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Fluctuations in progesterone (P4) and estradiol (E2) across the menstrual cycle can exert direct effects on biological systems
implicated in neuropsychiatric disorders and represent a key biological source of variability in affective, cognitive, and behavioral
disorders. Although these cyclical symptoms may be most readily identified when they occur exclusively in relation to the
menstrual cycle, as in DSM-5 premenstrual dysphoric disorder, symptom changes of similar magnitude occur in a larger proportion
of people with ongoing psychiatric disorders. Studies investigating cyclical regulation of brain and behavior often produce
inconsistent results, which may be attributed to a lack of focus on specific hormonal events and individual differences in related
sensitivities. We propose a transdiagnostic Dimensional Affective Sensitivity to Hormones across the Menstrual Cycle (DASH-MC)
framework, postulating that atypical neural responses to several key hormonal events provoke specific temporal patterns of
affective and behavioral change across the menstrual cycle. We review prospective and experimental evidence providing initial
support for these dimensions, which include (1) luteal-onset negative affect caused by a sensitivity to E2 or P4 surges (mediated by
neuroactive metabolites such as allopregnanolone), typified by irritability and hyperarousal; (2) perimenstrual-onset negative affect
caused by a sensitivity to low or falling E2, typified by low mood and cognitive dysfunction; and (3) preovulatory-onset positive
affect dysregulation caused by a sensitivity to E2 surges, typified by harmful substance use and other risky reward-seeking. This
multidimensional, transdiagnostic framework for hormone sensitivity can inform more precise research on ovarian steroid
regulation of psychopathology, including further mechanistic research, diagnostic refinement, and precision psychiatry treatment
development. Additionally, given the high rates of hormone sensitivity across affective disorders, the DASH-MC may guide broader
insights into the complex neurobiological vulnerabilities driving female-biased affective risk, as well as potential triggers and
mechanisms of affective state change in psychiatric disorders.
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INTRODUCTION
The menstrual cycle as a source of fluctuating vulnerability for
psychopathology
Changes in ovarian hormones across the menstrual cycle
represent a key biological source of symptom variability in
psychopathology among many individuals assigned female at
birth (AFAB)1. In conjunction with effects on the reproductive
system, cyclical changes in both progesterone (P4) and estradiol
(E2) exert direct effects on the central nervous system, including
the majority of neurobiological systems implicated in psychiatric

disorders [2]. However, the myriad ways in which these hormones
regulate brain function, along with marked individual differences
in sensitivity to these hormone changes, have led to scattered,
sometimes contradictory findings without a coherent theoretical
framework. We propose a unifying framework—the Dimensional
Affective Sensitivity to Hormones across the Menstrual Cycle
(DASH-MC)—based on observations of several cyclical symptom
patterns that appear to have unique biological triggers or
mechanisms.
The word “dimensional” indicates the hypothesis that more

than one kind of ovarian steroid hormone sensitivity exists, and
further that such dimensions of hormone sensitivity are con-
ceptualized as continuous rather than categorical variables. We
use “affective” to indicate that the primary outcomes of interest
relate to emotional functioning (e.g., sadness, anger, joy, fear,
anxiety), although we expect that direct cognitive or motor
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1This includes any cisgender women, transgender men, and AFAB
nonbinary individuals who ovulate (i.e., excluding those who are pre-
menarche, pregnant or breastfeeding, post-menopausal, using
medications such as oral contraceptives and other hormonal therapies
that suppress ovulation, have undergone bilateral oophorectomy)[1].

www.nature.com/mpMolecular Psychiatry

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41380-024-02693-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41380-024-02693-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41380-024-02693-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41380-024-02693-4&domain=pdf
http://orcid.org/0000-0003-3150-3973
http://orcid.org/0000-0003-3150-3973
http://orcid.org/0000-0003-3150-3973
http://orcid.org/0000-0003-3150-3973
http://orcid.org/0000-0003-3150-3973
http://orcid.org/0000-0002-2396-7594
http://orcid.org/0000-0002-2396-7594
http://orcid.org/0000-0002-2396-7594
http://orcid.org/0000-0002-2396-7594
http://orcid.org/0000-0002-2396-7594
http://orcid.org/0000-0003-2367-1408
http://orcid.org/0000-0003-2367-1408
http://orcid.org/0000-0003-2367-1408
http://orcid.org/0000-0003-2367-1408
http://orcid.org/0000-0003-2367-1408
http://orcid.org/0000-0002-9231-3105
http://orcid.org/0000-0002-9231-3105
http://orcid.org/0000-0002-9231-3105
http://orcid.org/0000-0002-9231-3105
http://orcid.org/0000-0002-9231-3105
https://doi.org/10.1038/s41380-024-02693-4
mailto:jessica_peters@brown.edu
www.nature.com/mp


hormone sensitivities also exist. “Sensitivity” refers to the fact that
only some people experience significant affective reactions to
normative physiological hormone change, which implies an
atypical reactivity. Here, “hormones” is used to refer to ovarian
E2 and P4. We label this framework transdiagnostic to reflect that
these patterns of hormone sensitivity appear to induce or
exacerbate common neurobiological and behavioral processes
relevant to many different psychiatric diagnoses, with relevance to
a wide range of clinical populations. We aim to provide a useful
conceptual framework for research in hormone sensitivity that
explains the complex presentations of our patients, identifies
possible neurobiological triggers and processes underlying their
symptoms, and supports the advancement of precision medicine.
While we focus here on applications of the DASH framework to
symptom change across the menstrual cycle, we believe extend-
ing this framework would likely also hold promise for explaining
pathophysiological heterogeneity of mental health risks asso-
ciated with puberty, pregnancy, and the menopause.

The menstrual cycle
The monthly menstrual cycle is governed by the pulsatile
secretion of gonadotropin-releasing hormone (GnRH) from the
hypothalamus, stimulating the anterior pituitary gland to release
follicle-stimulating hormone (FSH) and luteinizing hormone (LH).
During the follicular phase, ovarian follicles develop, creating a
gradual rise in estrogen (E2) levels and a peak just before
ovulation, when the dominant follicle releases an egg. After
ovulation, the luteal phase begins when the remaining tissue from
the dominant follicle transforms into the corpus luteum, which
secretes both E2 and progesterone (P4). In the absence of
fertilization, the corpus luteum regresses, causing E2 and P4 levels
to decline rapidly, triggering menstruation. Hormone levels
remain low and stable through the early follicular phase.

