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Brain reactivity during aggressive response in women with
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Erika Comasco@®' and Inger Sundstrém-Poromaa’

Premenstrual dysphoric disorder (PMDD) is a psychiatric condition characterized by late luteal phase affective, cognitive, and
physical impairment. The disorder causes significant suffering in about 5% of women in their reproductive age. Altered sensitivity of
cognitive-affective brain circuits to progesterone and its downstream metabolite allopregnanolone is suggested to underlie PMDD
symptomatology. Core mood symptoms include irritability and anger, with aggression being the behavioral outcome of these
symptoms. The present study sought to investigate the neural correlates of reactive aggression during the premenstrual phase in
women with PMDD, randomized to a selective progesterone receptor modulator (SPRM) or placebo. Self-reports on the Daily
Record of Severity of Problems were used to assess PMDD symptoms and gonadal hormone levels were measured by liquid
chromatography tandem mass spectrometry. Functional magnetic resonance imaging was performed in 30 women with PMDD,
while performing the point subtraction aggression paradigm. Overall, a high SPRM treatment response rate was attained (93%), in
comparison with placebo (53.3%). Women with PMDD randomized to SPRM treatment had enhanced brain reactivity in the dorsal
anterior cingulate cortex and dorsomedial prefrontal cortex during the aggressive response condition. The fronto-cingulate
reactivity during aggressive responses depended on treatment, with a negative relationship between brain reactivity and task-
related aggressiveness found in the placebo but not the SPRM group. The findings contribute to define the role of progesterone in
PMDD symptomatology, suggesting a beneficial effect of progesterone receptor antagonism, and consequent anovulation, on top-

down emotion regulation, i.e., greater fronto-cingulate activity in response to provocation stimuli.
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INTRODUCTION

Premenstrual dysphoric disorder (PMDD) is a mood disorder
characterized by affective symptoms, such as irritability and anger,
and more frequent reports of interpersonal conflicts [1, 2].
Diminished emotional regulation due to impaired impulse control
is suggested to underlie negative affect in PMDD. In fact,
behavioral and cognitive aspects of dysfunctional emotional
regulation, like impulsivity [3], along with personality traits like
neuroticism [4, 5] are related to PMDD symptom severity. Reactive
aggression, defined as emotional and impulsive-directed
behavior with harmful intention [6], is a diagnostic criterion
of several psychiatric disorders [7, 8], and a potential outcome
of irritability [9].

PMDD symptoms emerge in the early luteal phase of ovulatory
cycles, when levels of estradiol and progesterone start increasing
[10]. While women with PMDD do not differ from healthy women
regarding their progesterone levels [11], maladaptive brain
response to progesterone fluctuations is hypothesized [12], likely
involving its downstream metabolite allopregnanolone [13].

Menstrual cycle-specific correlations between reactive aggression
and ovarian hormone levels have been seen in naturally cycling
women [14]. In mood disorders characterized by impulsiveness
and emotional dysregulation, sex hormonal fluctuations poten-
tially mediate the link between anger/irritability and lower neural
inhibitory control of hormone-sensitive women, leading to
reactive behavior [15, 16].

The temporal link between PMDD symptoms and progesterone
fluctuations during the luteal phase, along with evidence from
ovarian suppression studies, render this hormone and its down-
stream metabolites critical for PMDD symptomatology [12].
Indeed, ovulation suppression leads to symptom remission,
whereas ovarian hormone add-back reinstates the symptoms
[12]. Progesterone derivatives, such as pregnenolone and
allopregnanolone, act in emotion processing brain regions as
allosteric modulators of the GABA, receptor [13]. Interestingly, in
comparison with healthy controls, differential GABA levels have
been found in women with PMDD [17, 18], while inhibition of
allopregnanolone by treatment with a GABA, steroid antagonist
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[19] or a 5a-reductase inhibitor [20] significantly reduces PMDD
symptoms. Moreover, studies in rodents suggest that the
anxiogenic response, which is mediated by alpha4 GABA receptor
subunit upregulation following progesterone and allopregnano-
lone withdrawal, is another mechanism contributing to the cyclical
mood symptoms [12, 21-23].

