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ABSTRACT
Background: The risk of developing a depressive disorder is twice as high for women

as for men. This sex disparity emerges in puberty and ends at menopause, a time frame during
which most women have a menstrual cycle. This suggests that the menstrual cycle and
fluctuating ovarian hormones might contribute to the development of depressive disorders. In
turn, ovarian hormones interact closely with one of the two major physiological stress
regulators, the hypothalamus-pituitary-adrenal (HPA) -axis. Therefore, the interaction between
all three entities - the menstrual cycle, depression, and stress markers — is close at hand and
object of this dissertation.

Methods: Firstly, the relationship between the menstrual cycle and depressive
symptoms is explored by investigating if and how depressive symptoms change across the
menstrual cycle in participants with and without a depressive disorder (study 1) and whether
menstrual cycle irregularity, specifically irregularity in length (study 2) and anovulation (study
3), interacts with depressive symptoms. This was investigated in multiple samples (adults and
adolescents) through longitudinal, smartphone-based ambulatory assessments. Secondly,
possible differences in biological stress marker concentrations between menstrual cycle phases
were investigated. Thereby, two meta-analyses (study 4 and 5) compared cortisol as a marker
for basal HPA axis activity (study 4) and its reactivity in response to acute stressors (study 5)
between cycle phases. Lastly, perceived stress was investigated as a moderator of the
association between ovarian hormone fluctuations and depressive symptom changes in a
sample of peripubertal females using weekly measures of stress, depressive symptoms, and
hormone concentrations (study 6).

Results: The results indicated that depressive symptoms fluctuate in some hormone
sensitive individuals, with varying intensities and patterns (peri-menstrual or mid-cycle
increase of symptoms, study 1). This cycle-related fluctuation differed between single

depressive symptoms, highlighting the importance of a symptom-based approach (study 1-4).



Furthermore, higher depressive symptoms were observed in irregular menstrual cycles with
respect to cycle length (study 2) and anovulation (study 3). When investigating differences in
biological stress markers across the menstrual cycle, meta-analytic comparisons revealed
small-sized effects of higher basal cortisol concentrations (study 5) and lower cortisol reactivity
(study 6) in response to stressors in the follicular phase compared to the luteal phase. Finally,
subjective stress moderated the direction of the association between hormone fluctuations and
depressive symptoms. Specifically, in a high-stress context, hormone surges were linked to
symptom increases whereas in a low-stress context, hormone withdrawals were linked to
symptom increases.

Discussion: This dissertation presented a collection of interconnected studies that
highlight that hormone fluctuations across the menstrual cycle are interconnected with stress
and depressive symptoms. Possible biological explanations include a differential sensitivity of
GABA-receptors to allopregnanolone, but this needs further investigations. Implications for
future research involve the improvement of screening tools for individuals sensitive to hormone
fluctuations and the development of treatment options for premenstrual exacerbation of
depression. The generalizability of the results might be limited, as only one cycle per individual
was investigated for relatively small samples in the primary studies. This was compensated by
highly frequent assessments throughout the cycle and meta-analyses to increase power. Further
strengths of this dissertation include a variety of investigated age groups, samples from
multiple countries, and a multimethodological approach across the six studies, including
primary studies using biological markers and psychological assessments, meta-analyses, and
guidelines for future studies. Additionally, the studies were preregistered, analyses scripts were
made openly accessible, and existing guidelines were adhered to.

In conclusion, it is essential to include the menstrual cycle and ovarian hormone fluctuations

and their interconnection to stress in future research on depression. Identifying female-specific



risk factors of depression is crucial to provide individualized and more effective treatment

options and to improve the overall understanding of stress-related mental disorders.

Kurzzusammenfassung (Abstract in deutscher Sprache)

Hintergrund: Das Risiko, eine depressive Storung zu entwickeln, ist fiir Frauen
doppelt so hoch wie fiir Ménner. Dieser Geschlechtsunterschied beginnt in der Pubertéit und
endet mit der Menopause und umfasst damit einem Zeitraum, in dem die meisten Frauen einen
Menstruationszyklus haben. Dies deutet darauf hin, dass der Menstruationszyklus und
fluktuierende Sexualhormone zur Entwicklung depressiver Stérungen beitragen konnten.
Sexualhormone wiederum stehen in enger Wechselwirkung mit einem der beiden wichtigsten
physiologischen Stressregulatoren, der Hypothalamus-Hypophysen-Nebennieren-Achse
(HHNA). Daher ist die Interaktion zwischen allen drei Einheiten (Menstruationszyklus,
Depression und Stressmarkern) naheliegend und Gegenstand dieser Dissertation.

