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ABSTRACT

Fluctuations in ovarian hormones are thought to play a role in the increased prevalence of mood and anxiety
disorders in women. Error-related negativity (ERN) and error positivity (Pe) are two putative electrophysio-
logical biomarkers for these internalizing disorders. We investigated whether female hormonal status, specif-
ically menstrual cycle phase and oral contraceptive (OC) use, impact ERN and Pe. Additionally, we examined
whether the relationship between the ERN and negative affect (NA) was moderated by hormonal status and
tested whether the ERN mediated the relation between ovarian hormones and NA. Participants were healthy,
pre-menopausal women who were naturally cycling (NC) or using OCs. Using a counterbalanced within-subject
design, all participants performed a speeded-choice reaction-time task twice while undergoing electroencepha-
lography measurements. NC women (N = 42) performed this task during the early follicular and midluteal phase
(when estrogen and progesterone are both low and both high, respectively), while OC users (N = 42) performed
the task during active OC use and during their pill-free week. Estradiol and progesterone levels were assessed in
saliva. Comparing the two cycle phases within NC women revealed no differences in the (A)ERN, (A)Pe or NA.
We did observe a negative relation between phase-related changes in the AERN and changes in NA. Mediation
analysis additionally showed that phase-related changes in estradiol were indirectly and negatively related to NA
through a reduction of AERN amplitudes. When comparing active OC users with NC women, we observed
increased APe- but not (A)ERN amplitudes in the former group. No evidence was found for moderating effects of
menstrual cycle phase or OC use on the relation between the ERN and NA. These findings suggest that hormonal
status may impact the neural correlates of performance monitoring and error sensitivity, and that this could be a
potential mechanism through which ovarian hormones influence mood.

1. Introduction

menstrual cycle, which is often divided in the follicular and luteal phase,
each typically 14 days in length. The follicular phase begins with

During their reproductive years, women are twice as likely as men to
be diagnosed with an internalizing disorder. The potential role of
ovarian hormones has long been investigated (Altemus et al., 2014).
Ovarian hormones have widespread effects on brain structure and
function (Beltz and Moser, 2020). Receptors for estrogen and proges-
terone, the main ovarian hormones, are localized in various brain re-
gions critical for emotion regulation and cognitive functioning, such as
the amygdala, hypothalamus, cerebral cortex and hippocampus. These
hormones interact with many neurochemical systems (Barth et al.,
2015) and influence various emotional, cognitive, and neural processes
(see e.g., Dubol et al., 2021; Hamstra, 2021; Toffoletto et al., 2014).
Ovarian hormone levels importantly fluctuate during the female

menses, where levels of estrogen and progesterone are low, and ends
with a sharp rise in estrogen in the late follicular phase leading to
ovulation. The following luteal phase is characterized by a peak of es-
trogen and progesterone in the midluteal phase, and relatively lower
levels of these hormones in the early- and late luteal phase. Although
findings are mixed, periods where estrogen is high have mostly been
linked to positive mood states and to improved performance on
emotion-related cognition, whereas progesterone and the (mid- and
late) luteal phase of the menstrual cycle have been linked to negative
mood, heightened emotional reactivity and poorer (emotion-related)
cognitive performance (see e.g., reviews by Le et al., 2020; Sundstrom
Poromaa, 2018; Sundstrom Poromaa and Gingnell, 2014). Importantly,
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the suppression of endogeneous hormones during oral contraceptive
(OC) use has also been associated with a wide range of effects on social
and emotional behavior, brain function, and cognitive performance
including increased anxiety, emotional reactivity, and mood swings
(Sundstrom Poromaa and Segebladh, 2012). Yet, the direction of OC
effects seems to be rather inconsistent, with studies showing adverse,
protective or no effects (see e.g., Brgnnick et al., 2020; Hamstra, 2021;
Lewis et al., 2019; Montoya and Bos, 2017; Pletzer and Kerschbaum,
2014; Toffoletto et al., 2014; Welling, 2013). Hence, although literature
suggests that alterations in endogenous sex hormones across the men-
strual cycle and during OC use may affect symptoms of internalizing
disorders, the inconsistent effects warrant further research into the un-
derlying mechanisms.

Importantly, internalizing disorders are associated with altered am-
plitudes of two event-related potential (ERP) components associated
with error detection and performance monitoring (Lutz et al., 2021;
Pasion and Barbosa, 2019; Riesel, 2019). These are the error-related
negativity (ERN) and error positivity (Pe). The ERN is characterized
by a negative frontocentral deflection occurring 50-100 ms after an
incorrect response (Gehring et al., 1993; Falkenstein et al., 1991). The
component is thought to result from dopamine-driven prediction errors
generated in the anterior midcingulate cortex and has been linked to
behavioral adjustments and learning (for a theoretical overview see
Ullsperger et al., 2014b). The ERN has been suggested to reflect the
integration of threat, pain and punishment information as it seems to be
sensitive to affective and motivational factors (de Bruijn et al., 2020;
Meyer, 2016; Proudfit et al., 2013; Riesel et al., 2012; Shackman et al.,
2011). Interestingly, ERNs are enhanced in internalizing disorders but
reduced in externalizing disorders (de Bruijn et al., 2006; Lutz et al.,
2021; Lutz et al., 2021; Pasion and Barbosa, 2019). This may reflect an
increased threat sensitivity and error aversion in internalizing pop-
ulations (Weinberg et al., 2016) and the inability to inhibit or change
disruptive and maladaptive behavior in externalizing disorders (Lutz
et al., 2021; Pasion and Barbosa, 2019). The ERN is followed by the Pe,
which is a positive component often divided in an early and a late part
(Ullsperger et al., 2014a). Relative to the ERN, the functional signifi-
cance of the Pe is more unclear. Some research suggests that the early Pe
is closely linked to the automatic processing of errors and shares the
same neural generators as the ERN while the late Pe is believed to be
involved in the more conscious or affective processing of errors (Ull-
sperger et al., 2014a), and there is evidence that this component is
altered in externalizing disorders as well (Brazil et al., 2009; Lutz et al.,
2021). These findings have led to the suggestion that the ERN and Pe
may represent candidate biomarkers for internalizing versus external-
izing disorders (Lutz et al., 2021; Pasion and Barbosa, 2019; Riesel et al.,
2019). However, before the ERN and Pe can be used as biomarkers, it is
essential to establish the contextual factors that may modulate their
amplitude.