The need for a transdiagnostic approach to hormone
sensitivity
These typical menstrual hormone shifts exert clinically significant
effects on affect, cognition, or behavior for only a minority of
ovulating people [3]. These symptoms arise not due to differences
in hormone levels or trajectories but rather due to an altered brain
sensitivity to typical cyclical hormone changes (hormone sensitiv-
ity) [4]. The DSM-5 diagnosis of premenstrual dysphoric disorder
(PMDD), observed in approximately 5.5% of the cycling popula-
tion2, is given when distressing or impairing emotional symptoms
are present in the week before menses onset, begin to improve
during menses, and become minimal or absent in the week
following menses [6, 7]. For the diagnosis of PMDD, prospective
daily symptom ratings must confirm the pattern in at least five
total symptoms (from a list of 11 emotional, behavioral, and
somatic symptoms), including at least one emotional symptom,
across at least two cycles.
PMDD prevalence estimates represent only a subset of those

with cyclical symptoms, because the DSM-5 diagnostic criteria
exclude individuals whose symptoms exhibit substantial pre-
menstrual increases but fail to decline to subclinical levels through
the follicular phase [8]. This excluded group, while not included in
an established diagnosis or specifier, has been defined by a group
of international experts as premenstrual exacerbation (PME) [9],
typically in reference to a presumed underlying disorder (e.g.,
major depressive disorder). A recent review of prospective studies
suggests that a substantial percentage of those with chronic

psychiatric disorders experience clinically significant cyclical
worsening of symptoms [10]. Prospectively confirmed PME
appears highly prevalent in major depressive disorder, with rates
as high as 60% according to a large community-based study [11].
This is particularly notable given that the methods used for
delineating “significant” PME in that study (i.e., premenstrual
symptom increase of >=1 person-standard-deviation) penalize
individuals with higher mean symptom levels, making it more
difficult for those with greater baseline symptoms to cross the
threshold (i.e., since person-mean and person-standard-deviation
are always strongly correlated). Sample sizes in most studies of
other disorders are too small to derive population-level estimates
of hormone sensitivity. Still, substantial rates of prospectively-
confirmed PME have been documented in bipolar disorder [12],
borderline personality disorder (BPD) [13–15], bulimia nervosa
[16, 17], attention-deficit/hyperactivity disorder (ADHD) [18],
schizophrenia and psychosis [19, 20], substance misuse [21, 22],
and post-traumatic stress disorder [23].
This broad pattern may reflect a shared underlying vulnerability

to both psychopathology and hormone sensitivity, including
beyond clinical samples. Even in healthy participants who did not
meet criteria for any psychiatric diagnoses, mood changes in
response to induced hormone fluctuations were present only for
individuals who reported more extreme levels of neuroticism
(chronic tendency toward experiencing negative affect) [24]. This
heightened prevalence of hormone sensitivity across a range of
psychopathology suggests that a transdiagnostic understanding
of hormone sensitivity in these populations may inform not only
our understanding of ovarian steroid effects on psychopathology
but also provide insight into the broader neural vulnerability to
psychiatric disorders [25–27].

Beyond premenstrual symptoms: the need for a
multidimensional approach
Though most research focuses on premenstrual symptoms, the
timing of cycle effects on symptom expression are more complex
and variable. Patterns described as premenstrual or perimenstrual
can include differences in timing of symptom onset (e.g., early vs
late luteal phase) and clearance (e.g., rapid offset at the start of
menses vs persistence into the follicular phase). Peri-ovulatory
effects on symptoms, long described by some patients and
suggested by animal studies, have also emerged in this growing
evidence base. Identifying specific biobehavioral triggers and
processes underlying these unique patterns of symptom pre-
sentation [28] may explain seemingly inconsistent findings in
observational research and clinical trials.
To this end, we propose a novel Dimensional Affective

Sensitivity to Hormones across the Menstrual Cycle (DASH-
MC) framework, encompassing PMDD, PME, and periovulatory
phenotypes, in which distinct cyclical hormone changes can trigger
or exacerbate transdiagnostic psychiatric symptoms at different
menstrual cycle phases. We present three initial hypothesized
sensitivities (see Fig. 1): (1) luteal-onset symptoms, driven primarily
by fluctuations in P4 metabolites, (2) perimenstrual-onset symptoms,
driven by E2 withdrawal and/or low levels of E2, and (3)
periovulatory symptoms, driven by sudden increases in E2. While
based on a growing number of convergent findings across research
on PMDD and PME, these candidate forms of hormone sensitivity
may evolve with further research to identify definitive, underlying
molecular pathways. Hormone-sensitive individuals may have one
or a combination of sensitivities, including possible additional types
yet to be identified.
Below we review evidence for these symptom patterns and

potential contributing neurobiological processes. Currently avail-
able retrospective assessments of PMDD criteria (i.e., single-time-
point surveys and interviews) are highly prone to false positives
and do not outperform chance in predicting cyclical symptom
patterns in daily ratings [3, 29]. Accuracy of retrospective report for

2This estimate reflects the largest study of confirmed diagnoses using
prospective daily ratings in a representative community sample; while
initially estimated at 1.3% using DSM-IV-TR criteria, estimated rates
from this data that reflect the current DSM-5 PMDD diagnostic criteria
(with optional impairment) are 5.5% [3]; see [5] for review.
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detecting hormone sensitivity in other types of sensitivities, such
as PME, has not yet been well evaluated, but may be similarly
biased. Given that within-person, prospective methods are
essential for validly assessing naturally occurring cycle effects on
symptoms [3, 29, 30], only studies using these or experimental
methods will be reviewed as primary evidence for these hormone
sensitivities, unless explicitly noted.