Methoden: Zunidchst wurde die Interaktion zwischen Menstruationszyklus und
depressiven Symptomen beleuchtet. Dabei wurde bei Teilnehmerinnen mit und ohne
depressive Storung untersucht, ob und wie sich depressive Symptome iiber den
Menstruationszyklus hinweg verdndern (Studie 1). Zusammhingend wurde untersucht, ob
Zyklusunregelméfigkeiten mit depressiven Symptomen zusammenhédngen, insbesondere
UnregelmiBigkeiten beziiglich Zykluslidnge (Studie 2) und Anovulation (Studie 3). Dies wurde
in mehreren Stichproben (Erwachsene und Jugendliche) durch longitudinale, Smartphone-
gestiitzte Ambulatory Assessment Studien untersucht. Dariliber hinaus wurden mogliche
Konzentrationsunterschiede von biologischer Stressmarkern zwischen Zyklusphasen
untersucht. Dabei wurden in zwei Meta-Analysen (Studie 4 und 5) Cortisol als Marker fiir die
basale Aktivitdit der HHNA (Studie 4) und deren Reaktivitit auf akute Stressoren (Studie 5)

zwischen den Zyklusphasen verglichen. Schlie8lich wurde subjektiver Stress als Moderator des



Zusammenhangs zwischen Sexualhormonschwankungen und Symptomschwankungen in einer
Stichprobe peripubertdrer Teilnehmerinnen untersucht. Dafiir wurden wochentlich Stress,
depressive Symptome und Hormonkonzentrationen gemessen (Studie 6).

Ergebnisse: Die Ergebnisse deuten darauf hin, dass depressive Symptome bei einer
Subgruppe von hormonsensitiven Personen im Menstruationszyklusverlauf schwanken.
Hierbei  gibt interindividuelle = Unterschiede in  Schwankungsintensitit  und
Schwankungsmustern (Verstirkte Symptome perimenstruell oder in der Mitte des Zyklus,
Studie 1). Diese zyklusbedingten Schwankungen unterschieden sich auch zwischen den
einzelnen depressiven Symptomen, was die Bedeutung eines symptomspezifischen Ansatzes
unterstreicht (Studie 1-3, 6). Dariiber hinaus wurden bei unregelméfigen Menstruationszyklen
in Bezug auf Zyklusldnge (Studie 2) und Anovulation (Studie 3) hohere depressive Symptome
beobachtet. Bei der meta-analytischen Untersuchung von Phasenunterschieden bei
biologischen Stressmarkern ergaben sich kleine Effekte, die hohere basale
Cortisolkonzentrationen (Studie 4) und geringere Cortisolreaktivitit (Studie 5) in der
Follikelphase im Vergleich zur Lutealphase zeigen. Dariliber hinaus moderierte subjektiver
Stress die Richtung des Zusammenhangs zwischen Hormonschwankungen und depressiven
Symptomen (Studie 6). Insbesondere wurden bei hohem Stress Hormonanstiege mit einer
Symptomverschlechterung in Verbindung gebracht, wiahrend bei niedrigem Stress
Hormonabfille mit einer Symptomverschlechterung in Verbindung gebracht wurden.

Diskussion: In dieser Dissertation wurden sechs miteinander verbundener Studien
vorgestellt, die zeigten, dass Hormonschwankungen wahrend des Menstruationszyklus mit
Stress und depressiven Symptomen zusammenhidngen. Zu den moglichen biologischen
Erkldrungen dafiir gehort eine unterschiedliche Sensitivitit von GABAa-Rezeptoren
gegeniiber des Progesteronmetabolits Allopregnanolon, was jedoch in zukiinftigen Studien

vertieft untersucht werden muss. Fiir zukiinftige Forschung sind die Verbesserung von



Screening-Instrumenten  fiir hormonsensitive Personen und die Entwicklung von
Behandlungsmdglichkeiten fiir die prdmenstruelle Exacerbation von Depressionen essentiell.
Mogliche Limitationen der Generalisierbarkeit der Ergebnisse entstehen, da in den
Primérstudien nur ein Zyklus pro Person bei relativ kleinen Stichproben untersucht wurde. Dies
wurde durch sehr hdufige Messzeitpunkte wihrend des gesamten Zyklus und Meta-analysen
zur Erh6hung der statistischen Power kompensiert. Zu den weiteren Starken dieser Dissertation
gehdren die Vielfalt der untersuchten Altersgruppen, Stichproben aus mehreren Lindern und
ein multimethodischer Ansatz in den sechs Studien, einschlieBlich Primarstudien mit
biologischen Markern und psychologischen Erhebungen, Meta-Analysen und Leitlinien fiir
kiinftige Studien. Dariiber hinaus wurden die Studien préregistriert, die Analyseskripte offen
zuginglich gemacht und bestehenden Leitlinien eingehalten.