Given the link between menstrual cycle phase and OC use and
symptoms of internalizing disorders and the putative role of the ERN and
Pe as biomarkers for internalizing disorders, assessing the potential
impact of ovarian hormones on these components is of critical impor-
tance. A recent study found that ERNs had a significant positive asso-
ciation with checking symptoms in the luteal but not follicular phase
(Mulligan et al., 2019), while another study found that OCs modulated
the relation between the ERN and worrying, such that this relation was
stronger in OC users (Louis et al., 2022). This may suggest that rather
than impacting the ERN or internalizing symptoms directly, menstrual
cycle phase and OC use may also modulate the relation between the ERN
and internalizing symptoms. Mulligan et al. (2019) additionally found
that the ERN mediated the relation between ovarian hormones and
checking symptoms, which importantly indicates that increased per-
formance monitoring as indexed by the ERN may represent a mecha-
nistic pathway through which ovarian hormones influence symptoms of
internalizing disorders.

Hence, the current study set out to investigate whether performance
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monitoring is modulated by ovarian hormones, specifically menstrual
cycle phase and OC use. Using a within-subject design, we compared
naturally-cycling (NC) women in the early follicular (day 2-6) and
during the midluteal phase (3-10 days prior to onset of a new cycle),
when estrogen and progesterone are both low and both high, respec-
tively. Additionally, we compared NC women with users of the most
commonly used monophasic, second-generation OCs, which contain the
synthetic estrogen ethynylestradiol and the synthetic progesterone le-
vonorgestrel (Lewis et al., 2019). In counterbalanced order, participants
performed a speeded-choice test (Flanker task; Eriksen and Eriksen,
1974) and provided saliva samples to measure progesterone and estra-
diol levels. Both the midluteal phase and OC use have been associated
with negative symptoms such as heightened anxiety, negative mood and
emotional reactivity (Sundstrom Poromaa and Gingnell, 2014). Since
these are factors associated with heightened performance monitoring,
we hypothesized enhanced ERN and Pe amplitudes compared to the
early follicular phase.

Additionally, given previous indications that the relation between
the ERN and internalizing symptoms is dependent on menstrual cycle
phase (Mulligan et al., 2019) and OC use (Louis et al., 2022), we also
explored whether menstrual cycle phase and OC use moderated relation
between the ERN and negative affect (NA). NA is a construct thought to
characterize both depression and anxiety (Crawford and Henry, 2004),
and we expected the relationship between the ERN and NA to be more
pronounced in the midluteal phase and during OC use. Furthermore,
based on evidence that the ERN mediated the relation between ovarian
hormones and checking symptoms (Mulligan et al., 2019), we tested
whether the ERN mediates the relation between ovarian hormones and
NA in NC participants. Here, we expected progesterone levels to be
positively- and estradiol to be negatively associated with NA.

2. Method
2.1. Participants

Data were collected from May 2016 until April 2017 at Leiden Uni-
versity. Healthy, Dutch speaking, right-handed female students of
Northwestern European origin between the age of 18 and 35 were
recruited for the study through advertisements on social media and the
university campus. NC participants had to have a regular menstrual
cycle between 25 and 35 days and not have used any OCs in the past
three months. OC users were eligible if they used second generation
monophasic OCs containing Ethinylestradiol (EE; 0.03 mg)/ Levonor-
gestrel (LNG; 0.15 mg) for at least three months and agreed to apply a
pill-free week. Additional exclusion criteria were: physical or neuro-
logical illness, pregnancy; lactation; use of abortifacients in the past 3
months; current or past psychiatric illness as determined by the MINI
International Neuropsychiatric Interview (Van Vliet and De Beurs,
2007); premenstrual syndrome as assessed by the Menstrual Distress
Questionnaire (Moos, 1968); excessive alcohol use (>14 units per
week); smoking; regular soft- or hard-drug use; and using prescribed
medication. Participants completed the experiment for course credits or
monetary compensation and provided written informed consent. The
study was approved by the ethics committee of the Institute of Psy-
chology at Leiden University (approval number: CEP16-0318/139).

2.2. Flanker task

Participants performed a letter version of the Flanker task (Eriksen
and Eriksen, 1974) derived from previous work (de Rover et al., 2015).
The goal of this task is to respond as fast as possible with a left or right
button press according to the identity of the middle of a set of five letters
presented on the screen, whereby surrounding letters could be either
congruent (HHHHH and SSSSS) or incongruent (HHSHH and SSHSS).
These four sets were presented in a randomized order across six blocks of
80 trials each. Each trial started with a white fixation cross presented on
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a grey blackground for 500 ms. This was followed by the presentation of
the stimulus for 100 ms, after which an empty grey screen was shown
until a button was pressed. Verbal feedback was given in between blocks
encouraging participants to either speed up of slow down their re-
sponses, in order to maintain an accuracy rate around 80%.

2.3. Negative affect

The Positive and Negative Affect Schedule (PANAS) was assessed to
measure state affect or mood (Watson et al., 1988). This self-report
questionnaire consists of a positive and negative subscale containing
10 items each. The current version (‘right now’) was used.

2.4. Other measures

The NEO Five-Factor Inventory (NEO-FFI) measures personality
traits (Costa and McCrae, 1989) and the revised version of the Leiden
Index of Depression Sensitivity (LEIDS-R) assesses cognitive reactivity to
sad mood, a measure of cognitive susceptibility to depression (Solis
et al., 2017).

2.5. Experimental procedure

Upon showing interest in the study, participants received an online
screening questionnaire via Qualtrics assessing the inclusion criteria. If
they met criteria for the study, a telephonic screening was carried out to
asses the MINI and to schedule the two laboratory sessions. NC women
were tested during the early follicular phase (day 2-6) and during the
midluteal phase (3-10 days prior to onset of new cycle). OC users were
tested during active use (day 8-14) and during their pill-free week (day
4-7). The order in which each phase was assessed was counterbalanced
across participants. All sessions started between 8:30 AM and 5:30 PM.
During the first session participants signed informed consent and
completed the NEO-FFI and the LEIDS-R (see measures). In each session
adherence to the inclusion criteria was checked first after which par-
ticipants completed several tasks and questionnaires including the
Flanker task and PANAS. At three different timepoints during the session
saliva was collected (see hormonal assessment section). After the two lab
sessions, participants sent a text message to the experimenter at the
onset of their next cycle (or first day of new pill strip for OC users), to
confirm that participants had been tested at the right moment using
reverse day counting (Hampson, 2020).