Selective progesterone receptor modulators (SPRMs) are
synthetic steroids with tissue-specific activity. The second-
generation of SPRM (e.g., ulipristal acetate) has antagonistic
effects on the progesterone receptor [24, 25], but limited anti-
glucocorticoid activity [26]. Recently, we have demonstrated that
treatment with SPRM leads to a 41% reduction of affective PMDD
symptoms, including marked irritability, anger and interpersonal
conflicts [27]. In addition, the low-dose SPRM regimen leads to
anovulation in most women, while maintaining estradiol serum
concentrations at mid-follicular levels [28]. Moreover, as for GABA,
progesterone receptors are present throughout the brain [29, 30],
hence in place to influence the neural circuits key to cognitive and
affective processing [29, 31].

Due to its emotional nature, reactive aggression can stem from
provocation and frustration [6, 32]. The prevalent conceptual
framework of aggression suggests altered relationships between
regions involved in the top-down control (prefrontal (PFC),
orbitofrontal (OFC), and anterior cingulate cortex (ACC)) and
mesolimbic emotion processing regions, such as the amygdala
and insula [33, 34]. The point subtraction aggression paradigm
(PSAP) is a validated functional magnetic resonance imaging (fMRI)
paradigm assessing reactive aggression [35]. The PSAP constitutes
a monetary reward task, in which participants can either steal or
protect their points after costly punishment through provocations,
and targets affective misbalance and inhibitory capacity on
reactive aggression and emotion processing [36]. When healthy
subjects perform the PSAP, increased activation after provocation
is seen in brain regions implicated in emotion, reward processing,
and cognitive top-down control [37] (i.e., amygdala, striatum,
medial OFC, PFC, and ACC). Notably, neuroimaging findings in
PMDD indicate reduced top-down control on subcortical reactivity
[38], with progesterone being associated with altered cortico-
limbic reactivity during affective processing [39, 40]. However, no
conclusive links have yet been established. Further, there is limited
understanding of the neural substrates of female reactive
aggression [41] in relation to PMDD [38].

The purpose of the present double-blinded, placebo-controlled,
pharmaco-neuroimaging study was to investigate the psycho-
neurobiological signatures of SPRM treatment in relation to
reactive aggression in women with PMDD. Specifically, the main
aim was to explore whether SPRM treatment results in differential
brain reactivity and functional connectivity during/in response to
provocation, along with retaliatory behavior in the PSAP
compared with placebo, and whether differential reactivity relates
to symptom severity. Furthermore, we investigated whether
treatment influenced the association between brain reactivity
and task behavior, hormones, state aggression, and personality.

We hypothesized differential brain reactivity in cortico-limbic
regions in response to provocation and during aggressive
behavior as a result of SPRM treatment. By inducing anovulation,
leading to stable and low levels of progesterone and allopregna-
nolone, SPRM treatment was expected to enhance cortical
inhibition, either via the progesterone receptors or GABA,
receptors, and therefore increase frontal and decrease subcortical
reactivity, along with enhancing fronto-limbic connectivity.
Improved top-down control due to treatment was expected to
be reflected in lower symptom severity and state aggression
within the SPRM group; thus yielding less aggressive behavior.
Due to lack of previous evidence on retaliatory behavior in PMDD
patients, an explorative approach was undertaken. Finally,
interactive effects of trait aggressiveness and neuroticism on
differential brain reactivity to the PSAP were investigated.
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MATERIALS AND METHODS

Participants and procedures

All procedures involving human subjects/patients were approved
by the ethics committee of Uppsala (Dnr. 2016/184) and the
Medical Products Agency in Sweden, EUDRA-CT 2016-001719-19.
Written informed consent was obtained from all subjects;
CONSORT data is presented in [27] and a flow-chart for this sub-
study is presented in Supplementary Fig. S1.

