. One study increased power by testing a sample of 120 women (Yen et al.
2011), and the other tried to better simulate real-life working conditions through prolonged
cognitive assessments over 4 h on each of four different days during each menstrual phase
(Reed et al. 2008). Relatively modest deficits in both studies, combined with the earlier
inconsistent findings, suggest that during symptomatic days most women with PMDD can
employ more effort, or use other compensatory mechanisms which preserve performance
when cognitive demands are not extreme or prolonged. Since a woman with PMDD can
experience 3000 days of severe symptoms over her lifetime (Rapkin and Winer 2009), it
seems possible that compensatory mechanisms employed to regulate negative emotions and
counteract symptom-related cognitive difficulties may act as effortful mental “exercises”
that preserve structure in the cognitive/emotional cerebellum during aging just as running
with leg weights for part of each month would preserve muscle structure.

Another possible explanation for the preserved cerebellar structure in women with PMDD
involves the hormone leptin. High metabolic demands make cerebellar Purkinje cells
extremely vulnerable to damage through oxidative stress during aging (Andersen et al. 2003;
Cui et al. 2009; Lee et al. 2000; Sim et al. 2007). Brain imaging studies suggest leptin,
which is neuroprotective and expresses the highest receptor density in the cerebellum
(Oldreive et al. 2008), may reduce oxidative stress. Cerebellar GMV has been correlated
with plasma leptin concentration in older adults (Narita et al. 2009), and cerebellar GMV
was increased when genetically leptin-deficient adults began receiving daily supplements
(Matochik et al. 2005), but reversibly reduced when leptin supplements were withheld for a
month (London et al. 2011). Both of the studies that have reported plasma leptin
concentration in women with PMDD found higher median values than control women, with
the highest values during the luteal phase (Anim-Nyame et al. 2000; Tommaselli et al.
2003). These findings suggest that elevated leptin in women with PMDD may contribute to
protection against age-related gray matter loss in the cerebellum.

The study presented here is limited by relatively small sample size and failure to explicitly
assess the effect of menstrual cycle phase on brain structure. However, the proportion of
subjects who were scanned during the luteal phase was equivalent in the two groups. Further
studies addressing cerebellar circuitry and age-related cognitive functioning in women with
PMDD are indicated, and may shed light on mechanisms of GM preservation and cognitive
preservation during aging.
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Figure 1.

Differences between women with premenstrual dysphoric disorder (PMDD) and healthy
control women in grey-matter volume (GMV) and the covariation of age with GMV. The
grey-scale images (neurological orientation) depict cerebellar slices through a T1 structural
magnetic resonance image in standard space (Montreal Neurological Institute) where
positive values of the x, y, and z coordinates approximately represent millimeters to the
right, anterior and superior to the sagittal midpoint of the anterior commissure. The color bar
indicates t-values exceeding 2.82 (p<.005). The slices were selected at MNI —22, —-80, —20,
the location of the highest t-score for group differences in both GMV (PMDD > Control; top
row) and covariation of GMV with age (Age x Group interaction, inverse covariation in
control, but not PMDD group; bottom row). Colored clusters other than the cluster in the
crosshairs were not significant for spatial extent after whole-brain volume correction. Green
lines demarcate and white text labels the fissures and lobules of the cerebellum
(Schmahmann et al. 2000).
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Figure 2.

Relative protection against age-related loss in grey-matter volume (GMV) overlaps with the
area of greater activity during the symptomatic phase of the menstrual cycle in women with
premenstrual dysphoric disorder (PMDD), relative to healthy control women. The grey-scale
images (neurological orientation) depict cerebellar slices through a T1 structural magnetic
resonance image in standard space (Montreal Neurological Institute) 8 mm to the right (left
panels), and 24 mm inferior (right panels) to the sagittal midpoint of the anterior
commissure. The Group x Age interaction for GMV depicted using a liberal threshold (top
row; p < .05 uncorrected) covers most of the area where we previously reported greater
symptom-related functional activity (bottom row; p < .005, reprinted with permission
(Rapkin et al. 2011)). Green lines demarcate and white text labels the fissures and lobules of
the cerebellum (Schmahmann et al. 2000).
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