2.6. Hormonal assessment

Progesterone, estradiol and estriol (to check for pregnancy) were
measured in saliva. Participants were instructed to not eat, drink any-
thing other than water or chew gum for 30 min before the start of each
session. Participants rinsed their mouth with water and then spit 1 ml
saliva into a sterile tube (SaliCap Sets; Innovation Beyond Limits,
Hamburg, Germany) at three different time points with at least 30 min
interval. Samples were immediately stored and kept frozen at — 20 °C
until the day of assaying. The three samples were pooled and analyzed
with highly sensitive luminescence assays of IBL at Ganzimmun Di-
agnostics AG. Reference values of free estradiol (E2) in saliva were:
follicular phase 0.2-10.4 pg/ml; luteal phase 0.8-10.8 pg/ml. For free
progesterone (P4) in saliva: follicular phase 28-82 pg/ml; luteal phase
127-445 pg/ml; OC: 18-51 pg/ml.

2.7. Electrophysiological recordings and pre-processing

The EEG signal was recorded from 15 Ag/AgCl scalp electrodes (F3,
FZ, F4, CZ, CP1, CP2, P3, P1, PZ, P4, PO3, PO4, OZ) and from the left and
right mastoids. Vertical and horizontal eye EOGs were recorded from
electrodes above and below the right eye and at the outer canthi of the
eyes, respectively. Electrodes were referenced to common mode sense
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(CMS) during data acquisition, and afterwards re-referenced to the
average of both mastoids. Data were further processed and analyzed
using Brain Vision Analyzer version 2 (Brain Products, Munich, Ger-
many) using the preprocessing steps and settings as described in Jansen
and de Bruijn (2020).

Based on previous research indicating that different quantification
methods can impact the association between ERPs and individual dif-
ferences (Klawohn et al., 2020), we used both a simple and difference
(A) measure quantification for each ERP component. The simple ERN
was quantified as peak-to-peak amplitude at electrode Cz for correct and
incorrect trials separately by subtracting the most positive peak in the —
80-80 ms time window from the most negative peak in the 0-150 ms
time window (cf. Jansen and de Bruijn, 2020). The AERN was calculated
by substracting the waveforms for correct trials from the waveforms on
error trials and then taking the most negative peak (Chong and Meyer,
2019; Klawohn et al., 2020) in the 0-150 ms time window. The early Pe
was defined as the most positive peak in the 150-250 ms time window at
electrode Cz, while the late Pe was defined as the mean activation in the
300-500 ms time window at electrode Pz (cf. de Bruijn et al., 2017;
Jansen and de Bruijn, 2020). The early and late APe were calculated by
substracting the waveforms for correct trials from the waveforms on
error trials and then quantified according to their respective definitions
as described above. In line with earlier work (Jansen and de Bruijn,
2020; Riesel et al., 2017; Riesel et al., 2019) a time interval of 20 ms
around each peak ERP measure was taken in order to reduce the influ-
ence of background EEG noise (Clayson et al., 2013).

2.8. Statistical analyses

Separate analyses were carried out to investigate the effects of
menstrual cycle phase and OC use. Within NC participants, we compared
the early follicular phase with the midluteal phase (model 1). Since
hormonal levels did not significantly differ between active and inactive
OC use (i.e., the pill-free week), we did not explore within-subject dif-
ferences for OC users. Additionally, we examined between-subject dif-
ferences by comparing NCs in their early follicular and midluteal phase
with active OC users (model 2 and model 3, respectively), under the
assumption that hormonal levels are most stable during the active intake
of OCs. Model 1 always included the within-subject factor ‘hormonal
phase’ (early follicular versus midluteal) while models 2 and 3 included
the between-subject factor ‘OC group’ (users/non-users).

The presence of standard behavioral Flanker effects was investigated
using repeated measures ANOVAs. Trials with too slow (>800 ms) or no
responses were removed from the dataset (0.6% of all trials). The first
analysis included the within-subject factors congruency (congruent vs
incongruent) for reaction times to correct responses only, alongside the
hormonal factors. The same factors were used to investigate the error
rates. To investigate differences between erroneous and correct trials,
reaction times were analyzed using the within-subject factors correct-
ness (correct vs error). Since erroneous responses to congruent trials are
rare, this analysis was performed on incongruent trials only. Post-error
slowing, the phenomenon of slowing down after the commission of an
error (PES; (Rabbitt, 1966), was quantified in accordance with Dutilh
et al. (2012) and assessed using PES (pre-error vs post-error reaction
time) as within-subject variable.

To investigate mean differences in ERP amplitudes between hor-
monal phases and between users and non-users of OCs, we conducted
repeated measures ANOVAs with correctness as within-subject factor. In
line with our previous work (e.g., de Bruijn et al., 2020; de Bruijn et al.,
2017; Jansen and de Bruijn, 2020), we analysed incongruent trials only.

Difference ERPs (AERN, early APe, late APe) were analysed using
either paired (model 1) or independent t-tests (models 2 and 3). In case
of sphericity violation, Greenhouse-Geisser corrections were applied.

In line with previous work (Mulligan et al., 2019), we examined the
association between the AERN and negative affect per hormonal phase
separately as well as across phases using Pearson correlations. In case of
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a significant phase-dependent relation between the AERN and negative
affect, we additionally tested whether the ERN would act as a mediator
between ovarian hormones and negative affect using model 4 (simple
mediation) of the PROCESS macro for SPSS (Preacher and Hayes, 2004).
Additionally, we used linear mixed models (LMMs) using the lme4
package (Bates et al., 2014) to formally test whether hormonal phase
and OC status modulated the relation between negative affect and the
ERN. In these models, the ERN was the outcome variable. Correctness,
hormonal phase and OC group were deviation-coded (—0.5 vs 0.5)
predictors, whereas negative affect was a grand mean-centered contin-
uous predictor. The random-effects structure for each model was
determined according to the procedure described in Bates et al. (2015).
Each model included random intercepts for participants. The final phase
model included independent random slopes for phase and correctness
(ERN ~ negative affect*phase*correctness + (1 +phase+correctness||
ID), while the final OC status model included an independent slope for
correctness (ERN ~ negative affect*OC group*correctness + (1
+correctness||ID). ANOVA tests and partial eta squared (p?) estimates
were provided using the anova_stats function from the sjstats package
(Liidecke and Liidecke, 2019).