The study had a multicenter, double-blind, randomized,
placebo-controlled design. For this neuroimaging sub-study, we
recruited 35 women with PMDD who consented to MR scanning
between January 15, 2017, and October 19, 2019. All participants
were from Uppsala. Of the women included in the sub-study,18
were randomized to SPRM treatment and 17 to placebo. The
participants’ characteristics did not differ from those in the clinical
trial [27]. Exclusion criteria were: contraindication to MR, irregular
menstrual cycle, oral contraceptive use, presence of ongoing
psychiatric disorders (based on Mini-International Neuropsychia-
tric Interview [42]), presence of other major diseases, non-
Caucasian ethnicity, and age below 20 and above 45 years.

PMDD diagnosis, according to DSM-5 criteria, was confirmed by
daily symptom ratings during two consecutive menstrual cycles
with the Daily Report Severity of Problems (DRSP) scale [43], using
a smartphone application. The DRSP total score was generated by
computing the mean of each item during the final 5 days of the
premenstrual phase of the cycle and summing the 21 items. In
women who had no menses during the study period, the final
5 days of the final treatment cycle were used, i.e., the approximate
days of their luteal phases, had menses continued to be regular.
We used the total DRSP score and the DRSP irritability, depression,
affective lability, and anxiety subscales during the final treatment
cycle to evaluate symptom severity (Supplementary material).

Treatment consisted of ulipristal acetate (Esmya®) 5 mg daily, or
placebo, on a 3 month continuous regimen, starting on the first
day of menses [27] (Supplementary material). Personality trait
scores of neuroticism and aggressiveness were obtained before
randomization using the Swedish universities Scale of Personality
(SSP) questionnaire (Supplementary material) [44]. At baseline and
the end of the final treatment cycle, all subjects filled out a battery
of questionnaires on demographics, including the Aggression
Questionnaire-revised Swedish version (AQ-RSV) [45].

Hormone analyses

Venous blood samples were collected at the beginning of the MR
session during the last treatment cycle to determine the levels of
estradiol, progesterone, testosterone, and cortisol. Steroid hor-
mone serum concentrations were measured at the Core Facility of
Metabolomics, University of Bergen, by liquid chromatography—
tandem mass spectrometry (Supplementary material).

Task description

All participants had their brain scanned while performing the
PSAP [37], during the premenstrual phase of the last treatment
cycle. The paradigm consists of a computer-simulated social
interaction in which participants play against a fictitious oppo-
nent, aiming to score as many points as possible, while having
points stolen (i.e., provocation), being able to either steal points
(aggressive response), or protect the currently owned points (i.e.,
protective responses). The procedure and PSAP aggression scoring
are described in the Supplementary material and Fig. S2.

MRI acquisition

Structural and functional scans were acquired on a 3.0 Tesla
whole-body scanner (Achieva dStream, Philips Medical Systems,
Best, The Netherlands) equipped with a 32-channel head coil. For
blood oxygen dependent level (BOLD) fMRI, 240 whole-brain
dynamic scans were acquired using a T2*-weighted gradient
echo-planar imaging (EPI), as described in the supplementary
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material, with resulting images having a 1.88 x 1.88 x 2.8 mm?
voxel size.

fMRI data preprocessing

fMRI data were pre-processed and analyzed using Statistical
Parametric Mapping (SPM12, Wellcome Centre for Human
Neuroimaging, University College London, London UK) (Supple-
mentary material). BOLD images were spatially realigned to the
first image, unwarped, corrected for slice timing, co-registered to
the individual's anatomical scan, normalized into Montreal
Neurological Institute space by applying the deformation field
resulting from the normalization of the anatomical image, and
finally smoothed using an 8 mm FWHM Gaussian filter. Subse-
quently, outlier volumes were censored through the Artifact
Detection Tools (http://www.nitrc.org/projects/artifact_detect)
with regard to signal density (z>4) and motion (movement per
condition threshold >2 mm) and entered as nuisance regressors at
the first level, within-subjects modelling.