Zusammenfassend ldsst sich sagen, dass der Menstruationszyklus und die
Schwankungen der Sexualhormone, sowie ihr Zusammenhang mit Stress, in zukiinftiger
Depressionsforschung unbedingt beriicksichtigt werden miissen. Die Identifizierung
frauenspezifischer Risikofaktoren fiir Depressionen ist von entscheidender Bedeutung fiir die
Entwicklung individualisierter und wirksamerer Behandlungsmoglichkeiten und fiir ein

verbessertes Verstidndnis stressbedingter psychischer Stdrungen.
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CHAPTER 1

1. Introduction

The menstrual cycle has played a role in many legends and myths since antiquity. The
Greek philosopher Pythagoras believed that women! menstruated to excrete a nutrient overdose
from eating too much. The Roman Gaius Secundus proclaimed that the blood of menstruation
was toxic and that women were only able to survive because they became immune to it over
the years. Such conceptions were common in the ancient world, the Middle Ages, and the
Renaissance period (Kiinzel, 2004). Even into the 20" century, the so-called “toxin of
menstruation”, menotoxin, was still being examined by scientists, although it is no longer a

relevant research topic due to a lack of evidence for its existence (Finn, 1996).

Over the last three decades, socio-cultural and political changes have gained significant
momentum in addressing the menstrual cycle and related health issues (Critchley et al., 2020):
Since the start of the 21 century, menstrual cycle-related topics in the public and global realm
have focused on menstrual health and hygiene in adolescents, specifically those in low- and
middle-income countries, with programs such as the “WASH (water, sanitation, hygiene) in
schools” agenda or books devoted to menstrual hygiene management and education in puberty
(Critchley et al., 2020). Moreover, high-income countries have more publicly targeted the issue
of menstrual equity, defined as “the affordability, accessibility and safety of menstrual
products” (womensvoices.org, 2023), through public campaigns. Such campaigns have

focused public attention on removing taxes on sanitary products, e.g. in Germany (Heute im

! The terms “women” and “girls” are often incorrectly restricted to individuals with the female biological
sex, while neglecting the female gender. Not all women with the female gender have the biological female sex
and therefore menstruate (e.g. trans women). Conversely, some men or non-binary people have the female
biological sex and menstruate. Therefore, menstruation is not exclusive to women and cannot be generalized to
all women. In this dissertation, | address the subgroup of women who menstruate while acknowledging that some
results of this thesis cannot be applied to women who do not menstruate, and that research is lacking for people
who menstruate and are not women.
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Bundestag, 2019), or on making them more easily available, for example for homeless people
in the USA (Rep. Meng, 2022). In some countries, a focus on menstrual cycle-related health
has resulted in regulations and laws. Most prominently, in February 2023, Spain became the
first country in the world to approve paid menstrual leave of absence for women with
debilitating period symptoms (“Press releases - Congreso de los Diputados,” 2023). These
political and socio-cultural changes have also yielded measurable economic effects, reflected,
for instance, in the increasing number of period tracking apps, with at least 200 million
downloads by 2016 (Earle et al., 2021), and increased interest in and use of menstrual cups
(“Why are menstrual cups becoming more popular?,” 2018) or absorbent period underwear

(Kale, 2021).

In summary, cultural, sociological, and economic changes in the last decades demonstrate
a growing interest in the menstrual cycle and related health issues among the general

population.
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CHAPTER 2

2. Theoretical background

2.1 Hormonal changes across the female lifespan

Paralleling the aforementioned socio-cultural and political changes, scientific
investigations of the menstrual cycle are also growing in number. So far, fundamental
biological research has led to a more thorough understanding of the critical role of the
menstrual cycle in reproductive mental health, and how it evolves across the lifespan.
Fluctuations in ovarian hormones have been investigated in females from menarche, i.e. the
first menstrual cycle, to menopause, i.e. the last menstrual cycle, and examined in terms of their

association with mental health.

The first menstrual cycle, menarche, occurs on average between the ages of 12 and 13 years
in high-income countries such as Germany or the USA and slightly later in others (e.g.
Haiti;15.37 years) (American Academy of Pediatrics et al., 2006). The menarche is preceded
by the adrenarche — marked by increases in hypothalamic-pituitary-adrenal (HPA) axis activity
— and the associated production of androgens. Subsequently, the hypothalamic-pituitary-
gonadal (HPG) axis is activated (gonadarche), which stimulates a drastic rise in concentrations
of ovarian hormones such as estrogens (i.e. estradiol, estrone), in turn stimulating the
maturation of secondary sex characteristics (Biro et al., 2014). The first menstrual cycles are
often irregular, with high variability in length (up to 61 days), low rates of ovulation (0-45%;
Gunn et al., 2018) and low mean ovarian hormone concentrations (e.g. progesterone; Carlson
and Shaw, 2019). It can take up to six years until a regular menstrual cycle is established

(American Academy of Pediatrics et al., 2000).