3. Results
3.1. Participant characteristics

A total of 107 women signed informed consent. After inclusion, 19
participants were excluded due to one of the following reasons: sub-
stance use (n = 6), drop-out (n = 3), change of hormonal status (n = 2),
tested on wrong cycle day (n = 7), cycle length of more than 35 days (n
= 1). After data collection, three participants were excluded because
behavioral or EEG data for one of the sessions was missing due to
technical reasons. One participant was excluded for having committed
too many mistakes on the Flanker task (>45% for incongruent trials +
>25% for congruent trials), leaving a final sample of 84 participants for
analysis. Table 1 displays the background characteristics for the NC
participants and OC users separately. No significant differences were
found between the groups with regard to age, personality dimensions
(NEO-FFI) or depression susceptibility (LEIDS-R).

3.2. Hormonal concentrations and mood states

Table 2 shows hormonal levels and mood states across the phases for
each group separately. Hormonal assessment failed for one NC partici-
pant in the early follicular phase. As expected, progesterone and estra-
diol levels were significantly higher during the midluteal phase than
during the early follicular phase, F(1,40) = 25.93, p < .001, np? = .39
and F(1,40) = 5.88,p = .02, np2 = .13, respectively, while for OC users
no difference was found between inactive and active OC use (p = .69 and

Table 1
Background characteristics (means and SDs) separately for naturally cycling
participants and oral contraceptive users.

Naturally cycling Oral contraceptive  p-

participants users value
Session order (AB / BA), N 22 /20 22 /20 1.00
per group
Age 21.83 (1.90) 22.14 (1.72) 0.436
NEO- Agreeableness 33.67 (3.59) 34.60 (4.02) 0.267
FFI
Conscientiousness 40.50 (3.05) 40.64 (3.17) 0.834
Extraversion 43.52 (6.06) 44.14 (4.81) 0.605
Neuroticism 32.69 (6.68) 30.02 (6.53) 0.068
Openness 33.62 (3.24) 34.00 (3.79) 0.622
LEIDS- 39.05 (15.14) 37.83 (11.99) 0.685
R

Note. NEO-FFI = NEO Five-Factor Inventory; LEIDS-R = Leiden Index of
Depression Sensitivity.
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p = .70, respectively). Additionally, both progesterone and estradiol
were significantly higher in NC participants in the midluteal phase
compared to active OC users, t(82) = 6.28, p < .001 and t(82) = 5.09, p
< .001, respectively. Estradiol levels were also significantly higher for
NC participants in the early follicular phase compared to active OC
users, t(81) = 2.08, p = .04, while progesterone levels were not (p =.19).
No significant differences in positive and negative affect as assessed by
the PANAS were found between hormonal phases or OC groups (ps >
0.17 and >0.13, respectively).

3.3. Behavioral data

Table 3 displays means and standard deviations for the behavioral
data. All behavioral analyses showed the expected flanker effects (faster
responses for congruent [vs incongruent] and error [vs correct] trials,
post-error slowing, lower error rates for congruent [vs incongruent]
trials), all ps < 0.001.

Analysis of behavioral performance did not reveal any significant
effects of hormonal cycle phase or OC group (Fs < 2.86, ps >0.10),
except for a significant between-subject effect indicating that active OC
users had faster reaction times than NC participants in the midluteal
phase (F(1,82) = 4.47, p = .04, np> = .05; F(1,82) = 4.67, p = .03, np? =
.05, and F(1,82) = 3.46, p = .07, np2 = .04 for the analysis investigating
the correctness, congruency and PES effect respectively).

3.4. ERP data

Fig. 1 and Table 3 shows the response-locked ERPs and mean am-
plitudes, respectively, of the ERN as well as the early- and late Pe for
each hormonal phase and group. All models showed the expected main
effects of correctness, all ps < 0.004, with more negative amplitudes for
errors compared to correct responses.

3.4.1. ERP findings in naturally-cycling participants

3.4.1.1. Main ERP effects of menstrual cycle phase. Analysis of the ERN
revealed no significant effects of hormonal cycle phase, as indicated by
non-significant main and interaction effects of hormonal phase (main
effect of phase: F(1,41) = 0.34, p = .57, np2 =.01, p = .66 for AERN;
phase* correctness: F(1,41) = 0.52, p = .47, 1]p2 =.01).

Similarly, effects of hormonal cycle phase were observed neither for
the early Pe (main effect of phase, F(1,41) = 0.07, p = .79, np2 =.00,
p = .45; phase*correctness, F(1,41) = 0.06, p = .81, npz =.00) nor for
the late Pe (main effect of phase: F(1,41) = 0.17, p = .68, np2 =.00,
p = .69; phase*correctness: F(1,41) = 0.16, p = .69, np2 = 0.00).

3.4.1.2. Examining phase-related associations between the ERN and
negative affect. In line with previous work (Mulligan et al., 2019), we
explored whether the associations between negative affect and the
AERN would be dependent on menstrual cycle phase. We did not find a
significant relation between negative affect in the early follicular phase
and the AERN in the same phase (r(42= 0.13, p = .41), nor between
negative affect and the AERN in the midluteal phase (rz2=0.02,
p =.90). To formally test for a moderation effect we additionally
applied a linear mixed model (ERN ~ negative affect x phase x cor-
rectness). This model did not provide evidence for a moderating effect of
phase on the association between negative affect and the ERN, as indi-
cated by a non-significant interaction between phase, negative affect,
and correctness (F(1,46.64) = 1.32, p = .26, np2 =.01).

Also in line with Mulligan et al. (2019), we furthermore examined
the possibility that individual changes between phases in the AERN and
negative affect would be associated with each other. Here, we observed
a significant correlation between the change in negative affect between
phases (midluteal — early follicular) and the AERN (midluteal - early
follicular): r(42y= —.37, p =[ 0.02 indicating that an increase in the size
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Table 2
Hormonal levels (pg/ml) and positive and negative affect for each hormonal phase and group (means and SDs).

Psychoneuroendocrinology 149 (2023) 106006

Naturally cycling participants

Early follicular Midluteal

Oral contraceptive users

Active OC-use Inactive OC-use

Hormones Progesterone 81.20 (75.46) 204.05 (134.75) 62.95 (48.57) 58.02 (67.60)
Estradiol 3.00 (2.25) 3.87 (1.51) 2.17 (1.29) 2.07 (1.73)

PANAS Positive affect 24.05 (5.71) 24.98 (5.18) 25.98 (5.80) 25.71 (5.77)
Negative affect 13.48 (3.88) 12.79 (3.79) 12.43 (2.42) 11.98 (2.04)

Note. OC = Oral contraceptive; PANAS = Positive and Negative Affect Schedule.

Table 3
Behavioral and event-related potential data for each hormonal phase and group (means and SDs).