Behavioral data analyses

The change in DRSP symptom severity from before randomization
to final treatment cycle was assessed by paired t-tests. Between-
treatment comparisons for demographic data, task behavior,
symptom severity, state aggression, personality, and hormonal
data were performed using two-tailed two-sample t-tests, with
Cohen’s d effect size estimate (d) (normally distributed data) or
Mann-Whitney U test with rank-biserial (rp,) correlation to
indicate effect size (skewed data). Bivariate and partial correlations
were performed separately in each treatment group to investigate
the relationships between task behavior and psychometric scores,
DRSP scores, and hormonal data. In all task-related analyses we
adjusted for number of provocations and total button presses.
Analyses on cortisol were adjusted for the time of day when blood
samples were collected. Statistical analyses were performed using
the SPSS Statistics for Windows, version 26 (SPSS Inc., Chicago, I,
USA) and significance was set at p < 0.05.

Neuroimaging data analyses

General linear models were used to determine condition-specific
BOLD responses by regressing time series with the task conditions
(Provocation (PE) > Monetary Response (MR), Aggressive Response
(AR) > Monetary Response (MR), Protective Response (PR)>
Monetary Response (PR), Winning Reward (WR)> Monetary
Response (MR), and Stealing Reward (SR)> Monetary Response
(MR)), the six head-movement parameters, and convolving with
them the canonical hemodynamic response function (supplemen-
tary material). Derived single-subject contrast maps were used in
second level voxel-wise analyses to examine (i) task-related effects
in the whole group, (ii) treatment group differences, (iii)
interaction effects between treatment and task behavior, symp-
tom severity, state aggression, hormone levels, and personality on
BOLD reactivity, and (iv) the relationship between BOLD reactivity
and the aforementioned variables in each group separately. Based
on the reactive aggression neural network and in line with PSAP
neural correlates [37], analyses were performed using a region of
interest (ROI) approach. ROIs were generated using WFU-PickAtlas
as follows: the PFC including OFC as Brodmann Areas (BA) 8-14,
and 44-47; ACC as BA 24, 25, and 32; striatum (i.e., putamen and
caudate); bilateral insulae; and amygdalae. For voxel-wise treat-
ment differences and interactions within the ROIs, a p =0.001
uncorrected height threshold was used, combined with a p = 0.05
extent threshold corrected for family-wise error (FWE) [46]: k> 111
for PFC; k=28 for ACC; k=22 for the insulae; k=25 for the
striatum; and k > 1 for the amygdalae. The effect of treatment was
additionally explored within a functional ROl combining dorsal
ACC (dACC) and the medial superior frontal gyrus within the
dorsomedial PFC (dmPFC), based on the results of treatment
differences in dACC and dmPFC anatomical ROIs. A less stringent
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threshold of p =0.001, uncorrected, with a minimum cluster size
of ten voxels, was used to test correlations in each treatment
group separately. Statistical procedures are described in the
supplementary material. Mean signal time-course was extracted
and plotted for the differentially activated ROls.

Psychophysiological interaction (PPI) analyses

In order to investigate potential treatment effects on functional
connectivity during AR, we employed psychophysiological inter-
action (PPI) analysis using the SPM12 software package [47, 48],
with the dmPFC and dACC clusters that differed between groups
in the contrast AR>MR as seed regions. Thus, the functional
coupling between these ROIs and distant brain voxels was
assessed. Estimation of single-subject matrices for PPl effects
were similar to the ones used to investigate main task effects, but
included the seed region’s mean signal time-course and PPI as
regressors. BOLD signal time series were extracted from these ROIs
using the VOI time series as physiological regressors and the main
effect of condition (AR>MR) as the psychological regressor. To
explore whether activity in other brain regions correlated with the
dACC or mPFC for the AR condition (AR>MR), the individual
contrast images were then taken onto group-level analysis. As no
significant functional connectivity was detected on the whole
group level between neither of the two seed regions and distant
voxels, differential functional connectivity patterns between the
groups could not be assessed.