DIMENSIONS OF HORMONE SENSITIVITY
Dimension 1: Luteal-onset sensitivity to neuroactive steroid/
allopregnanolone surges
Phenomenology of Midluteal-onset symptoms. The best-studied
dimension of hormone sensitivity involves altered reactions to
typical early to midluteal phase surges in P4 and E2, particularly
the related surges in P4 metabolites such as allopregnanolone
(ALLO). Across the menstrual cycle, systematic changes in ALLO
levels follow those of P4 [31]. More specifically, ALLO levels are
generally low during the follicular phase, begin to increase after
ovulation, and reach their primary peak in the midluteal phase. A
sensitivity to ALLO, which appears to characterize the majority of
patients with DSM-5 PMDD, provokes a broad range of negative
affective symptoms, with particularly strong increases in symp-
toms characterized by hypersensitivity, including irritability, stress
sensitivity, somatic anxiety, mood lability (hypersensitive/reactive
mood), rejection sensitivity (social hypersensitivity), reactive
aggression (behavioral response to irritability), and other related
symptoms in the midluteal phase [14, 15, 32–36]. Typically, these
symptoms emerge after ovulation, increase across the luteal
phase, peak in the late luteal phase, improve with menses onset,
and show a nadir in the midfollicular phase. However, it should be
noted that even in samples carefully recruited for luteal phase
confinement of PMDD symptoms, there are prominent individual
differences in the lag time between the postovulatory ALLO

increase and symptom emergence, with some patients experien-
cing immediate symptom onset in the early luteal phase, and
others experiencing symptoms only in the premenstrual week.
Accordingly, we refer to these symptoms as “luteal-onset”, and
they are typically luteally-confined.
Although PMDD patients experience a variety of emotional

symptoms, including low mood and anhedonia, the hypersensi-
tive phenotype predominates, with luteal-onset symptoms of
irritability, anger, and interpersonal conflict among the most
commonly observed [34, 35] and most impairing [36]. In a study
using group-based trajectory models to identify subtypes of
prospectively-diagnosed PMDD (N= 74), the most severe symp-
tom trajectory (observed in 64% of the sample) involved irritability
and mood lability rising post-ovulation and continuing through-
out the luteal phase. Late luteal increases specifically in high
arousal negative affect (e.g, upset, irritated, nervous) vs. lower
arousal (e.g., down, bored, listless) also occurred in response to
momentary stress in a sample diagnosed with PMDD (i.e., luteally-
confined symptoms) [32], further supporting this irritable and
hypersensitive luteal phenotype.
Similar patterns of luteal hypersensitivity have been observed in

a number of small studies examining the degree of cyclical
worsening in other psychiatric conditions or symptoms. In BPD
(N= 15), irritability and anger demonstrated exacerbation across
the luteal phase, with lowest levels before and at ovulation; this
initial rise in irritability was shortly followed by elevated
interpersonal reactivity (e.g., rejection sensitivity, perceived
invalidation) [14, 15]. In a transdiagnostic sample of psychiatric
outpatients recruited for past-month suicidality, irritability showed
a different pattern of cyclical exacerbation than depressive
symptoms. Both rose in the midluteal phase and peaked
perimenstrually; however, irritability remitted much more rapidly
with menses onset, suggesting a stronger luteal confinement of
this symptom [37]. For some, this high arousal negative affect may

Fig. 1 Dimensional Affective Sensitivity to Hormones across the Menstrual Cycle (DASH-MC). Primary steroid triggers, hallmark psychiatric
symptoms, and related biological processes of three dimensions of sensitivity to cyclical ovarian steroid hormone flux.
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present as anxiety—among ovulating people with panic disorder
(N= 24), half demonstrated substantial luteally-confined exacer-
bations [38]. While less well studied, qualitative work interviewing
people with lived experience of PMDD, as well as expert clinicians,
identified misophonia (hypersensitivity to auditory stimuli) as a
common and significant symptom alongside irritability [39]. These
reports are consistent with findings of luteal accentuation of the
acoustic startle response in PMDD, but not healthy controls [33],
suggesting hypersensitivity to stimuli may contribute to this
phenotype.
This increased luteal distress may lead to dysregulated

behavioral responses. In both healthy and transdiagnostic out-
patient samples, premenstrual increases in alcohol use were linked
specifically to coping motives, potentially representing alcohol’s
ability to acutely reduce high-arousal negative affect [21, 22].
Similarly, reactive aggression (i.e., aggression in response to
frustration/provocation) was highest in the late luteal phase in
BPD [15].

Biological processes relating to luteally-confined symptoms
Altered sensitivity to luteal E2 or P4 surges: Rigorous experi-
mental evidence suggests this luteal phase pattern of symptom is
triggered by a neural sensitivity to normative post-ovulatory steroid
surges [4, 40, 41]. Several RCTs indicate that luteally-confined
symptoms can be treated by suppressing ovulation and sub-
sequent steroid flux, including some improvement with extended-
cycle oral contraceptives [42] and substantial improvement with
GnRH analogs (GnRHa) [43, 44] and selective P4 receptor
modulators (ulipristal acetate) [45]. Among PMDD patients whose
symptoms remit during the low, stable hormone state that results
from GnRHa treatment, symptoms can be rapidly re-triggered by
administering (or “adding back”) luteal phase levels of E2, P4, or
both, to create an artificial steroid surge that mimics the
periovulatory or early luteal phases [4, 41]—and the same
hormone changes do not provoke symptoms in controls. Of note,
even among PMDD patients carefully selected for luteally-
confined symptoms, there was substantial variability as to whether
symptoms were triggered during P4 add-back, E2 add-back, or
both, highlighting the potential for further subtypes of luteal-
onset hormone sensitivity [4].
Experiments further demonstrate that these luteally-confined