Naturally cycling participants

Oral contraceptive users

Early follicular Midluteal Active OC-use Inactive OC-use
Reaction times (ms) Congruent correct 356 (34) 357 (28) 344 (26) 338 (23)
Incongruent correct 374 (40) 377 (35) 362 (33) 377 (35)
Incongruent error 309 (34) 314 (34) 301 (29) 292 (27)
Pre-error 348 (27) 352 (27) 340 (27) 332 (25)
Post-error 385 (51) 381 (38) 368 (41) 358 (34)
Error rates (%) Congruent 8.50 (4.20) 8.79 (4.43) 9.68 (5.10) 10.63 (5.30)
Incongruent 15.64 (6.27) 16.20 (7.13) 17.08 (7.13) 17.66 (6.87)
ERN at Cz (pV) Correct -2.46 (1.97) -2.45 (1.81) -3.40 (2.48) -2.97 (2.25)
Error -8.32 (4.49) -8.81 (4.96) -9.72 (5.66) -8.96 (4.96)
Early Pe at Cz (uV) Correct 3.03 (3.41) 3.15 (4.16) 1.92 (3.28) 2.71 (3.66)
Error 4.87 (5.98) 5.18 (7.41) 6.23 (5.89) 6.04 (7.28)
Late Pe at Pz (pV) Correct -0.96 (3.42) -1.36 (3.25) -2.62 (4.20) -1.63 (3.96)
Error 1.10 (3.78) 1.10 (4.17) 1.81 (4.52) 1.40 (4.30)
A ERN at Cz (pV) -7.32(5.14) -7.65 (5.26) -6.93 (4.25) -7.46 (4.78)
A Early Pe at Cz (pV) 3.43 (5.57) 4.21 (6.83) 6.86 (6.76) 5.53(7.18)
A Late Pe at Pz (pV) 2.07 (4.55) 2.46 (4.46) 4.43 (6.15) 3.03 (5.31)

Note. ERN = Error-related negativity;Pe = Error positivity; OC = Oral contraceptive.
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Fig. 1. Response-locked grand averages at electrode Cz and Pz (pV) for each hormonal phase and group. The figure displays the error-related negativity (ERN) and
the early- and late error positivity (Pe) for naturally cycling (NC) participants in their early follicular and midluteal phase (left panel), and for oral contraceptive (OC)
users during their active and inactive OC use (right panel). Grey blocks indicate the time windows employed for the quantification of each component at the relevant

electrodes. Note that an additional baseline correction (—50 to 0 ms) was applied for visual representation only.
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of the AERN (i.e., a more negative AERN) from the early follicular to the
midluteal phase was associated with an increase in negative affect, and
vice versa. See Fig. 2 for a depiction of this correlation. The association
remained significant after removing one outlying value on negative
affect (ri41) = —.36, p =[ 0.02.

3.4.1.3. Examining the ERN as a mediator between hormones and negative
affect. Given the above association between phase-related changes in
the AERN and negative affect, we additionally explored a mediation
model whereby we tested whether the AERN would mediate the relation
between changes in hormonal levels and negative affect across phases,
in line with previous studies (Mulligan et al., 2019; Mulligan et al.,
2018). We first tested whether changes in the AERN across phases would
mediate the relation between changes in progesterone and negative
affect. Except for the path from AERN to negative affect (b = —.25, SE
==0.10 t(38) = —2.52, p =[ 0.02 95% CI [— .46, —[ 0.05, none of the
paths reached significance, all ps > 0.15.

Next, we tested the pathway from estradiol to negative affect via the
AERN. The direct pathway (c’) from estradiol to negative affect was not
significant, b= ——0.07 SE =[ 0.23 t(38) = ——0.32 p =[ 0.75 95% CI
[— .53,0.39. However, the a-path from estradiol to the AERN was sig-
nificant, b =[ 0.81 SE =[ 0.30 t(39) =2.72, p =[ 0.01 95% CI [.21,
1.41], and so was the b-pathway from the AERN to negative affect, b
= ——0.24 SE=[0.11 #(38) = —2.15, p =[ 0.04 95% CI [— .47. —[ 0.01.
Additionally, there was a significant indirect effect (ab) of estradiol on
negative affect through the AERN, effect = ——0.20 SE =[ 0.12 95% CI
[—[ 0.48 —[ 0.04, indicating that increases in estradiol levels from the
early follicular to midluteal phase were associated with a decrease in
negative affect via AERN amplitudes (note that the AERN is scored as a
negative component meaning that the positive relation between estra-
diol and the AERN indicate that increases in estradiol are associated
with a reduction in amplitudes of the AERN). Fig. 3 displays the medi-
ation model for this effect. This indirect effect remained significant
when excluding outliers (z-score > 3) on estradiol (N = 2) and negative
affect (N = 1), effect = ——0.20 SE =[ 0.14 95% CI [—[ 0.54 —[ 0.002.

3.4.2. ERP effects of oral contraceptive status

3.4.2.1. Main ERP effects of oral contraceptive status. Analysis of the

-
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Fig. 2. Scatterplot depicting the negative association between the phase-
related change in error-related negativity (uV) and the change in negative
affect. The scatterplot shows that having higher (i.e., more negative) error-
related negativity (AERN) amplitudes from the early follicular (EF) phase to
midluteal (ml) phase was associated with more self-reported negative affect and
vice versa, riz= —.37, p =[ 0.02 Note that this association remained signifi-
cant after removing an outlying value (z-score >3) on negative affect (ri41)
= —.36,p =[ 0.02.
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Fig. 3. Schematic overview of the mediation model demonstrating a significant
indirect association between estradiol and negative affect through the AERN.
The figure depicts the significant indirect effect (ab) of estradiol on negative
affect through the AERN, effect = ——0.20 SE =[ 0.12 95% CI [—[ 0.48 —[ 0.04,
indicating that increases in estradiol levels from the early follicular to midluteal
phase were associated with a decrease in negative affect via AERN amplitudes
(note that the AERN is scored as a negative component meaning that the pos-
itive relation between estradiol and the AERN indicate that increases in estra-
diol are associated with a reduction in amplitudes of the AERN). Note that this
indirect effect remained significant when excluding outliers (z-score >3) on
estradiol (N = 2) and negative affect (N = 1), effect = ——0.20 SE =[ 0.14 95%
CI [-[ 0.54 —[ 0.002. The figure also shows the significant a-path from estra-
diol to the AERN (b ==0.81 SE ==0.30 t(39) = 2.72, p =[ 0.01 95% CI [.21,

1.41]), the significant b-pathway from the AERN to negative affect (b = ——0.24
SE ==0.11 t(38) = —2.15, p =[ 0.04 95% CI [— .47. —[ 0.01), and the non-
significant direct pathway (c’) from estradiol to negative affect (b = ——0.07
SE ==0.23 t(38) = ——0.32 p =[ 0.75 95% CI [- .53,0.39).