12



2.1.1 Biological mechanisms of the underlying cycle

A regular menstrual cycle lasts on average 28 days, but deviations between 22 and 36 are
in the normal range (Fehring et al., 2006). The HPG axis finely coordinates the menstrual cycle
through ovarian hormones, specifically estradiol, progesterone, luteinizing hormone (LH) and
follicle-stimulating hormone (FSH). Typically, the first day of the cycle is defined as the first
day of menstrual bleeding. Starting on this first day, multiple follicles mature through exposure
to LH and FSH, which is stimulated by gonadotrophin-releasing hormone (GnRH) in the
hypothalamus. These growing follicles synthesize and distribute estradiol, which in turn
inhibits LH and FSH and slows down the maturation of the follicles. Once one dominant follicle
is fully matured, it is released into the fallopian tube, where it can be fertilized (ovulation). The
remains of the dominant follicle in the ovary are transformed into the corpus luteum, which
produces progesterone and estradiol to initiate several biological functions in preparation for a
possible pregnancy. If no fertilization occurs, this is excreted along with the inner uterine wall
— menstruation — and the cycle begins anew (Bale and Epperson, 2017; Schmalenberger et al.,

2021; Siekmann, 2016) .

The menstrual cycle can be broadly divided into the follicular phase (days 1 to 142, starting
at menstruation) and the luteal phase (days 15 to 28), but recent guidelines recommend a more
precise and finer-grained distinction (Schmalenberger et al., 2021) in order to reflect hormone
fluctuations within the two broader phases. In the mid-follicular phase (days 4 to 7%), estradiol
and progesterone concentrations are low. In the periovulatory phase (4 days surrounding
ovulation), a strong surge and subsequent decrease in estradiol concentrations occurs, while
progesterone concentrations slowly increase. In the mid-luteal phase (days -9 to -5 before
menstruation onset?), progesterone and estradiol concentrations are high. In the premenstrual

phase (-3 days before menstruation onset), estradiol and progesterone concentrations drop,

? Example of an average 28-day cycle in which ovulation occurs

13



before reaching a nadir in the menstrual phase. The premenstrual and menstrual phase can also
be summarized as the perimenstrual phase (6 days surrounding menstruation onset;
Schmalenberger et al., 2021). Figure 1 depicts the hormone fluctuations and the corresponding
cycle phases.

Figure 1
The menstrual cycle (figure adapted from Schmalenberger et al., 2021)

— Estradiol

== = Progesterone

Prior Menses Onset
Ovulation

/ Next Menses Onset

Cycleday 1 2 3 4 5 6 7 8 9 10 111213 14 1516 17 18 19 20 21 22 23 24 25 26 27 28 1

Follicular Phase l Luteal Phase

Mid- Pre-
follicul Peri-ovulatory Mid-luteal menstru

strual al

The menstrual cycle is naturally suppressed during pregnancy and postpartum
breastfeeding. Upon less frequent breastfeeding, the cycle resumes, but might initially be
irregular, with lower progesterone production. The duration of breastfeeding-related
amenorrhea (absence of menstruation) is highly variable (McNeilly, 2001). The final cessation
of menstrual cycles, menopause, typically occurs between the ages of 45 and 50 years, although
the menopausal transition begins around three years earlier and lasts until about one year after
the final menstrual cycle. This transition is marked by drastic endocrine changes that are related
to the decreasing number of available ovarian follicles. FSH concentrations increase in the
early follicular phase as the number of follicles decline (Burger, 2002). Estradiol

concentrations fall sharply during the late menopausal transition, contributing to possible
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symptoms such as hot flashes, night sweats, sleep problems, and mood and cognitive problems
(National Institute of Health, 2005). In general, hormone fluctuations and menstrual cycles
during the menopausal transition are characterized by high variability and irregularity. The
hormone concentrations become more stable after menopause, which marks the end of the
reproductive stage (Burger, 2002).

This cycle-related fluctuation in hormones across the reproductive lifespan not only
accounts for biological changes but has also been attributed to and investigated regarding

psychological changes such as fluctuations in depressive symptoms.

2.2 The menstrual cycle and affective disorders

Depressive symptoms are associated with the menstrual cycle in multiple ways. First,
the prevalence of depression is twice as high in females as in males (Van de Velde et al., 2010).
This sex discrepancy first emerges in puberty, when hormone fluctuations over the course of
the menstrual cycle first develop with menarche, and ends after menopause, when menstrual
cycling ends as well. This suggests an underlying role of the menstrual cycle and fluctuating
hormones (Angold et al., 1999; Schiller et al., 2016). Second, specific affective disorders that
are characterized by symptom changes across the menstrual cycle have been observed,
underlining a possible influence of the menstrual cycle on affect and emotions. These disorders
include premenstrual dysphoric disorder (PMDD), premenstrual syndrome (PMS), and

premenstrual exacerbation (PME) of mental disorders (Eisenlohr-Moul, 2019).