symptoms are lagged, time-limited responses to post-ovulatory
steroid surges specifically, rather than triggered either by elevated
absolute steroid levels, and rather than the late luteal drop in steroid
levels (or withdrawal) or subsequent low absolute levels [4, 40, 41].
In one study, for PMDD patients whose symptoms remitted during
GnRHa (low, stable steroid levels) and returned following addback
of luteal levels of E2 and P4 (i.e., steroid surges), this increase in
symptoms lasted only an initial month and remitted in the second
month, despite continuous, stable hormone administration. This
suggests that luteally-confined emotional symptoms probably
result from an altered neural sensitivity to hormone surges
(increases) rather than an altered sensitivity to absolute high/luteal
phase levels of hormones [41]. To examine potential effects of
hormone withdrawal, another study usedmifepristone plus placebo
to induce early (midluteal) hormone withdrawal and associated
bleeding in one condition, compared with using mifepristone plus
human chorionic gonadotropin (hCG) in another condition to
maintain the elevated midluteal hormonal profile while inducing
the same midluteal menstrual bleeding. In support of the delay
between the hormonal trigger and symptom expression, inducing
premature E2 and P4 withdrawal did not alter the luteal symptom
trajectory in PMDD [40]. This finding implicates a delayed impact of
periovulatory hormone surges on the time-limited luteal symptom
presentation found in PMDD and fails to support a steroid
withdrawal hypothesis.
Consistent with the irritable and hypersensitive nature of these

luteal-onset symptoms, effects of both P4 administration and

naturally occurring surges are linked to changes in structure,
responsivity, and connectivity of multiple brain regions, including
the amygdala, insula, ACC, hippocampus, and OFC [46, 47]3. In one
study, P4 administration in the follicular phase (to luteal levels)
increased reactivity and connectivity of amygdala in response to
emotion inductions in both PMDD and controls [52], suggesting
potential additional neurological factors may modulate whether
this activation of negative affect and heightened stimulus salience
networks translates to symptoms and impairment. Other studies
suggest that in PMDD, activation of amygdala may be paired with
deficits in frontal inhibition. One study on emotion processing
found along with increased premenstrual (vs postmenstrual)
amygdala response to negative (vs neutral) stimuli, participants
with PMDD lacked the luteal increase in OFC activation typical of
those without the disorder [53, 54]. Similarly, PMDD was linked to
increased luteal phase-specific reactivity to negative social cues in
the amygdala and insula, coupled with decreased dACC response,
relative to controls; these changes were correlated with changes
in P4 [55]. This increased response was paired with alterations in
connectivity between the ACC and both amygdala and insula,
suggesting increased reactivity in social processing coupled with
decreased reactivity in regulation. Conversely, inhibition of P4
fluctuations during the cycle, and consequent anovulation,
appears to improve top-down emotion regulation in patients
with PMDD. One placebo-controlled study found that treatment
with a progesterone receptor antagonist was associated with
greater fronto-cingulate reactivity in response to provocation
stimuli during an fMRI task in patients with PMDD [56]. These
neural patterns of increased affective reactivity paired with
decreased regulatory activation overlap considerably with those
associated with impulsive aggression [57], rejection sensitivity
[58, 59], and misophonia [60], all symptoms observed in luteal-
onset hormone sensitivity.
A substantial number of preclinical and human studies indicate

this surge sensitivity is influenced by (1) altered luteal effects of
GABAergic P4 metabolites (e.g., ALLO) at the GABAAR, and (2)
altered luteal phase serotonergic function. Since the bulk of the
human work in this area comes from studies of luteal-onset
symptoms in PMDD, these studies will be featured below;
however, we expect that these findings likely generalize to P4
metabolite sensitivities broadly, including luteally-confined PME.

Altered sensitivity to surges in the neuroactive steroid
metabolites of P4: The altered luteal emotional response to
midcycle steroid surges is mediated by sensitivity to the typical
postovulatory surge specifically in 5α-reduced metabolites of P4,
such as ALLO [61]. Although ALLO acts as a potent positive
allosteric modulator at the GABA-A Receptor (GABAAR), typically
leading to anxiolytic, sedative, antidepressant, and prosocial
effects [62], it causes opposite responses in PMDD. An RCT in
PMDD found that blockade of P4-to-ALLO metabolism using
dutasteride, a 5a-reductase inhibitor, reduces luteal symptoms
relative to placebo [61], suggesting that ALLO (or other 5a-
reduced metabolites of P4) play a causal role in luteal phase
symptom onset. Two other RCTs in PMDD found that daily
injections of isoallopregnanolone, thought to antagonize effects
of ALLO at the GABAAR, show promise for reducing luteally-
confined symptoms [63, 64]. Finally, metabolism of P4 to ALLO

3Of note, a number of neuroimaging studies have also found stable
(non-phase-specific) differences between participants with PMDD and
controls, e.g. [48], [49], [50]; see [51] for a recent review on
neuroimaging of PMDD broadly. While it is possible that these stable
neural differences relate to vulnerability to hormone sensitivity
dimensions, we focus primarily on neural changes across the cycle
that may underlie dimension-specific affective and behavioral
symptoms.
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(and other 5a-reduced metabolites of P4) appears undisturbed in
PMDD, undermining the hypothesis that altered levels produce
these adverse effects of ALLO [63, 64]. While it is unclear whether
luteal-onset symptoms triggered by E2 add-back alone [40] share
the same pathophysiology as those triggered by P4, E2 can
directly increase synthesis of P4 (and therefore ALLO) in the brain
[65]. Therefore, even E2-initiated symptoms could be mediated by
the ability of E2 to increase local production of P4 and its
metabolites.
The exact mechanisms by which ALLO surges cause luteal-onset

affective symptoms remain unknown; however, it has been
repeatedly hypothesized (though never directly tested in humans)
to be driven by altered subunit configuration (and associated
function) of the pentameric GABAAR, which in turn alters
sensitivity to typical ALLO flux across the cycle (reviewed in
[66]). In rodent models of hormone-sensitive behavior change, a
failure to adaptively reorganize the subunit composition—and
related functional response—of GABAAR across the cycle under-
mines or even reverses the typical anxiolytic, antidepressant,
prosocial effects of ALLO [67]. Therefore, altered steroid regulation
of GABAAR subunits across the cycle may play a role in the luteal-
onset phenotype, and represent a potential target for intervention
specific to this symptom set.