RESULTS

Demographic, clinical and behavioral characteristics
Demographics, task behavior, symptom severity, state aggression,
and hormonal data of the participants are presented in Table 1.
Four women (three receiving SPRM treatment, one placebo) were
excluded from the analyses because they used the AR button less
than three times. In addition, one woman in the placebo group
was excluded due to excessive movement artifacts. Thus, 30
women with PMDD were available for analyses (SPRM: n=15,
Table 1). Before randomization, the two treatment groups did not
differ in total DRSP symptom severity (total sample, M =68.6 +
15.7), AQ-RSV (total sample M=38.8+123) or in personality
scores of aggressiveness and neuroticism (Table 1). Progesterone
levels were substantially lower in the SPRM group in the final
treatment cycle, clearly outside luteal phase levels (Fig. 1), while
cortisol, estradiol and testosterone levels did not differ (Table 1).

The SPRM group reported lower scores both in the total DRSP
and the subscales during treatment, compared with placebo,
although irritability was only borderline significant (p = 0.055)
(Fig. 1). Treatment response to SPRM was higher (93.3%)
compared with placebo (53.3%) (¥’ =5.18, df=1, p=0.02).
Women randomized to SPRM displayed lower aggression during
treatment as measured by AQ-RSV (Table 1).

As to the PSAP task behavior; women randomized to SPRM used
PRs less often than women on placebo; otherwise no behavioral
differences were noted between treatment groups (Table 1). The
number of aggressive button presses and the PSAP aggression
score were positively correlated with irritability scores in the SPRM
group (rpearson (7) = 0.69, p = 0.025 and rpegrson (7) = 0.71, p=0.02,
respectively). We noted no relationship between AQ-RSV or
personality scores and task behavior in any treatment group.
Hormonal levels did not correlate with PSAP behavior.

Functional neuroimaging results

Task-related BOLD reactivity. The main task effects are presented
in Table S1. During the provocation condition (contrast PE > MR)
reactivity was found in the right insula and in three clusters in the
PFC (the right precentral gyrus, the right supplementary motor
area, and in the left precentral gyrus). In addition, we noted
significant BOLD reactivity in the left amygdala and in the left
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Table 1. Demographics, DRSP, psychometrics, task behavior and
hormone levels in women with PMDD, randomized to SPRM or
placebo.

Placebo SPRM
(n=15) (n=15)

Age, years® 35+8 34+5
Age at PMDD onset, years 23+6 25+6
Educational level

University degree 11 (73) 11 (73)

No university degree 4 (27) 4 (27)
Employment

Working part- or full time 12 (80) 14 (93)

Studying 2 (13) 1(7)

Other 1(7) 0 (0)
Personality factors

SSP Neuroticism 324+49 314+56

SSP Aggressiveness 154+19 144+ 23
Mood at baseline

Total DRSP score 69+12 68+19

AQ-RSV Score 43+10 36+13
Mood during treatment

Total DRSP score 58 +20 38+ 16*
DRSP subscale scores

Irritability® 6+£2 427

Depression 54 2xd!

Anxiety? 3+1 2+ 1¥PP

Affective lability? + 4+ 2¥Pb2
AQ-RSV Score 40+ 14 28 +13*%2
PSAP behavioral outcomes

PSAP aggression score® 9+6 10+9

Earning presses, n? 1776 £ 407 1683 + 570

Aggressive responses, n 273+ 164 279+179

Protective responses, n° 255+ 131 169 + 154*Pb3

Total Button Presses, n? 2304 + 285 2130+ 405

Points Earned, n 3+4 1+£5

Provocations, n? 14+2 16+3

Option 2 over Provocations, n 20+13 19+14

Option 3 over Provocations, n? 18+ 10 12+ 117 PP4
Hormonal levels during treatment

Estradiol, pmol/L 350+ 207 3224211

Progesterone, nmol/L? 14.4+13.7 1.7 +3.7%PP5

Testosterone, nmol/L 08+04 1+£03

Cortisol, nmol/L 251 + 87 270+ 98

Data presented as mean +SD or n (%).