ERN revealed no significant main or interaction effects of OC use when
comparing active OC users with NC participants in either the early
follicular phase (main effect of OC use: F(1,82) = 2.90, p =[ 0.09 np>
=.03, p = .70 for AERN; OC use*correctness: F(1,82) = .20, p =[ 0.65
np2 =.00) or the midluteal phase (main effect of OC use: F(1,82) = 1.75,
p=.19, r]p2 = .02, p = .49 for AERN; OC use*correctness: F(1,82) = .00,
p =[0.97 np? = .00).

Analysis of the early Pe also revealed no main effect of OC use, F
(1,82) =.02, p=[ 0.89 np? =.00 and F(1,82) =.10, p =[ 0.76 np>
= .01. However, a significant interaction was observed between OC use
and correctness when comparing active OC users with NCs in both their
early follicular and midluteal phase (F(1,82) = 4.99, p = .03, np? = .06
and F(1,82) = 3.99, p = .05, np? = .05, respectively). Post-hoc com-
parisons did not reveal any significant effects, but inspection of the
means indicated that the interaction is explained by the fact that OC
users had more positive mean amplitudes on error trials and more
negative amplitudes on correct trials compared to NC participants in
both the early follicular and midluteal phase, resulting in a larger
amplitude difference between errors and correct trials. In line with this,
analysis of the early APe showed higher difference amplitudes for active
OC users (M = 6.86, SE = 1.04) compared to NC participants in the early
follicular phase (M = 3.43, SE =.86), t(82) = —2.53, p =[ 0.01 whereas
the early APe difference between active OC users and NC participants in
the midluteal phase did not reach significance, t(82) = —1.79, p = .08.
Likewise, analysis of the late Pe revealed no significant between-subject
effect of OC use when comparing active OC users with the early follic-
ular phase (F(1,82) = .56, p =[ 0.46 np2 = .01) nor the midluteal phase
(F(1,82) =.17, p=[ 0.68 np2 =.00, p =.10). However, a significant
interaction between correctness and OC use was observed when
comparing OC users to non-users in their early follicular phase: F(1,82)
=3.99, p = .05, np? =.05. Post-hoc comparisons indicated that OC
users had significantly more negative amplitudes on correct trials
compared to NC participants in the the early follicular phase (p = .05).
Analysis of the late APe likewise revealed a significant effect of OC use, t
(82) = —2.00, p = .05, showing larger difference amplitudes for OC
users. The same comparison between active OC users and NC partici-
pants in the midluteal phase did not reach significance (OC use*-
correctness, F(1,82) = 2.81, p = .10, qu =.03, p = .10 for main effect
of late APe).
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3.4.2.2. Examining OC-dependent associations between the ERN and
negative affect. Based on a previously reported modulating effect of OC
status on relation between the ERN and worrying (Louis et al., 2022), we
additionally explored whether the relation between the ERN and nega-
tive affect was dependent on OC status. As was the case for the NC
participants, there was no significant relation between the ERN and
negative affect in OC users, neither during active OC use (r42)= —.07,
p =[0.67, nor during inactive use (r42= —.08, p =[ 0.64. We addi-
tionally applied a linear mixed model (ERN ~ negative affect x OC status
x correctness), taking into account both sessions for each group, which
also did not provide evidence for a moderating effect of OC status on the
association between negative affect and the ERN, as indicated by a
non-significant interaction between OC status, negative affect, and
correctness (F(1187.60) = 1.96, p = .16, np2 =.01).

4. Discussion

The current study examined the effect of hormonal status, specif-
ically menstrual cycle phase and oral contraceptive (OC) use, on two
putative, electrophysiological biomarkers for internalizing disorders;
the error-related negativity (ERN) and error positivity (Pe). We also
examined whether the relationship between the ERN and negative affect
(NA) was moderated by menstrual cycle phase and OC use and investi-
gated if the ERN could play a mediating role in the relation between
ovarian hormones and NA. We confirmed that estradiol and progester-
one levels were higher in the midluteal compared to early follicular
phase, whereas no difference in hormonal levels were found between
active and inactive OC use. We did not observe any overall within-
subject differences in performance monitoring (PM) between the early
follicular and midluteal phase for naturally cycling (NC) participants,
nor did we find evidence for a moderating effect of cycle phase on the
relation between the ERN and NA. However, correlational analyses did
reveal an association between phase-related changes in the AERN and
NA: if the AERN increased from the early follicular to midluteal phase,
so did NA, and vice versa. Mediation analysis additionally showed a
negative indirect effect of between-phase changes in estradiol on NA via
the AERN. Furthermore, when comparing (active) OC users with NC
participants, we found no differences in ERN amplitudes or NA, nor did
we find evidence for a moderating effect of OC use on the relation be-
tween the ERN and NA. However, active OC users did show larger APe
amplitudes compared to NC participants in the early follicular phase and
faster reaction times compared to NC participants in the midluteal
phase.

4.1. Findings in naturally-cycling women

Importantly, we did not find any evidence for an overal difference in
PM when comparing the early follicular and midluteal phase. Although
this is in contrast with our hypothesis of heightened PM during the
midluteal phase, it is consistent with a previous study that did not find
an overall difference in ERN amplitudes between the follicular and
luteal phase of the menstrual cycle (Mulligan et al., 2019). Likewise, we
did not find overall differences in NA between cycle phases. This con-
trasts with literature reporting mood fluctuations across the menstrual
cycle (Sundstrom Poromaa and Gingnell, 2014). However, two recent
studies did not find differences in mean NA across the menstrual cycle in
healthy, premenopausal women either (Hengartner et al., 2017; Wei-
gard et al., 2021), suggesting that there may not be a direct association
between menstrual cycle phase and self-reported NA.Given the evidence
for substantial inter-individual differences in the effects of- or sensitivity
to hormonal cycle effects and ovarian hormones (see e.g., Hamstra,
2021), it may not be unsurprising to find non-significant group-level
phase effects on PM and NA. The existence of conditions such as pre-
menstrual syndrome (PMS) and premenstrual dysphoric disorder (Hof-
meister and Bodden, 2016) indicates that specific subgroups may be
more sensitive to hormonal fluctuations during the menstrual cycle, and
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there are many biological or psychological factors that could modulate
the effects of ovarian hormones. For example, previous work has indi-
cated that effects of estrogen on cognitive performance are dependent on
individual differences in baseline dopamine functioning (e.g., Jacobs
and D’Esposito, 2011), highlighting the need for future research to
explore potential modulators of cycle effects. Furthermore, we tested
participants at two specific points in the menstrual cycle, where estrogen
and progesterone were either both low or both high. There is evidence to
suggest that progesterone and estrogen may have opposing influences on
emotional responses (see e.g., Sakaki and Mather, 2012), which in-
dicates that their separate effects may have been cancelled out during
the midluteal phase. Relatedly, it has been suggested that the most
negative emotional symptoms, and hence potentially heightened PM,
may be found in the late luteal phase, when progesterone levels are
declining rather than at its peak (Sundstrom Poromaa, 2018). Addi-
tionally, the co-presence of high progesterone levels in the midluteal
phase prevented us from assessing isolated effects of estrogen. This
highlights the need to investigate PM at additional time points in the
menstrual cycle, such as periods where only estrogen is high (i.e., the
pre-ovulatory phase) or progesterone levels declining (i.e., the late
luteal phase), to enable making more definite statements about men-
strual cycle phase effects on PM.