PMDD is characterized by cyclical fluctuations in affective symptoms (depressed
mood, affective lability, irritability, anxiety, diminished interest, low energy, difficulties
concentrating, changed appetite, feeling overwhelmed, sleep problems) and physiological
symptoms (e.g. breast tenderness, joint pain, feeling bloated). A diagnosis of PMDD according
to the DSM-5 criteria requires the presence of at least five of these symptoms (one of which
must be a “core emotional symptom”, referring to the first four symptoms in the list above) in
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the premenstrual week, which remit in the postmenstrual week (American Psychiatric
Association, 2013). Uniquely, the DSM-5 criteria include the method for diagnosing the
disorder, which requires daily symptom ratings for at least two menstrual cycles, as
retrospective ratings have been shown to substantially bias diagnoses (Eisenlohr-Moul, 2019;
Marvan and Cortés-Iniestra, 2001). The lifetime prevalence of PMDD is 5-8% in menstruating

individuals (Dennerstein et al., 2012).

PMS represents a subclinical, less impairing form of PMDD. However, it is not an
officially classified disorder in the DSM-5 or ICD-10 or ICD-11. The American College of
Obstetricians and Gynecologists define PMS as at least one psychological and physiological
symptom that appears during the five premenstrual days and is not present in the first half of
the menstrual cycle (ACOG Committee on Practice Bulletins--Gynecology, 2001). Depending
on the definition of PMS, a prevalence of 13-18% in menstruating individuals is reported in

the research (Halbreich et al., 2003).

PME occurs when existing mental disorders significantly worsen during the
perimenstrual phase. Research on PME is sparse, but studies have indicated its occurrence in
disorders such as bipolar disorder, bulimia nervosa, borderline personality disorder,
agoraphobia, schizophrenia, substance abuse, and posttraumatic stress disorder (reviews from
Eisenlohr-Moul, 2019; Handy et al., 2022; Kuehner & Nayman, 2021; Pinkerton et al., 2010).
Due to a lack of epidemiological data, it is not possible to provide prevalence rates, and the
precise biological underpinnings of PME in these disorders are yet to be determined. Only PME
in major depressive disorder has been investigated in slightly greater depth. To date, two
prospective studies have investigated PME in depressive disorders (Fakhari et al., 2011;
Hartlage et al., 2004), These studies suggest an overall perimenstrual worsening of individual
symptoms (Hartlage et al., 2004) or higher overall sum scores for depressiveness (Fakhari et
al., 2011) in some participants. Both of these studies discussed the probable role of hormone
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fluctuations, and specifically the increased hormone sensitivity of individuals affected by PME
in depressive disorders. This concept of hormone sensitivity is addressed further in the

following.

2.3 Hormone sensitivity as explanatory factor for higher prevalence of depression
Fluctuating hormones have been investigated as a potential cause of menstrual cycle-
related changes in affective symptoms for several decades (Eisenlohr-Moul, 2019; Schmidt et
al., 1998; Wei et al., 2018). Such affective symptom changes have also been examined in
relation to other reproductive events that are accompanied by drastic hormonal changes, for
example pregnancy (Schiller et al., 2022) or menopause (Gordon et al., 2015). Disorders that
are related to changes in ovarian hormones are commonly summarized as reproductive mood
disorders (Schweizer-Schubert et al., 2021). It has become clear that it is not absolute hormone
concentrations per se that differ between people with and without reproductive mood disorders
(Wet et al., 2018); rather, changes in hormone concentrations have been shown to precede
symptom changes in affected individuals (Schiller et al., 2022; Schmidt et al., 2017, 1998; Wei
et al., 2018). These symptom changes, which follow normal changes in hormone
concentrations, were found to only affect some women with increased susceptibility, leading
researchers to propose the pathophysiological paradigm of “hormone sensitivity” (Schweizer-
Schubert et al., 2021). According to the current definition, some susceptible women show an
abnormal affective response to normal hormone fluctuations. This can apply to both ovarian
hormone withdrawal (Bloch, 2000) and surges (Schmidt et al., 2017). Moreover, there are
indications that individuals who are susceptible to hormone fluctuations during one
reproductive event (e.g. the menstrual cycle) are at greater risk of developing other
reproductive mood disorders, e.g. during/after pregnancy or in the menopausal transition

(Payne et al., 2009). However, rigorous research on the longitudinal relationship between
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hormone fluctuations and reproductive mood disorders is lacking (Schweizer-Schubert et al.,

2021).

