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ARTICLE INFO ABSTRACT

Keywords: Hormonal contraception has been widely prescribed for decades. Although safety and efficacy are well-
Hormonal birth control established, much uncertainty remains regarding brain effects of hormonal contraception. We systematically
Neuroimaging review human and animal studies on the brain effects of hormonal contraception which employed neuroimaging
a‘;timtransmmer assay techniques such as MRI, PET and EEG, as well as animal studies which reported on neurotransmitter and other
PET brain biochemical effects. We screened 1001 articles and ultimately extracted data from 70, comprising 51
EEG human and 19 animal studies. Of note, there were no animal studies which employed structural or functional
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MRI, MRS or PET. In summary, our review shows hormonal contraceptive associations with changes in the brain
have been documented. Many questions remain and more studies are needed to describe the effects of hormonal

1. Introduction

In 1960, the FDA approved hormonal contraceptives for use in the
United States (Kao, 2000). Soon after, other nations’ governing bodies
also approved use (Salles, 2020). Nearly all women in the United States
have used some form of contraceptive in their lifetime, with 82 % of
these women choosing to take the oral contraceptive pill (OCP) (Daniels,
2013). OCPs are used to prevent pregnancy and to treat medical con-
ditions such as polycystic ovary syndrome (PCOS), dysmenorrhea,
endometriosis, uterine fibroids and other menstrual cycle or pelvic pain
disorders (Allen, 2022a,b). From a 2015-2017 CDC survey, approxi-
mately 5.9 million women in the United States alone currently use OCPs
(Daniels, 2018); this number does not account for women who have used
OCPs in the past. Hormonal contraceptives are well-studied — a PubMed
search for “birth control hormonal” yielded 23,999 unique results.

Safety, efficacy and contraindications related to hormonal contracep-
tives are well-established (CDC, 2020).

Hormonal contraceptive preparations incorporate a progesterone-
analog and in most cases an estrogen-analog. Mechanisms of action
for their contraceptive effects have also been extensively studied,
relating to impact on function of the pituitary and hypothalamus, as well
as additional peripheral effects (Horvath et al., 2000). The progesterone-
analog suppresses secretion of luteinizing hormone (LH), thereby pre-
venting ovulation, and increases viscosity of cervical mucus, which in-
hibits sperm motility (Horvath et al., 2000). Progesterone analogs used
in hormonal contraceptive preparations exhibit variable androgenic
properties (Allen, 2022a,b). The estrogen-analog also contributes to
suppression of LH, suppresses secretion of follicle stimulating hormone
(FSH) and alters the endometrium (Horvath et al., 2000).

The mechanistic basis of hormonal contraceptive effects on brain
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structure and function remains incompletely understood. However,
mechanisms of endogenous estrogen and progesterone effects on the
brain have been more extensively characterized. Estrogens and proges-
terone are produced in the ovaries and adrenal glands (Rettberg et al.,
2014). Endogenous estrogens (ie. estrone, estradiol and estriol) and
progesterone (including its downstream derivatives dihydroprogester-
one and tetrahydroprogesterone) interact with nuclear estrogen
receptor-alpha, nuclear estrogen receptor-beta, membrane bound G-
protein-coupled estrogen receptor 1 (GPER), nuclear progesterone re-
ceptors and progesterone receptor membrane component 1 (PGRMC1)
in the brain (Brinton et al., 2008; Rettberg et al., 2014). Estrogen re-
ceptors are in general, widely distributed and can be found in both
neurons and glial cells, however, distribution of different isoforms vary
(Rettberg et al., 2014). Estrogen receptor-alpha has been shown to be
expressed in the hypothalamus, forebrain, hippocampus and amygdala
in humans (Rettberg et al., 2014). Compared to estrogen receptor-alpha,
estrogen receptor-beta is more narrowly distributed, with literature
showing expression in hippocampus and cerebral cortex in rodents and
humans (Rettberg et al., 2014). GPER is more recently discovered and
has been shown to be expressed in the hippocampus, hypothalamus, and
midbrain of rodents (Prossnitz & Barton, 2011). Nuclear progesterone
receptor expression is also expressed widely across the brain (Guennoun,
2020; Schumacher et al., 2014). PGRMC1 expression has been described
in rat cerebellum, cortical regions, hippocampus and hypothalamic
nuclei (Toffoletto et al., 2014). Estrogen and progesterone receptors
contribute to numerous downstream effects; for example, regulation of
glucose transport, regulation of mitochondrial ATP production
(Rettberg et al., 2014), and synapse formation (McEwen & Milner,
2017). Progesterone has also been attributed to neuroprotection and
myelin repair (Guennoun, 2020).