The fact that we found no significant difference in ERN or Pe am-
plitudes between the two cycle phases could give the impression that the
ERN and Pe are predominantly trait-like markers that are relatively
stable across the menstrual cycle. However, when considering the intra-
subject consistency or test-retest reliability of the ERPs for NC partici-
pants, correlations between phases only ranged between.46 and.59,
with amplitudes of the late Pe and late APe even showing no significant
correlations.' Notably, these correlations are somewhat lower than the
moderate to strong correlations observed in previous studies investi-
gating test-retest reliability over comparable time intervals in mixed-sex
samples (Lin et al., 2020). The existence of such substantial
intra-individual variation may explain why we failed to find significant
phase differences, and stresses the importance of improving our un-
derstanding of the circumstances under which these ERPs are modu-
lated. For the ERN and Pe to be considered biomarkers of internalizing
disorders, they first need to be reliably measured. Furthermore, they
need to be associated with internalizing symptoms. Yet, we did not
observe a significant relation between the ERN and NA in either hor-
monal phase. The fact that we find low to moderate test-retest reliability
of these components and the absence of a relation with NA hence calls
into question the validity of these ERPs as markers of internalizing
disorders. However, enhanced ERNs have also been proposed to be more
specific to anxiety or obsessive-compulsive symptoms than to depressive
symptoms or internalizing symptoms in general (Pasion and Barbosa,
2019), which may perhaps explain the absence of a significant relation
with NA. Hence, future research should look further into the specificity
of the ERN as a biomarker.

Though we did not find any evidence that cycle phase moderated the
relation between the ERN and NA, as observed in previous work
investigating checking symptoms (Mulligan et al., 2019), we did find a
negative association between individual changes in the AERN from the
midluteal and early follicular phase and changes in NA. Specifically,
when NC participants had larger (i.e., more negative) amplitudes of the
AERN in the midluteal compared to early follicular phase, they also
tended to show more NA, and vice versa. This association suggests that
the ERN may be sensitive to state-related fluctuations in mood, or
conversely, that changes in internal PM processes influence mood states,
and fit with previous research showing that affective factors can
modulate ERN amplitudes (e.g., de Bruijn et al., 2020; Jansen and de

! Correlations between phases were as follows: ERN: r=.535, p < .001; AERN:
r = .587, p <.001; Early Pe: r =.467; p =.002, Early APe: r = .456; p = .002;
Late Pe: r = .128, p = .421; Late APe: r = -.015, p = .925.
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Bruijn, 2020; Proudfit et al., 2013; Riesel et al., 2012). Mediation
analysis additionally showed a significant, negative indirect effect of
estradiol on NA, via the AERN, indicating that phase-related increases in
estradiol levels were indirectly associated with a reduction in NA via a
reduction in amplitudes of the AERN. This is in line with recent reports
of positive or protective mood effects of estrogen (Graham et al., 2017;
Rehbein et al., 2021), and could indicate that one potential mechanism
through which estradiol exerts such effects may be the alteration of the
neurocognitive mechanisms underlying PM, or the neural sensitivity to
errors, which may also be closely linked to the heightened interpersonal
sensitivity that many individuals with PMS experience (Hofmeister and
Bodden, 2016). Our finding fits with previous work suggesting that the
ERN mediates effects of ovarian hormones on symptoms of internalizing
disorders (Mulligan et al., 2019). However, it should be noted that this
previous study found a mediating role (in the opposite direction) of the
AERN for progesterone rather than estradiol, which may be explained by
differences in the type of symptoms (checking symptoms versus NA) and
the fact that their model concerned levels measured during the luteal
phase rather than a measurement of the change between phases. Also, it
should be emphasized that the associations that we observed cannot be
considered as a pure estrogen effect, since our study assessed hormonal
levels at times where estrogen and progesterone were either both low or
both high, meaning that the separate effects of estrogen and progester-
one cannot be disentangled.

4.2. Effects of oral contraceptive status

We did not observe general group differences in NA or ERN ampli-
tudes between users of OCs and NC participants, which may not be
surprising given the inconsistent effects of OCs reported in the literature
(e.g., Brgnnick et al., 2020; Hamstra, 2021; Lewis et al., 2019; Montoya
and Bos, 2017; Pletzer and Kerschbaum, 2014; Toffoletto et al., 2014;
Welling, 2013). Neither did we find evidence for a modulating effect of
OC use on the relation between the ERN and NA, in contrast to previous
findings of a modulating OC effect on the relation between the ERN and
worrying (Louis et al., 2022). In fact, there were no significant corre-
lations between the ERN and NA, neither for NC participants nor for OC
users, which may hint at a lack of specificity of the ERN for more
depression-related symptoms (Pasion and Barbosa, 2019), as discussed
previously.

With regard to the Pe, however, we did find indications for enhanced
APe amplitudes in users of OCs. This effect was seen for both the early
and late Pe and was significant only when comparing active OC users
with NC participants in their early follicular phase, though the same
pattern was observed at trend-level when comparing OC users with NC
participants in the midluteal phase. It is important to note that the group
differences are small, which is in line with the mixed literature and the
presumably large individual variation in the emotional and cognitive
effects of OC use (Lewis et al., 2019). Additionally, while the groups
were comparable with regard to age, personality dimensions, and
depression scores, there may be many other pre-existing differences in
characteristics between OC users and NC participants that could
potentially influence PM correlates (see e.g., Oinonen et al., 2008) and
thus explain our results. To truly disentangle effects of OC use, ran-
domized controlled trials (RCTs) and prospective studies are necessary.