AQ-RSV Aggression Questionnaire-revised Swedish version, DRSP Daily
Record of Severity of Problems, PMS Premenstrual Syndrome, PSAP Point
Substraction Aggression Paradigm.

" p<0.05; 1 p<0.15.

“Deviated from normality, Mann-Whitney U test was performed.
4'Cohen’s d effect size: d = 0.77.

92Cohen’s d effect size: d = 0.96.

b1Rank-biserial correlation effect size: fop = 0.54.

"PP2Rank-biserial correlation effect size: rp, = 0.58.

"PP3Rank-biserial correlation effect size: r, = 0.42.

Pb4Rank-biserial correlation effect size: rpp = 0.4.

"PP5Rank-biserial correlation effect size: r, = 0.64.
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caudate nucleus during provocation.

During the winning condition (contrast MR > WR), one cluster
was significantly deactivated in the orbital part of the right medial
frontal gyrus. Otherwise, no significant BOLD reactivity was
observed in any of the ROIs for any of the other conditions (AR
> MR, SR>MR, PR>MR). Task effects by treatment group are
presented in Table S2.

Treatment-related BOLD reactivity. We next compared the PSAP-
induced BOLD signal between SPRM treatment and placebo.
Aggressive response (AR) was associated with greater BOLD signal
in the dACC and in the dmPFC (i.e, BA 9 and 24/32) among
women randomized to SPRM (Fig. 2A and B). No additional
difference in BOLD reactivity was observed in other ROIls during
AR. Further, we found no treatment-dependent differences in
BOLD reactivity during the provocation, winning and SR, and PR
conditions.

Since reactivity in the dACC and dmPFC was highly correlated
(rpearson(30) = 0.874; p < 0.001), the groups were compared using a
mask including the differentially activated clusters in these two
regions. Enhanced reactivity in a bilateral cluster extending over
both dACC and dmPFC was found in women randomized to SPRM,
suggesting both regions are implicated in the same process
(Fig. 20Q).

Regarding task behavior, a treatment-by-ARs interaction was
found in the dACC/dmPFC, depicted as a negative correlation
between the fronto-cingulate BOLD reactivity and ARs in the
placebo group only (Fig. 3). The post-hoc analyses revealed a
negative correlation between BOLD and ARs in the placebo group
on a trend level (p < 0.005 uncorrected). No significant interaction
effects were noted between treatment groups and symptom
severity, state aggression, personality, or hormones on brain
reactivity.

Functional connectivity (PPI) analyses. Aggressive behavior-
dependent neural reactivity in the seed regions, dACC and
dmPFC, did not functionally correlate with reactivity in other brain
regions in the whole sample, and thus no group differences in
functional connectivity could be assessed.

DISCUSSION

SPRM treatment was associated with greater fronto-cingulate
reactivity, specifically in the dACC and dmPFC during ARs to
provocation in women with PMDD. Considering that aggression is
a behavioral outcome of irritability [49, 50], and that SPRM
treatment is associated with lower irritability symptoms [27], this
finding offers a plausible mechanism by which progesterone
receptor antagonism, and consequent anovulation, facilitates
emotion regulation in PMDD.

The present findings represent the first pharmaco-
neuroimaging indication of progesterone as modulator of
fronto-cingulate circuits behind reactive aggression in PMDD.
The ACC and mPFC regions are involved in aggression, cognitive
control, and negative affect in healthy individuals [41]. They have
been identified as nodes of frontal attentional and control
networks, and shown to be influenced by hormonal fluctuations
during the menstrual cycle phase, and by oral contraceptive use,
in healthy women [38, 51]. Lower cortical inhibition in frontal
regions may indeed precipitate PMDD symptoms such as
irritability [17, 52], and in line with this, women with PMDD
display blunted fronto-cingulate reactivity to emotional stimuli in
comparison with controls [53], likely as a sign of poor top-down
control on emotions.