Sex steroid effects on neurotransmitter pathways is a complex topic
that requires further research to fully characterize the multilevel,
interacting effects of sex steroids (Nguyen et al., 2017). Studies tenta-
tively suggest estrogens increase serotonergic activity (Nguyen et al.,
2017), however, this is only a tentative conclusion and, as other reviews
have noted, many factors such as receptor type, region of the brain, and
type and duration of estrogen treatment are at play (Barth et al., 2015).
Additionally, estrogens are thought to modulate dopamine receptor
activity; it has been shown to potentiate D1 receptors and antagonize D2
receptors (Nguyen et al., 2017). Studies also suggest progesterone can
increase or decrease serotoninergic activity (Nguyen et al., 2017), sup-
press glutamate activity and potentiate GABA-A receptor activity (Barth
et al.,, 2015). While literature supports the impact of sex steroids on
serotonin, GABA, glutamate, and other neurotransmitter systems, there
is no real consensus on the directionality (excitatory or inhibitory) and
spatial localization of these effects. More research is needed on the ef-
fects of endogenous sex steroids on the brain (Barth et al., 2015; Nguyen
et al., 2017). More pertinent in the context of this review, is that
endogenous sex steroid effects may not extrapolate to exogenous sex
steroids, such as OCPs. However, we can still refer to this information as
we focus on the effects of exogenous estrogen analogs and progesterone
analogs comprising hormonal contraceptive preparations in this review.

Previous reviews of human [e.g., Brgnnick (Brgnnick et al., 2020)
and Taylor (Taylor et al., 2021)] and animal [e.g., (Porcu et al., 2019)]
studies, have assessed the scientific literature and voiced the need for
more research on brain effects of hormonal contraceptives. These re-
views provide excellent summaries of the literature on human and an-
imal effects of hormonal contraceptives, respectively, but they did not
integrate findings across human and animal studies. The aim of this
systematic review is to critically assess human and animal studies, with
addition of many new studies that have not been previously reviewed,
and to assess how the current literature provides insight into potential
mechanisms of hormonal contraceptive effects on brain structure and
function. While human studies are most clinically relevant, animal
studies offer insight into underlying mechanisms, which can never be
derived from in vivo human studies. Animal studies also allow for
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rigorous randomized experimental studies, which are challenging to
conduct in humans. Combined assessment of animal and human studies
can facilitate future translational studies to characterize clinically rele-
vant mechanisms in humans.

2. Methods
2.1. Systematic review

A systematic literature search was conducted by a medical librarian
(C.D.P) following the Preferred Reporting Items for Systematic reviews
and meta-Analyses (PRISMA) guidelines (Page et al., 2021). We
searched the electronic databases PubMed/MEDLINE (through October
22, 2021), Embase (through October 26, 2021), and Cochrane Library
(through October 28, 2021). Two sets of searches were conducted in
PubMed and Embase, the first focusing on use of imaging to evaluate
brain structure and function in humans and animals, and the second
research on neurotransmitters and other assays in animals. In Cochrane
Library, one combined search was used.

For all databases, both controlled vocabulary and text word searches
were performed using a combination of terms that included “brain
structure,” “neuroanatomy,” “brain function,” “neural pathway,” “brain
region,” “neural process,” “brain imaging,” “neuroimaging,” “magnetic
resonance imaging,” “positron emission tomography,” “hormone,”
“neurotransmitter,” “neuropeptide,” “birth control,” “contraception,”
and “contraceptive.” (For the full PubMed search strategies see Appen-
dix I) The searches were conducted without any geographical limitation
but included only English language publications and, for the second set
of searches, were restricted in PubMed and Embase to studies in animals.

2 2 . 2

2.2. Study selection

All references were imported into Endnote 20 desktop version
(Clarivate, Philadelphia, PA) reference management software and de-
deduplication was carried out. References were then uploaded to Covi-
dence (https://www.covidence.org; Veritas Health Innovation, Mel-
bourne, Australia), an online literature review management tool.
Further de-duplication was performed, followed by screening by a team
of reviewers (J.S., C.D.P, R.N.,, R.F., R.S., L.M.) based first on the title and
abstract and then on the full text. Each article was independently
reviewed by two of the six reviewers and conflicts were resolved by the
lead reviewer (J.S.).