Still, the current findings indicate that there may be generic differ-
ences in the electrophysiological correlates of PM and error processing
between OC users and NC participants. The fact that a similar pattern
was observed when comparing active OC users with the early follicular
and midluteal phase suggests that the group differences in the APe
amplitudes cannot simply be explained by a difference in endogenous
sex hormonal levels, as these levels are actually most comparable be-
tween active OC use and the early follicular phase, and suggests that
findings are more likely to reflect a general effect of OC use. Importantly,
a recent prospective cohort study indicates that OC use during adoles-
cence increases women’s likelihood to develop depression in early
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adulthood (Anderl et al., 2022). As the Pe is thought to reflect the
awareness or affective response to errors (Ullsperger et al., 2014a),
increased Pe amplitudes may speculatively reflect a generic underlying
cognitive vulnerability to depression in OC users.

Delta score ERPs are sometimes thought to reflect more ‘pure’
measures as error-related activation is isolated by substracting it from a
baseline (correct-related activation) (Meyer, Lerner, De Los Reyes,
Laird, and Hajcak, 2017). However, the fact that the correct-related
waveform seems to be altered in various states and traits in its own
right (Kaczkurkin, 2013; Larson et al., 2016; Simons, 2010), may call
into question to what extent this waveform represents a valid and stable
baseline for the error positivity to sit on. Indeed, inspection of the grand
averages and mean amplitudes indicates that the difference between
groups is primarily driven by alterations in the correct-related ampli-
tudes, with the amplitude difference on correct trials between active OC
use and NC participants in the early follicular phase reaching signifi-
cance for the late Pe, suggesting that findings may not be error-specific.
Nevertheless, while PM research has primarily focused on the ERN, our
findings highlights the need for future research to also take into account
possible hormonal influences of the Pe.Behaviorally, reaction times
were also slightly faster for OC users compared to NC participants in
their midluteal phase, despite there being no difference in accuracy
rates. Interestingly, faster reaction times in OC users has been reported
before in tasks involving emotion-related cognitive performance such as
the facial emotion recognition task (Hamstra et al., 2015; Hamstra et al.,
2017). Future studies should find out whether this could reflect a
genuine effect of OC use.

4.3. Strengths and limitations

The current study had its strengths and limitations. We used a
within-subject design to compare menstrual cycle phases, which has
important power benefits over cross-sectional designs. Additionally, we
made use of strict exclusion criteria and only included OC users with the
monophasic, second-generation pill, which is the first-choice birth
control in the Netherlands with 1.2 million users (SFK, 2018).2 Our re-
sults cannot be generalized to other age groups, nor users of OCs with a
different pill composition. Given that age is positively associated with
the amount of endogenous sex hormones (Hampson, 2020), it is essen-
tial to investigate other age groups as well. Likewise, investigating other
OC compounds is important as different types and brands of OCs vary in
their formulations and consequently, their biological effects. Further-
more, NC participants visited the lab at a time where their estradiol and
progesterone levels where either both high or both low, which allowed
us to assess potential changes in PM during the two main phases of the
menstrual cycle, whereby we made use of reverse day counting to ensure
that assessment took place in the correct cycle phase and confirmed this
using saliva samples. However, despite its ecological validity, this design
did not permit us to disentangle the individual role of each hormone in
PM. To investigate this, future studies should include the (pre-)ovulatory
phase as well, when estradiol is high but progesterone is low, which
requires the inclusion of additional biological measures, such as urine
samples to assess the surge of luteinizing hormone (Sundstrom Poromaa
and Gingnell, 2014). Alternatively, pharmacological manipulations of
ovarian hormones with for example a gonadotropin releasing hormone
agonist could be used (Frokjaer, 2020). Furthermore, the early follicular
phase is characterized by menses, which means that observed effects of
hormonal status may in part be explained by the physical discomforts
that usually accompany this period. Lastly, even though visual inspec-
tion of the grand averages shows very comparable waveforms between
the phases, it is possible that effects of menstrual cycle phase were
smaller than this study was powered to identify. A sensitivity power

2 Stichting Farmaceutische kengetallen (2018). https://www.sfk.nl/publi
caties/PW/2018/minder-vrouwen-aan-anticonceptie
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analysis suggests that the current sample size allowed us to detect me-
dium (f =.=0.22ith a power of 80%), but not small effect sizes. Natu-
rally, power was even smaller for the between-subject comparisons.
Given the inconclusive and mixed literature on menstrual cycle phase
and OC use effects, and the general concerns with the reliability and
reproducibility of studies in this field (Hamstra, 2021; Sundstrom
Poromaa, 2018; Warren et al., 2014), especially our between-subject
findings should be interpreted with caution and warrant replication in
larger sample sizes and using RCTs.

4.4. Conclusion

In summary, our study found no evidence for an overall difference in
PM or NA between NC women in the early follicular versus midluteal
phase of the menstrual cycle. We did observe a negative association
between individual changes in the AERN between the midluteal and
early follicular phase and changes in NA, suggesting that the ERN may
be sensitive to state-like fluctuations in mood. Mediation analysis
additionally showed a negative indirect effect of phase-related changes
in estradiol on NA via the AERN, suggesting that between-phase fluc-
tuations in estradiol may indirectly impact NA by altering PM activity.

Additionally, comparing OC users with non-users revealed no dif-
ference in ERN amplitudes, but increased APe amplitudes in the former
group. This could potentially indicate that the use of monophasic,
second-generation OCs specifically alters the later- and presumably
more affective processing of errors, rather than earlier- and more
automatic PM processes (as reflected in the ERN). While our results
require replication, our findings suggest that ovarian hormones may
impact the neural mechanisms underlying PM and error sensitivity, and
that this could be a potential mechanism through which ovarian hor-
mones influence mood. Hence, our findings highlight the need for future
research on PM to take hormonal status into account.
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and clinical practice to take into account female hormonal influences
such as menstrual cycle phase and oral contraceptive use. To promote
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this message, she developed a habit of asking every researcher she came
across whether they had registered the menstrual cycle phase or hor-
monal contraceptive use and type of their female participants. We would
like to dedicate our paper to this inspiring colleague who will be greatly
missed, and we hope that with this paper we can help convey her
message. We would like to thank Imme van der Bent, Stephanie Bau-
duin, Laila Franke, Nick Heres and Saskia Borg for their help in col-
lecting the data for this study.
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