Some studies have sought to determine biological explanations and psychosocial risk
factors that contribute to hormone sensitivity (Girdler et al., 2012; Schweizer-Schubert et al.,
2021). Identifying such risk factors and biological underpinnings is crucial in order to improve
our understanding of reproductive mood disorders, to specify diagnostic procedures, and
ultimately to enable precision treatment and prevention programs for these disorders. Possible
biological underpinnings of hormone sensitivity (for example increased sensitivity of GABAa
receptors to the progesterone metabolite allopregnanolone; ALLO) have been investigated but
are not yet fully understood (Girdler et al., 2001; Martinez et al., 2016; Schiller et al., 2016;
Walker et al., 2004; Wei et al., 2018). Besides research on biological mechanisms that drive
hormone sensitivity, there is some research examining psychological risk factors: For instance,
preexisting mental disorders such as anxiety (Breaux et al., 2000; Perkonigg et al., 2004),
posttraumatic stress disorder (Pilver et al., 2011), or major depressive disorder (Breaux et al.,
2000) have been associated with an increased risk of reproductive disorders related to hormone
sensitivity. Furthermore, trauma exposure and adverse childhood experiences have shown
correlations with the occurrence and severity of PMDD and PMS, suggesting a potential
modulating role in hormone sensitivity (Pilver et al., 2011, 2011; Yang et al., 2022), although
some prospective studies yielded heterogenous findings regarding the relation of trauma
exposure with the occurrence and severity of PMDD and PMS (Eisenlohr-Moul et al., 2016;
Segebladh et al., 2011). Moreover, research focusing on the influence of stressful life events
and perceived stress on PMDD found that individuals with PMDD or PMS reported increased
daily life stress (Beddig et al., 2019; Hoyer et al., 2013; Namavar Jahromi et al., 2011;
Perkonigg et al., 2004), high perceived chronic stress (Kleinstduber et al., 2016), and high

arousal negative affect toward stressors (Beddig et al., 2019).
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These risk factors and possible biological underpinnings of hormone sensitivity in
PMDD can inform investigations on influencing factors of PME of depression, but an
equivalent impact of each individual factor should not be assumed. The role of risk factors such
as stressful life events or perceived stress for PME of depression has not yet been investigated.
To fill this gap, a heuristic model of stress as a moderating factor for hormone sensitivity to
depressive symptoms is introduced in the following, and is developed further with the results

of this dissertation.

2.4 Heuristic model of stress as moderator of hormone sensitivity to depression

The proposed heuristic model investigates the associations between depressive
symptoms, menstrual cycle-related hormone fluctuations, and biological and subjective stress
parameters. Figure 2 visualizes this model. The model aims to provide a better understanding
of the multifaceted etiology of the menstrual cycle-related influence on depression.

Figure 2

Heuristic model of stress as moderating factor of hormone-mood sensitivity

Menstrual Cycle- Depressive

related Hormone
Fluctuations @ Symptoms
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(Biological & Perceived)

Note. The theoretical background of the paths will be examined as follows: Path 1: section
2.4.1, Path 2: section 2.4.2, Path 3: section 2.4.4.
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In the following sections (2.4.1 —2.4.4), the state of research regarding the associations
depicted in the model is presented (Path 1: Menstrual cycle-related hormone fluctuations &
Depressive symptoms, Path 2: Menstrual cycle-related hormone fluctuations & Stress, Path 3:
Stress as a moderator of the hormone — symptom relationship). Based on this, open research
questions are derived and the related studies that were conducted within the scope of this
dissertation are introduced (section 2.5). It should be noted that the extensively studied direct
relationship between stress and depressive symptoms is not investigated in this dissertation;

however, to complete the model, a brief theoretical background is provided in chapter 2.4.3.

2.4.1 Path 1: Menstrual cycle-related hormone fluctuations and depressive symptoms

, As described in section 1.2, research has demonstrated
Menstrual Depressive
Cycle — O Symptoms

associations between depressive symptoms and the menstrual

suess | cycle. These assumptions have been traced back to the sex

disparity during the time frame between puberty and menopause on the one hand, and cycle-
specific affective disorders such as PMDD, PMS, and PME on the other hand. To better
understand how menstrual cycle-related hormone fluctuations might influence depressive
disorders, it is necessary to investigate whether these disorders and symptoms systematically
differ between cycle phases. This question has been addressed in two longitudinal studies
investigating participants with depression and in several studies investigating individual
symptom fluctuations across the cycle in participants with depression, PMDD, or without
mental disorders. An overview of these studies is presented in the following as a summary of

the state of research on menstrual cycle-related changes in depressive symptoms.