Reduced luteal phase serotonin function: In addition to potential
GABAergic processes described above, several lines of research
emphasize a critical role for deficits in luteal phase serotonergic
function in luteally-confined PMDD symptoms. Studies comparing
patients with luteally-confined emotional symptoms to healthy
controls have demonstrated lower whole-blood serotonin levels
[68], blunted luteal serotonin production in response to an
L-tryptophan challenge [69], and increased luteal serotonin
transporter binding [70]. Each of these deficiencies appeared
specifically in the luteal phase. Given the well-documented role of
serotonin in regulation of irritability, aggression, and general
mood states [71, 72], the large number of clinical trials
documenting rapid efficacy of serotonergic agents such as SSRIs
in the treatment of luteally-confined symptoms [73], and the
experimental evidence that serotonergic agents provide relief in
PMDD via serotonergic mechanisms [74], the impact of luteal P4
(and perhaps E2) on serotonin function represents a likely
component of luteal-onset hormone sensitivity [75].

Dimension 2: Perimenstrual-onset sensitivity to low or
falling E2
Phenomenology of perimenstrual-onset symptoms. In contrast to
the luteal-onset pattern described above, we hypothesize the
presence of a second hormone sensitivity characterized broadly
by perimenstrual depressed mood and cognitive dysfunction. This
can present with symptoms of increased internalizing negative
affect (e.g., depression, anxiety, stress, anhedonia), suicidal
thoughts and behavior, and difficulties with attention, memory,
and learning. Across studies reviewed below, these perimenstrual
increases in cognitive and affective symptoms emerge during and
following perimenstrual hormone decreases, and persist into the
early follicular phase-- unlike what is typically observed with the
luteally-confined surge sensitivity symptoms described previously.
In a study of symptom trajectories among PMDD patients,

about two-thirds of the sample demonstrated a pattern of
symptoms in which emotional and cognitive symptoms were
confined primarily to the perimenstrual phase, with this pattern
most pronounced for symptoms of sadness and anxiety (in
contrast with irritability, for which most patients showed a full
luteal phase pattern) [76]. In BPD, lower arousal and internalizing
affective symptoms (e.g., hopelessness, shame, sadness) showed
the lowest levels around ovulation and the early luteal
phase and demonstrated worsening in the late luteal phase
that extended well into the follicular phase, during hormone

withdrawal and subsequent low levels [14]. Similar findings were
observed in a non-clinical sample with a range of BPD features,
where those with elevated BPD features demonstrated higher
depression and rumination specifically when E2 was lower [13].
These perimenstrual-onset difficulties regulating emotion-

related cognitive processes may also exacerbate suicidal ideation
and behavior in response to elevated negative affect. Suicide risk
appears to peak in the late luteal and early follicular phases in
tandem with rapid decreases in—or low levels of—E2 and P4, with
lower risk during the ovulatory and midluteal cycle phases. A
review of studies examining cycle phase differences in hospitaliza-
tion for suicidal behaviors concluded that suicidal behavior
appeared most common during—and not before—menses [77].
Consistent with this, a study assessing cycle phase of females
within 24 hours of presenting to the ER following a suicide
attempt demonstrated increased likelihood of attempts occurring
perimenstrually [78]. A prospective study of patients recruited for
past month suicidal ideation further found that the daily severity
of both suicidal ideation and depressive symptoms (depressed
mood, hopelessness, worthlessness/guilt) peaked during menses,
rather than premenstrually, and persisted significantly into the
early follicular phase [79], in contrast with the typical earlier luteal
onset of irritability/hypersensitivity [14, 15]. Together, these
findings provide evidence for divergence of perimenstrual-onset
depression pattern from the luteal irritability/hypersensitivity
pattern, both in having a later onset and a later offset.
While perimenstrual-onset and early follicular symptom eleva-

tions may often represent delayed effects of the ALLO surge
sensitivity described above in relation to the hypothesized luteal
hypersensitivity subtype [40], the predominance of more inter-
nalizing and cognitive symptoms in the perimenstrual and early
follicular phases combined with the frequent failure of these
symptoms to “switch out” with menses onset suggests the
possibility of an alternative form of perimenstrual steroid
sensitivity. Currently, however, it remains unclear whether
perimenstrual-onset symptoms are best explained by the sudden
perimenstrual decrease in steroid levels (withdrawal) or the
subsequent low absolute steroid levels.

Biological processes relating to perimenstrual-onset symptoms
Altered sensitivity to low/falling perimenstrual E2.: While depres-
sive symptoms like sadness may co-occur as part of a larger set of
luteally-confined symptoms resulting from sensitivity to hormone
surges, increasing evidence points to a distinct, perimenstrual
steroid decrease sensitivity specific to later offset depressive
symptoms. Across several experimental studies, administration of
GnRHa, which induces ovarian steroid surges, subsequent with-
drawal, and depletion state similar to menopause, led to symptom
remission (including sadness) in the first month in a series of trials
with PMDD patients (i.e., luteally-confined symptoms; [4, 41, 43]).
However, several studies in patients with prospectively-confirmed
PMDD have reported that the ameliorative effect of GnRHa may
not extend to those with predominantly depressive premenstrual
symptoms [80] and may not benefit PMDD patients with
comorbid depressive disorder [81] or ongoing dysphoria (e.g.,
PME; [82]). This suggests at least some with PMDD may experience
depressive symptoms caused by an alternative sensitivity that
does not benefit from the induction of withdrawal and low steroid
levels. Consistent with that possibility, GnRHa-induced hormone
withdrawal (or subsequent low levels or depletion) provokes
depressive symptoms specifically among individuals with histories
of depression or high levels of neuroticism [83], but not in healthy
controls without a history of depression [83, 84].
A series of crossover randomized controlled clinical trials in

transdiagnostic outpatients recruited for suicidal ideation more
specifically implicates E2 withdrawal or subsequent low E2 levels
as a potential trigger of perimenstrual-onset worsening of
depressed mood and suicidality. Following naturally occurring
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post-ovulatory hormone surges, patients were administered
ovarian steroids for two weeks around menses onset to offset
hormone withdrawal. Perimenstrual administration of E2 either
with P4 [85] or alone [86] prevented perimenstrual worsening of
suicidal ideation and depressive symptoms observed at baseline
and under placebo, but did not alter premenstrual increases in
irritability. These findings support an E2-related mechanism of
perimenstrual-onset depressive symptoms that may also be
responsible for depressive symptoms that extend into the
follicular phase.
E2 affects a staggering array of neurobiological factors [2].