As part of the dorsal top-down control system, both the dACC
and dmPFC are implicated in conscious emotional reappraisal
following negative stimuli presentation [54]. In PMDD, the role of
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Fig. 1 Differences between groups in symptom severity and hormonal levels. Descriptive panel showing the effect of SPRM treatment in
comparison with placebo, according to the Daily Record of Severity of Problems (DRSP) total score (d=1.09) (A), the four subscales,
depression, anxiety, affective lability, and irritability (B), and hormone levels, indicated by the mean concentrations of estradiol, progesterone,
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treatment in women with PMDD (n=15) led to enhanced BOLD reactivity (SE: 95% Cl) in the contrast aggressive response > monetary
response, when compared to the placebo (n = 15), for the following clusters within two regions of interest: (A) the dACC (two maxima: [x, y, z:
4, 34, 20 and 4, 40, 28]; k=106; T=4.27; prwe.cluster = 0.005), (B) the dmPFC (two maxima: [x, y, z: 0, 46, 30 and —8, 46, 20]; k= 141; T=4.58;
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4.55; Prwe-ciuster = 1.76E-05y. The first maximum is illustrated in the graph. The mean time-course of the signal was extracted to visualize the
treatment group differences in BOLD response.
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progesterone (or allopregnanolone) in emotional regulation is
presumably exerted through its influence on amygdala-ACC
coupling [51]. Lower luteal phase ACC reactivity to social negative
stimuli has been observed in women with PMDD [39]. The dACC
has further been implicated in experimental settings that require
conflict resolving, where its central role is cognitive control
adjustment [55, 56]. Reactivity of the dACC has also been observed
in the decision phase of the Taylor Aggression Paradigm [55]. The
current findings are thus in line with the region’s emotion-
cognition conflict processing role [57], as differential reactivity
occurred when the participants were asked to decide between
two alternatives (retaliation vs. protection of already acquired
points). This is the first evidence of dACC reactivity following ARs
in PMDD. Paradigms distinguishing between low and high
provocation conditions [55] would further inform on the
emotional and conflict resolution processes in PMDD.

Moreover, the dorsolateral PFC (dIPFC) is an inhibitory control
region and its reactivity has been linked to PMDD [52], and proved
to be sensitive to progesterone and estradiol fluctuations [58].
During anticipation of negative emotional stimuli, dIPFC and
mPFC show heightened luteal reactivity in women with PMDD
[40]. This is the first study to link progesterone to the dmPFC and
emotional processing, suggesting improved inhibitory top-down
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control for the patients receiving SPRM treatment. Moreover, as
region-specific influences of treatment could not be distinguished,
the same functional effect during aggressive responding could be
attributed to both regions.

Regarding behavior, as expected, the higher the irritability, the
more aggressively the participants behaved during the task. Greater
ARs were correlated on a trend level (likely due to the sample size)
with lower fronto-cingulate reactivity in the placebo group only,
further supporting an effect of SPRM treatment on control over
reactive aggression. Nevertheless, we found no behavioral differ-
ences between the treatment groups. This finding can be attributed
to either low sensitivity of the behavioral measures in capturing
treatment effects or that the women included in this study were not
a highly aggressive sample. The scores in the current sample at
baseline and for the SPRM group during treatment (the placebo
group had marginally higher mean, see Table 1) were lower than the
cut-off score for aggressive behavior [45], as well as than those
observed in general (females: 52) and clinical populations (females
with persistent depressive disorder: 59) [59]. SPRM treatment was
associated with lower state aggression compared to placebo,
although the scores did not correlate with brain reactivity. It is
plausible that there is more to the relationship between irritability
and aggression. Aggression is only one of the possible outcomes of
irritability [9] and needs to be addressed by a multifaceted
evaluation of impulsive/aggressive behavior, along with a larger
sample. Assessment of task adherence could also inform whether
the observed response is generated by reactive aggression.
Furthermore, the relationship between symptom severity and
fronto-cingulate reactivity did not vary by treatment group, despite
SPRM treatment leading to lower irritability [27], which also suggests
a somewhat complex relationship between progesterone, irritability,
and aggression. Even though neuroticism constitutes a candidate
factor in predicting luteal phase negative affect [4], no predisposi-
tion emerged when considering trait neuroticism and trait
aggressiveness, or their relationship to treatment-specific brain
reactivity. Last, because only one subject in the SPRM treatment
group was categorized as non-remitter, the relationship between
treatment efficacy and brain reactivity could not be assessed, thus
impeding prediction analyses.