To date, two prospective studies have investigated PME in depressive disorders from a
longitudinal perspective (Fakhari et al., 2011; Hartlage et al., 2004), and suggested an overall

perimenstrual worsening of individual symptoms (Hartlage et al., 2004) or a deterioration of
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sum scores for depressive symptoms (Fakhari et al., 2011) in the majority of, but not all,
participants. However, these studies did not investigate other cyclical fluctuations aside from
perimenstrual exacerbation. Nevertheless, as demonstrated by Kiesner et al. (2011, 2016), a
mid-cycle worsening of mental disorder symptoms around the time of ovulation may also be

common, but has not yet been specifically investigated with regard to depression.

Besides the studies examining participants with depression, some studies have focused
on individual symptoms that can occur in depressive disorders regarding their symptom

fluctuation across the menstrual cycle in various different samples:

Mood changes across the cycle have been thoroughly investigated and systematically
reviewed in non-help-seeking samples (Romans et al., 2012) and in participants with affective
disorders (Farage et al., 2008). Most but not all of the reviewed studies reported associations
between mood and cycle phases across participants (61.7%; Romans et al., 2012): In addition
to premenstrual worsening of negative mood, associations with other phases have been
highlighted (e.g. 8.5% non-premenstrual phase, 38.3% premenstrual and other phases; Romans
et al., 2012). These heterogeneous results were found in populations with and without affective
disorders and emphasize a high probability of individual differences in cyclicity (Farage et al.,

2008; Romans et al., 2012).

Diminished interest, specifically anhedonia (i.e., reduced pleasure in normally
pleasurable activities) has been investigated in a smaller number of studies. Using the Sweet
Taste Test as a paradigm for initial response to reward, a cross-sectional study by Bedwell et
al. (2019) revealed lower anhedonia in the luteal phase. It should be noted that the study
compared women in the luteal phase to women in all other cycle phases and men combined,
which might limit the generalizability of the findings. Rueda et al. (2019) investigated college

students in two cross-sectional studies, and found no association between menstrual cycle
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phase and overall anhedonia, but did find increased social anhedonia in the second half of the

menstrual cycle.

Sleep across the menstrual cycle has been investigated in terms of both subjective sleep
quality and objective measures of sleep (e.g. percentage of REM sleep). For subjective sleep,
lower quality and increased sleep problems have been reported either in the perimenstrual
phase (Driver et al., 2008; Owens and Eisenlohr-Moul, 2018) or at midcycle in some
individuals (Van Reen and Kiesner, 2016). However, the timing and composition of sleep seem
to remain relatively stable (Baker and Driver, 2007), with the exception of a slightly decreased
percentage of REM sleep, a higher percentage of stage 2 sleep, and higher sleep spindle
frequency (Baker and Driver, 2007; Driver et al., 2008) in the luteal compared to the follicular
phase. This might be influenced by the increased basal body temperature in the luteal phase
(Driver et al., 2008; Parry et al., 2006). Furthermore, women with irregular cycles (Baker and
Driver, 2007; Nam et al., 2017), women with depression (Parry et al., 2006), and women with
severe PMS (Baker and Lee, 2018) have reported more sleep problems during the luteal phase,
possibly due to a decreased melatonin amplitude in the luteal phase in these individuals (Parry

et al., 2006).

Changes in appetite and food intake have also been investigated with respect to ovarian
hormone fluctuations in menstrual cycle phases (Roney and Simmons, 2017). One such study
identified negative correlations between estradiol and food intake and positive correlations
between progesterone and food intake, resulting in a periovulatory drop in eating (Roney and
Simmons, 2017). This was the opposite pattern to shifts in sexual desire in the same sample,
which the authors discussed as indicating a shift in motivational priorities from food intake to
reproduction in the fertile window of the cycle. While Kammoun et al. (2017) revealed higher
caloric intake not only in the luteal but also in the periovulatory phase compared to the follicular
phase, a large majority of the studies reviewed by Asarian and Geary (2006) as well as studies
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published since that review (Klump et al., 2013; Roney and Simmons, 2017) point at a
periovulatory decrease and a luteal phase increase in appetite and food intake. The same pattern

was found in animal studies (Fessler 2003; Klingerman et al. 2010; Schneider et al. 2013).

Low energy or fatigue has rarely been studied across the menstrual cycle. Carmichael
et al. (2021) investigated five athletes and found lower energy and stronger fatigue in the luteal
phase compared to the follicular phase. Li et al. (2020) reported a similar finding of increased
mental fatigue in the mid-luteal compared to the early-follicular phase in participants without
PMDD or anxiety. However, this was only investigated in small samples and not in a sample

with depressive disorders.