Numerous studies (reviewed below) demonstrate facilitative effects
of E2 on DA responses throughout the brain, resulting in altered
cognition and reward responses. While less explored at present,
alternative neurological processes underlying sensitivities to low/
falling E2 are also possible; recent evidence suggests that induced
reductions in E2 cause reduced serotonergic function [87].

E2 effects on cognitive functioning: Decades of research have
shown that E2 affects the structure, chemistry and function of brain
areas involved in cognition with E2 receptors being widespread
and highly present in the prefrontal cortex [88] and E2 modulating
the frontal dopaminergic system [89]. A recent systematic review
of 77 neuro-imaging studies [47] revealed that the prefrontal
cortex is highly sensitive to E2 fluctuations across the
menstrual cycle.
Translational findings across animal and human studies have

often found higher levels of within-person E2 facilitate cognitive
functioning. Studies on ovariectomized rodents demonstrate
addback of higher levels of E2 improves hippocampal function
[90, 91], memory [90–92], and spatial processing [93], as well as
reductions in depression-like behavior [93]. Similarly, numerous
studies demonstrate improvement of several aspects of executive
functioning under higher levels of E2 across the menstrual cycle,
including concentration [94], response inhibition [95, 96], and
verbal working memory [97–99]. Similar patterns of E2 enhance-
ment are observed for fear extinction learning in rodent [100–102]
and human experimental studies [102–104]. E2 reductions in the
context of low P4 in the late luteal and early follicular phase may
have particularly strong potential to worsen cognitive functioning
[105, 106]. Experimentally, E2 supplementation [88, 107, 108] and
E2 add-back following surgical menopause [109] or hormone
suppression [110] normalize executive functioning declines and
associated alterations in neural activity.
In contrast, some observational [111] and experimental [112]

studies examining effects of E2 on cognition in healthy human
samples have failed to replicate these findings. Mixed or null
findings across studies of healthy human samples would be
consistent with strong individual differences in hormone sensitiv-
ity, resulting in only a subset of females experiencing clinically-
significant changes in cognitive function. These interindividual
differences in hormone sensitivity potentially also explain incon-
sistent findings on the role of E2 supplementation in menopausal
cognitive functioning, with some [113, 114] but not all [115, 116]
studies revealing positive effects of E2 on cognition, with meta-
analyses suggesting improvements are limited to those experien-
cing significant symptoms in response to hormone depletion
[117, 118]. E2 may also only positively influence some cognitive
functions, with heightened E2 levels across the menstrual cycle
linked to worsened inhibition of prepotent responses in a healthy
sample [119].
Individual differences in baseline levels of executive functioning

could moderate whether cognition is affected by changes in E2
and/or the level and type of impairment from E2-related
cognition-related changes. For example, cycle-related E2 flux
may selectively affect working memory in COMTVal carriers [97], a
genotype associated with lower frontal DA, greater impulsivity,
and poorer executive functioning [120], particularly in females

[121]. Similarly, in a non-clinical sample of adult females (N= 32),
exacerbation of ADHD symptoms was linked to decreases in E2,
but only for individuals with high trait impulsivity [18]. While initial
studies of cycle effects on symptoms in ADHD are ongoing, these
findings suggest the potential for a significant effect of reduced E2
for those with the disorder or other clinically significant
impairments in executive functioning that results in PME. A
greater risk of sensitivity to low or falling E2 among patients with
histories of depressive disorders [83] could reflect similar
vulnerabilities, given depressive disorders are associated with
trait-like impairments in executive functioning [122].

Estradiol effects on reward processing: E2 may exert similar
dopaminergically mediated enhancement of neural reward
processes. Animal studies have demonstrated E2 effects in
upregulated dopaminergic reward processing systems [123–126],
with increased DA release, striatal receptor density, and related
behaviors occurring in response to naturally occurring increases in
E2 [127, 128] and E2 supplementation [124, 128, 129] in rats. More
recent work in rats demonstrates E2 administration produces both
rapid and delayed potentiation of DA in the nucleus accumbens
[130, 131] and dorsal striatum [132]. This suggests both a direct,
phasic effect on DA functioning enhancing responses to
behaviorally salient stimuli, as well as potential slower
genetically-mediated effects. Hormone-sensitive humans similarly
demonstrate enhanced reward-related neural activation during
the mid-follicular phase compared to the luteal phase, indicating
increased reward sensitivity when E2 is elevated [133–135].
Given these findings, changes in reward functioning may be

normative responses to E2 flux. Effects of potential E2 enhance-
ment of reward functioning on symptoms are reviewed in the next
section on ovulatory hormone surge sensitivity; however, the
effects of perimenstrual low/falling E2 on dopaminergic function-
ing in striatal regions seem like plausible processes contributing to
depressed mood or anhedonia. Decreased reward responsivity/
activation in reward networks has been broadly linked to
depressive/anhedonic symptoms [136, 137], and these alterations
lessen with improvement in depressive symptoms [138], suggest-
ing the potential for E2-related reward alterations to contribute to
worsening mood. While links between alterations in neural reward
processes and depressive/anhedonic symptoms are largely
unexamined to date in the context of hormone sensitivity, a
small study demonstrated decreased responsiveness to reward in
the right putamen and left postcentral and supramarginal gyri
during ovarian steroid withdrawal for both those experiencing
postpartum withdrawal-induced anhedonia (N= 10) and those
without (N= 18) [139]. Further studies are needed, especially in
samples experiencing menstrually-related depressive affect, to
determine if the magnitude of effects of low/falling E2 on reward
functioning differ for these individuals. If not, it seems plausible
that typical E2-driven changes in reward processing could drive
anhedonia specifically for individuals with greater baseline
depressive symptoms (i.e., PME of depression), perhaps reflecting
generally impaired or vulnerable reward functioning [83].