Emotion regulation can be characterized as the, conscious or
not, subjective perception and evaluation of external events [60],
requiring global network efficiency [61]. In our sample of women
with  PMDD, the task generated prefrontal and subcortical
reactivity, along with orbital medial frontal gyrus deactivation
during the provocation and WR conditions; which is in line with the
PSAP-reactivity patterns observed in healthy [37] and aggressive
individuals [33], respectively. In fMRI adaptations of aggression
paradigms, reactive aggression is considered a product of a
distributed cortico-limbic network responsible for emotional
regulation in healthy men [62] and, accordingly, heightened
amygdala and striatal activation, accompanied by lower functional
connectivity with prefrontal regions, was noted in violent subjects
[63]. SPRM treatment did not influence other subcortical regions or
the OFC, neither functional connectivity. The lack of significant
reactivity in subcortical regions in response to the AR condition,
may explain why we did not observe any connectivity patterns.
This could indicate low sensitivity of the task in detecting brain
reactivity in a moderately aggressive sample, combined with the
modest fMRI spatial resolution. The use of a baseline condition,
entailing no or minimal cognitive activity, such as a fixation cross
could have potentially increased the sensitivity of the task.
Nevertheless, replication of these results in a larger sample is
warranted.

Concerning the neuroendocrine underpinnings, SPRM treat-
ment leads to anovulation and low levels of progesterone and
likely allopregnanolone. In addition, as SPRM treatment maintains
estradiol on mid-follicular levels, it cannot be excluded that the
present findings were merely an outcome of progesterone
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receptor antagonism [27]. In fact, following ovarian suppression,
PMDD symptom reinstatement has been noticed after adding-
back of either estradiol or progesterone [64] or their combination
[65], but the distinct effects of the two hormones have not yet
been discerned. The present study does not allow to assess
whether progesterone alone, or together with its metabolites,
mediates the treatment effect. It can be hypothesized that lower
cortical inhibition during the symptomatic phase precipitates
PMDD symptoms such as irritability [17], as an outcome of altered
GABA, receptor sensitivity to allopregnanolone in emotionally
relevant ROIs, including the ACC and mPFC [18]. Further studies
are thus needed to disentangle the effects of progesterone and
allopregnanolone, and even estradiol, in mediating the treatment
effect on the neural correlates of PMDD.

As to the usefulness of SPRMs in women with PMDD, further
studies are clearly needed. Despite isolated cases of severe
adverse effects on liver function in older subjects treated for
uterine fibroids with SPRM [66], the 3 month treatment regimen
(even up to four three-month courses) has been linked to stable or
decreasing side effects [27, 67]. This together with its positive
effects on depressive and irritability symptoms, and with the
ongoing development of SPRMs with safer profiles [68], highlights
the relevance of pharmaco-neuroimaging studies targeting
potential mechanisms behind PMDD.

In conclusion, SPRM treatment, which reduced PMDD symptom
severity [27], was associated with greater top-down control during
aggressive behavior. The present results indeed highlight optimistic
prospects for treatment based on SPRM to target brain circuits of
clinical and behavioral relevance. Here, a randomized placebo
controlled design and analyses accounting for multiple comparisons,
provide evidence on treatment differences, which points to the
influence of progesterone (or downstream allopregnanolone) on
fronto-cingulate functioning in women with PMDD [66, 68].
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