Human and animal studies were included if they were conducted in
females of reproductive age. Human imaging studies were required to
compare healthy, naturally cycling women with those on a hormonal
contraceptive. Animal studies could include any kind of neurotrans-
mitter or neuropeptide assay. We excluded studies with no control group
or that included solely men; that focused on stroke, embolism, or
thrombosis in the setting of oral contraceptive use; or that reported only
cognitive, behavioral, or mood tests. We excluded studies that studied
animals whose ovaries had been removed because this means the control
group was not “naturally cycling.” We also excluded publications that
were not research studies (e.g., reviews) or that were not fully peer-
reviewed (e.g., abstracts, protocols, etc.).

2.3. Data extraction

References that passed the screening process underwent data
extraction by a member of the review team. Customized extraction
forms were created by the librarian and lead reviewer (C.D.P and J.S.).
They collected information on study and patient characteristics —
including presence of randomization; type of imaging or assay used;
experimental and control groups; inclusion and exclusion criteria; hor-
mone preparation; and baseline population statistics — along with key
outcomes and conclusions. No meta-analysis was performed.


https://www.covidence.org
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3. Results

A total of 1012 references were imported into Covidence, a number
that reflects the use of separate human and animal searches. After
removal of 11 duplicates, we screened the titles and abstracts of 1001
articles and excluded 903 which did not meet our inclusion criteria. Full
text was reviewed for the remaining 98 studies. Ultimately, 70 articles
met our relatively narrow inclusion criteria and underwent data
extraction. The PRISMA flow diagram is displayed in Fig. 1.

3.1. Study design features

Among the 70 papers included after final data extraction, most of the
human studies were published in the last decade (Fig. 2). Out of the 51
human studies, 36 employed structural MRI, functional MRI, or both, 11
employed EEG, 1 employed MRS and 3 employed PET. Most of the an-
imal studies were published in the 1970 s and 1980 s (Fig. 2). Of the 19
animal studies we included after screening, 15 reported on rat experi-
ments, 2 studies used both mouse and rat test subjects, one study
examined guinea pigs and one examined rabbits. All but one animal
study reported on biochemical assay results; one study reported on EEG
(Fig. 3). No animal study employed structural/functional MRI, MRS or
PET.

Contraceptive formulations varied within and between studies. Of 51
human studies, all but one (Basu et al., 2016) included OCP users in the
experimental group. 42 studies tested a combination OCP (progestin +
estrogen-analog). However, within each study, OCP formulation and
dosage varied among participants, such that individual studies included
participants using different OCP formulations. Between studies, formu-
lation, dose of OCP and time on OCP varied. Of these 42 combination
OCP studies, 31 studies explicitly specified ethinyl-estradiol as the
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estrogen component, which is expected given that this is the most pre-
scribed estrogen-analog in OCP (Allen, 2022a,b). For 7 studies, we were
not able to determine the OCP preparation. One study focused on
women who received intramuscular depo-medroxyprogesterone acetate
(DMPA) injections (Basu et al., 2016). One study included combination
OCP users in their experimental group but chose to include women
implanted with hormone-eluting intrauterine devices (IUD) in the non-
OCP control group (Larsen et al., 2020), stating that the hormone-
eluting IUD is not thought to affect the ovulatory cycle (Larsen et al.,

1012 studies imported for screening

l

1001 studies screened

l

98 full-text studies assessed for eligibility

70 studies included

11 duplicates removed

903 studies irrelevant

28 studies excluded

7 Wrong study type

4 No imaging or neurotransmitter/peptide assays
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3 Wrong intervention

3 Wrong outcomes
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Fig. 1. PRISMA diagram. The terms “wrong study type,” “wrong patient population,” “wrong intervention,

[

'wrong outcomes,” and “wrong setting,” refer to the

patient population, intervention, outcome or setting not meeting criteria for inclusion.
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Fig. 3. Experimental Methods for animal (left) and human (right) studies:

2020). The authors also performed statistical analyses to support the
absence of differences between control participants with or without a
hormone-eluting IUD (Larsen et al., 2020). It should be noted, however,
that the levonorgesterol-eluting intrauterine device has been shown to
affect ovulatory cycles for the first year after implantation, with 85 % of
women returning to a normal ovulatory cycle thereafter (Dinehart et al.,
2020). While a case can thus be made for including hormone-eluting IUD
participants in a non-OCP control group, an ideally controlled study
would not have included these participants. Additionally, one study
included five hormone-eluting IUD users in their experimental group, in
addition to sixteen combined OCP users (Scheele et al., 2016). Dosages
of estrogen-analog and progestin components were largely varied. Time
on hormonal contraceptive varied greatly where reported, but was
largely not specified. While Pletzer, et al. reported average OCP use in
participants to be on the order of years [e.g., average of 3.8 years for
anti-androgenic OCP users and 6.18 for androgenic OCP users (Pletzer
et al., 2019)], we were unable to determine the length of OCP use from
most papers. When specified, the most common enrollment criterion
was “at least 3 months” of OCP use in the experimental group (Chung
et al., 2016; Hwang et al., 2015; Merz et al., 2013; Merz et al., 2012;
Petersen et al., 2014; Wen et al., 2021).

Contraceptive formulations and doses in animal studies also varied.
One study delivered a progestin only hormonal contraceptive (Daabees
et al., 1981), which delivered an injection of medroxyprogesterone ac-
etate. The other 18 delivered a form of combined hormonal contracep-
tive, which included an estrogen component. All the formulations of
combined hormonal contraceptive in animal studies were drugs avail-
able to human patients, including an estrogen component (i.e., ethinyl
estradiol, mestranol) and a progestin component (ie. lynestrenol,
norethindrone, norgestrel). In total, 9 studies delivered OCPs orally to
animals, and 10 studies delivered the hormonal contraceptive by
intramuscular/subcutaneous injection. While DMPA injections and
transdermal hormonal contraceptives are available for human use, we
are unable to speak to whether the bioavailability/metabolism of
intramuscular/subcutaneous injections in these animal studies are
comparable to oral route of delivery.

We applied the androgenicity categorization proposed by Allen
(2022a,b) to the 41 human studies which described use of combination
OCPs. Keeping with this categorization, “high” androgenicity includes
progesterone analogs norgestrel and levonorgestrel and “middle”/”low”
androgenicity (which we will refer to as “low™) includes norethindrone,
norethindrone acetate, ethynodiol, norgestimate, desogestrel, and dro-
spirenone (Allen, 2022a,b). When a study does not specify progestin
component name, but does provide “anti-androgen” (“low” androge-
nicity) or “androgenic” (“high” androgenicity) categorization, we keep

with their categorization. 4 studies described use of “low” androgenicity
OCPs, 8 studies described use of “high” androgenicity OCPs, 15 named
OCPs that belonged to a range of androgenicity levels and 23 could not
be determined because the OCP formulation was not specified.

Most human studies employed observational designs, in which par-
ticipants self-reported OCP use. Only six human studies were random-
ized control trials (Engman et al., 2018; Gingnell et al., 2016; Gingnell
et al., 2013; Petersen et al., 2019; Petersen et al., 2021; Wen et al.,
2021). One EEG study (Becker et al., 1980), imaged the same partici-
pants during both a normal ovulatory cycle, phase unspecified, and after
two months of OCP use. Another study, (Basu et al., 2016), imaged the
same participants before and 8 weeks following DMPA injection.

3.2. Structural magnetic resonance imaging (MRI)

Detailed results from structural MRI studies are summarized in
Table 1. Thirteen human studies used MRI to characterize brain struc-
ture in women taking hormonal contraceptives compared to women
who were naturally cycling. These studies used volumetric measures
(volume — seven studies, cortical thickness — three studies), diffusion
tensor imaging (DTI) measures (one study), or both volume and DTI
measures (two studies). Of the 12 studies that included volumetric
measures, ten evaluated regions across the whole brain. Two studies
restricted their analyses to specific regions. Across studies, both greater
and lesser volume or cortical thickness was associated with OCP, typi-
cally in distinct regions. Some studies revealed that the direction of
volumetric change in a region was dependent on the OCP formulation.
For example, (Pletzer et al., 2015) reported increases in gray matter
volume in bilateral fusiform gyri, fusiform face area (FFA), para-hip-
pocampal place area (PPA) and cerebellum with use of “low” androge-
nicity progestins but decrease in gray matter volume in bilateral middle
and superior frontal gyri with use of “high” androgenicity progestins
(Pletzer et al., 2015). The two region-specific analyses showed lower
hypothalamus and pituitary volumes (Chen et al., 2021) and higher
hippocampus and basal ganglia volumes (Pletzer et al., 2019) in OCP
users. Three studies reported findings from DTI. One reported lower
mean diffusivity in the fornix (De Bondt, Van Hecke, et al., 2013).
Another reported no significant difference in fractional anisotropy (FA)
(De Bondt, Jacquemyn, et al., 2013) while another study reported higher
FA in the left hippocampus (Sharma, Smith, et al., 2020).