Dimension 3: Periovulatory-onset sensitivity to surges in E2
Phenomenology of periovulatory-onset symptoms. In contrast with
midluteal- and perimenstrual-onset effects, mid-cycle and ovula-
tory effects on psychopathology have been much less-studied. In
hormone-sensitive females, the peri-ovulatory phase is character-
ized generally by less emotional and cognitive vulnerability
[2, 140]. Some appetitive and drive-related behaviors have also
been found to increase during the periovulatory window, such as
assertiveness [141], regulatory focus [142], and sex drive
[143, 144].
While many of these shifts may improve well-being, some

individuals demonstrate peri-ovulatory increases in potentially
maladaptive appetitive urges and behaviors, such as increased
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alcohol misuse [21, 22], linked to social (vs. coping) drinking
motives [21, 145] and rises in gambling behaviors unassociated
with negative affect [146]. One study of undergraduate females
found that periovulatory increases in binge drinking were
accounted for by day-to-day surges in E2, particularly in at-risk
(i.e., impulsive) individuals on the weekend [22], and the same
periovulatory increase on weekend binge drinking was replicated
in a transdiagnostic sample of patients recruited for suicidal
thoughts [21]. Similarly, in a sample with BPD, while most
symptoms were at their lowest levels during ovulation, proactive
aggression (aggression with the purpose to meet one’s needs
[147]) peaked during the peri-ovulatory phase [15], in contrast to
the luteal increase in negative affect-driven reactive aggression.
Consistent with this phenotype, case reports in patients with
bipolar disorder also suggest that some patients experience
cyclical worsening of mania around ovulation [148].

Biological processes relating to periovulatory-onset symptoms.
These periovulatory symptoms may be driven by the same E2
processes implicated in perimenstrual-onset symptoms, but at the
opposite extreme. As reviewed above, increases in E2 facilitate
upregulation of striatal DA across both animal and human studies.
Greater fMRI blood-oxygen-level-dependent response in brain
regions associated with the DA-mediated reward system (i.e.,
amygdala, orbitofrontal cortex, midbrain, striatum) has been
found during the mid-follicular phase compared to the midluteal
phase, potentially suggesting increased reward system responsiv-
ity just before ovulation [135]. These reward alterations may
facilitate impulsive behavior, even in the presence of potentially
improved cognitive functioning with increased E2, by increasing
motivation and urges to act. A small human study found that the
disinhibiting effect of alcohol increased nearly two-fold during late
follicular E2 elevations [149].
While this may suggest that perimenstrual-onset and periovu-

latory symptoms arise from a shared form of hormone sensitivity,
between-person factors may shape the impact of these changes
on day-to-day (dys)function. Those with baseline vulnerabilities
toward reward-related dysfunctional behavior (e.g., a history of
substance misuse, hostile cognitive biases, or general impulsivity)
may be more likely to exhibit periovulatory “impulsivity”
symptoms in the context of E2 sensitivity. While all aspects of
hormone sensitivity are understudied, further research on
periovulatory effects in psychiatry is particularly needed, and
cycle effects should be considered in any work examining these
types of behavior in ovulating people. In this context, it should be
noted that careful attention to cycle phasing methods is required
to define the periovulatory phase in longitudinal studies; it is the
most time- and resource-intensive phase to identify with
precision, but such precision may prove critical for detecting
effects [30].

CONCLUSION
Testing and expanding the DASH-MC framework
The DASH-MC framework is intended as a starting point, informed
by the most rigorous current research, to guide further research
likely to lead to its refinement, including potential changes and/or
additions as dictated by new evidence. While existing evidence
strongly supports the existence of individual differences in
sensitivity to specific hormonal triggers, many open questions
exist about the nature of these sensitivities. Further work is
needed to identify potential underlying physiological mechanisms
and biomarkers for the proposed hormonal trigger dimensions,
such as examining differences in GABAAR subunit plasticity that
might be specific to ALLO flux sensitivity (versus sensitivity to low
or falling E2).
In particular, prospective longitudinal designs are needed to

examine the DASH-MC across a greater range of disorders and

symptom sets, including observational work modeling within-
person changes including methods precise enough to model
ovulatory effects [30] and experimental work directly testing
effects of specific hormone changes. These findings would help
clarify dominant symptom presentations across proposed hormo-
nal trigger dimensions, identify underlying behavioral changes
contributing to symptom expression, and determine the extent to
which these dimensions of hormone sensitivity may co-occur.
Few studies of menstrual cycle effects on psychopathology

examine potential ovulatory exacerbation, preventing the applica-
tion of the DASH-MC to many extant datasets. Failing to
incorporate periovulatory effects into models may muddy findings
or completely miss phenomena of high clinical importance, such
as ovarian steroid flux-induced vulnerability to maladaptive
substance use. Modeling ovulatory exacerbation accurately
requires methods directly testing for indicators ovulation (as
opposed to estimations from backward counts from menses date)
given the substantial inter- and intra-individual variability in phase
lengths [30]. In addition to LH surge testing, methods such as
basal temperature monitoring using a range of wearable devices
that continuously obtain temperature readings show promise as
reliable indicators of ovulation [150–152], and may be more
feasible for or acceptable to participants than urine testing in
some research protocols.
Potential overlap in timing of ovulatory effects with surge

sensitivities further complicates modeling of cycle dynamics.
While in general, peri-ovulatory sensitivity-driven symptoms
would be expected to onset (on average) earlier than ALLO surge
sensitivities, more work is needed to determine potential
individual differences in lags from hormone flux to related
behavioral symptoms and duration of these effects, including
potential differences in lags/duration specific to each hormone
(e.g., does E2 exert neural effects with similar timing and variability
in timing as P4?)[153]. These complexities extend into clinical
applications; for example, if an individual has symptoms that
respond to SSRI therapy, but with remaining difficulties that fit the
peri-ovulatory timeframe and likely symptom types, applying the
DASH-MC would suggest the likelihood of multiple sensitivities
and need for additional treatment approaches.
Little is known about the etiology of hormone sensitivity. There