Various studies have investigated concentration difficulties across the menstrual cycle
in the scope of neuropsychological performance and cognitive functioning. The results were
systematically reviewed by Souza et al. (2012) and Le et al. (2020), both indicating mild to no
cyclical effects on average concentration abilities in healthy samples, with a tendency towards
lower attention and concentration in the luteal phase. However, this effect was more
pronounced in samples with severe PMS or PMDD, who showed a lower ability to concentrate
in the luteal phase (Le et al., 2020; Souza et al., 2012). It has not yet been examined whether

such increased cyclical fluctuations are likewise found in individuals with depressive disorders.

Feelings of worthlessness or guilt have not yet been investigated as a single symptom
across the menstrual cycle. However, self-esteem, which can be associated with feelings of low
self-worth, has been examined in different cycle phases, Thereby, some studies demonstrated
lower self-esteem in the premenstrual phase compared to mid-cycle or the early follicular phase
in women with (Fontana and Pontari, 1994) and without PMDD (Brock et al., 2016; Gonda et
al., 2008). Moreover, one study reported higher self-esteem in the late luteal phase compared

to the ovulatory phase (Hill and Durante, 2009), while others indicated only small (Bloch et
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al., 1997) or no associations (Edmonds et al., 1995) between self-esteem and menstrual cycle

phases.

Reduced movement or restlessness have likewise not been specifically examined across
the menstrual cycle. As a closely related concept, however, exercise performance has been
extensively investigated and reviewed, and was found to show small decreases in the early
follicular phase compared to all other phases (McNulty et al., 2020). An investigation of

reduced movement/restlessness as occurring in depressive disorder is still pending.

Suicidality, including suicidal ideation, suicide attempts, and completed suicide, has
been a major focus with regard to cycle-related disorders and is also strongly associated with
PMDD (Osborn et al., 2021; Owens and Eisenlohr-Moul, 2018). Multiple systematic reviews
and meta-analyses have indicated an association between suicidality and menstrual cycle
phases, suggesting an increase in suicidality in the menstrual phase (Jang and Elfenbein, 2019;
Osborn et al., 2021; Owens and Eisenlohr-Moul, 2018; Saunders and Hawton, 2006). Suicidal
ideation is increased in women during the reproductive years between menarche and
menopause, similarly to depressive disorders (Owens et al., 2020). The risk of suicidal ideation
has been shown to be increased in the menstrual and premenstrual phase (Owens and
Eisenlohr-Moul, 2018; Saunders and Hawton, 2006), possibly due to interactions between
lower estradiol concentrations and the serotonergic system. The risk of suicide attempts is two
to three times higher in women than in men (Vijayakumar, 2015), and the menstrual phase was
associated with a significantly increased risk of non-fatal suicide attempts in 15 out of 23
reviewed studies (Jang and Elfenbein, 2019; Saunders and Hawton, 2006). A similar pattern
has been reported for completed suicide, with a 26% increased risk in the menstrual phase (Jang
and Elfenbein, 2019). However, completed suicide is much harder to study due to

methodological issues concerning cycle phase determination postmortem and the critical
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timing of autopsies (Dogra et al., 2007; Saunders and Hawton, 2006). Overall, there are strong

indications of cycle-related fluctuations in suicidality.

In summary, two longitudinal studies investigating overall depression, and multiple
studies investigating individual depressive symptoms, have demonstrated heterogenous
menstrual cycle effects. This heterogeneity highlights the need to use a symptom-specific
approach when investigating menstrual cycle effects rather than merely drawing on sum scores
of depression scales. Previous studies either reported aggregated scores for depression, focused
on single symptoms, or only investigated the dichotomous occurrence of premenstrual
exacerbation while failing to include mid-cycle deterioration. The next course of action is
therefore to examine both perimenstrual and mid-cycle exacerbation of the full spectrum of

depressive symptoms, with a focus on analyzing and comparing single symptoms individually.

Besides a potential influence of the menstrual cycle on depression, a converse effect of
depression on menstrual cycle characteristics is possible. Studies have investigated the impact
of current psychological symptoms and disorders on the reproductive hormone system,
specifically the HPG axis (Grambsch et al., 2004; Meller et al., 2001). One way to assess HPG
axis functioning is to measure the pulsatile rhythm of LH secretion, as it is regulated by GnRH
release from the hypothalamus - the initiator of HPG axis functioning. In this regard, slower
and dysrhythmic LH pulsatile release was observed in women with major depression compared
to healthy controls (Meller et al., 2001). These changes suggest dysregulations in the
hypothalamus during depressive episodes. However, while assessing LH pulsatility is the most
accurate method to evaluate HPG axis regulation, it is also an expensive and time-consuming
process. Alternatively, HPG axis dysregulation can be measured through outcomes such as
menstrual cycle regularity (Mumford et al., 2012; Sasaki et al., 2016). Nillni et al. (2018)
compared the prevalence of irregular menstrual cycles in 3,346 women with and without severe
depressive sy