is some evidence of genetic [154] and epigenetic [155] risk for
reproductive mood disorders, though little of it is specific to
distinct forms of hormone sensitivity. Both intra- and interpersonal
contextual factors, like personality traits [156], increased life stress
[157], trauma history [158], and adverse childhood experiences
[159], are associated with increased risk for PMDD diagnosis or
more severe symptoms in patients with PMDD [160, 161]. One
study in a sample with PMDD found that prior trauma history
predicted stronger covariation specifically of P4 and many
affective and behavioral symptoms, with strongest effects on
interpersonal symptoms [158]. Further work, including experi-
mental designs, is needed to understand the potential impact of
trauma and whether it differs across hormone sensitivity types or
functions as a broader risk factor. Additionally, patient-informed
work is needed to examine potential factors commonly reported
but as of yet not rigorously studied. For example, patients
frequently report onset of PMDD or PME or increased severity
following pregnancy; however, no prospective research at this
point examines effects of pregnancy on hormone sensitivity,
let alone effects on specific dimensions. Within-person, prospec-
tive studies across developmental changes, particularly reproduc-
tive milestones (e.g., puberty, pregnancy, menopause) are needed
to study potential developmental factors, such as exposure to
higher doses of reproductive hormones, underlying development
or exacerbation of sensitivity to ovarian steroid flux.
Similarly, while challenging, longer duration studies that extend

beyond two cycles (the typical number assessed in research on
PMDD and PME [30]) are necessary to understand intraindividual
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variability in hormone sensitivities and potential contextual
moderators (e.g., potential impact of factors like current stress
levels, inflammatory processes, and interpersonal dynamics on the
degree of symptom change in a given cycle). Factors that
influence intraindividual shifts in severity of cyclical symptoms
could be distinct from those related to risk of having hormone
sensitivities at all.

Diagnostic implications
The diagnostic criteria for PMDD best align with the luteally-
confined phenotype, consistent with irritability and affective
reactivity (i.e., mood swings) being the most commonly-
endorsed PMDD symptoms [35]. Patients with perimenstrual-
onset symptoms may also meet PMDD criteria, especially if paired
with luteal sensitivity and resolving relatively early in the follicular
phase; however, for some, symptoms may extend further into the
follicular phase than allowed by DSM-5 PMDD. Ovulatory effects
are omitted from the diagnosis entirely. As further research on
these differing sensitivities emerges, it may be useful to
implement subtypes of a broader diagnosis of menstrually-
related affective disorder, with these common patterns of
exacerbation of distinct symptom sets as specifiers.
Additionally, even though elevated baseline symptoms predict

greater cyclical change [162], no diagnosis or specifier currently
captures a pattern of hormone sensitivity without full follicular
clearance. Adding PME as a diagnostic specifier might work well
for PME of symptoms not typically observed in PMDD, such as
psychosis. However, if PMDD and PME result from the same set of
underlying mechanisms, amending the existing PMDD diagnosis
to include specifiers such as clearance—e.g., full, partial, or mixed
clearance—or timing—e.g., luteal vs. perimenstrual onset—would
be more parsimonious.
Given the substantial prevalence of hormone sensitivity across

many clinical populations (e.g, [12, 14, 16, 18, 19, 21–23]), the
vulnerabilities described in the DASH-MC could underlie or
contribute to the well-documented increases in risk for emotional
disorders in females starting in puberty [163–165] and lasting
through menopause [166, 167]. Similarly, while the diagnoses of
PMDD and post-partum depression are not consistently correlated
[168, 169], if the potential overlap is examined through this more
nuanced lens of distinct hormone effects, common mechanisms
might emerge (e.g., E2 sensitivity specifically contributing to risk
for both perimenstrual-onset and post-partum symptoms, and
ALLO surge sensitivity specifically contributing to risk for both
luteal-onset and first-trimester-onset symptoms [170]).

Precision psychiatry applications
This transdiagnostic understanding of distinct dimensions of
hormone sensitivity can advance precision psychiatry treatment
approaches. Through careful assessment of not only the presence
of menstrual cycle effects on symptoms but also the dynamics of
symptoms and exact cycle timing, pharmacological approaches
can be tailored to likely underlying mechanisms. The DASH-MC
has particularly relevance for the development of new medica-
tions and technologies targeting any neurological pathways
specific to a single dimension of hormone sensitivity. If the
construct of PMDD or even PME in fact represents multiple distinct
underlying biological mechanisms, but PMDD diagnosis is used to
determine eligibility for clinical trials, contradictory findings and
failed results are to be expected from research efforts into
biological mechanisms and pharmacological interventions. For
example, if a candidate pharmacological intervention works via a
mechanism specific to one potential form of hormone sensitivity
(e.g., sensitivity to ALLO, such as isoallopregnanolone or
Sepranolone), recruiting a sample with a pattern of symptoms
correlated with the sensitivity of interest could dramatically
increase power to detect effects. In contrast, these effects could
be missed if the sample includes individuals with a superficially

similar (cycle-related increases in some form of negative affect)
but mechanistically distinct form of hormone sensitivity. This is
consistent with findings from the recent clinical trial of
isoallopregnanolone, which failed to demonstrate effects in the
overall sample, but effects were observed in post-hoc analyses
when the sample was limited to individuals with an immediate
offset of symptoms with menses [63]. Without a dimensional
framework, effective treatments specific to one form of sensitiv-
ities may be erroneously labeled ineffective.

Summary
The Dimensional Affective Sensitivity to Hormones across the
Menstrual Cycle (DASH-MC) framework proposes a multidimen-
sional model of how alterations in neural responses to ovarian
steroid flux produce three distinct sets of symptoms for subsets of
menstruating people. Given that approximately half of females
with psychiatric difficulties appear to experience some form of
prospectively-confirmed hormone sensitivity [11, 14, 37], bringing
a nuanced and biologically informed lens to ovarian steroid effects
on psychopathology is essential for effective psychiatric care and
long overdue. Additionally, given the high rates of hormone
sensitivity across affective disorders (and potentially psycho-
pathology generally), as well as the presence of and fluctuations
in neurosteroids in all humans, the DASH-MC may provide insight
broadly into psychiatric neural vulnerabilities. Further develop-
ment of this model has the potential to contribute to accurate,
nuanced biological models of psychopathology with great
potential for advancing precision psychiatry and reducing human
suffering.
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