3.3. Functional MRI (fMRI)

Tables 2 and 3 summarize findings from the studies which employed
fMRI. Of 25 studies, 19 employed task-based fMRI, 5 employed resting-
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Table 1

Structural MRI Results by Study.
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Sample size Hormonal contraceptive Type of Metric Summary of hormone effects compared to
formulation (progestin-only analysis control
or combined; androgenicity)
(Chen et al., N = 50 (control = 29, experimental = 21) Unable to determine region of volume Lower hypothalamus and pituitary
2021) interest
(De Bondt et al., N = 75 (control = 38, experimental = 27 high  combined; range of whole volume No significant differences
2016) androgenicitiy,10 low androgenicity) androgenicities brain
(De Bondt, N = 30 (control = 15, experimental = 15) combined; unable to whole Volume + Lower anterior cingulate gyrus
Jacquemyn, determine brain DTI No significant difference in fractional
et al., 2013) measures anisotropy
(De Bondt, Van N = 30 (control = 15, experimental = 15) combined; unable to whole DTI Lower mean diffusivity in fornix
Hecke, et al., determine brain measures
2013)
(Lisofsky et al., N = 56 (control = 28, experimental = 28) unable to determine whole volume Lower left amygdala/anterior
2016) brain parahippocampal gyrus
(Petersen & N = 90 (control follicular = 21, luteal = 25, combined; range of whole cortical Lower lateral orbitofrontal cortex and
Cahill, 2015) experimental = 22 inactive pill week, 22 active ~ androgenicities brain thickness posterior cingulate cortex
pill week) *(not all participant’s OCP
*overlapping sample from Peterson et al. 2014  reported)
(Petersen et al., N = 48 (control = 24, experimental = 24) Combined; high whole cortical Lower bilateral pars triangularis, right pars
2019) androgenicity brain thickness opercularis, and right frontal pole
(Petersen et al., N = 26 (same 26 for experimental and control) ~ Combined; high whole cortical Lower bilateral pars triangularis, right pars
2021) androgenicity brain thickness opercularis and right frontal pole
(Pletzer et al., N = 28 (control = 14, experimental = 14) Unable to determine whole volume Higher prefrontal cortex, precentral and
2010) *this study also additionally included 14 men brain postcentral gyri, parahippocampal and
as a study group fusiform gyri and temporal regions
(Pletzer et al., N = 60 (control = 20, experimental = 22 low combined; range of whole volume Anti-androgenic progestins: Higher bilateral
2015) androgenicity, 18 high androgenicity) androgenicities brain fusiform gyri, fusiform face area (FFA), para-
hippocampal place area (PPA) and
cerebellum
Androgenic progestins: Lower bilateral
middle and superior frontal gyri
Both: Higher bilateral fusiform gyri, FFA
hippocampus, parahippocampus, PPA,
middle frontal gyri and anterior cingulate
cortex
(Pletzer et al., N = 104 (control = 52 never users of OCP, Unable to determine (*not all  region of volume Higher hippocampal and basal ganglia
2019) experimental = 52 used one OCP for more than  subjects able to recall) interest volumes bilaterally
3 months and have discontinued mean of 3.32
years ago)
*This study also identifies 27 users of multiple
OCPs in the past, chose not to include in
analysis
(Pletzer, 2019) N = 149(control = 89, experiemental = 60) Unable to determine whole volume Lower right parahippocampal/fusiform
* this study also additionally included 89 men brain gyrus
as a study group
(Sharma, Smith, N = 75 (control = 48, experimental = 27) Unable to determine whole Volume + Lower right putamen
et al., 2020) brain DTI Higher left hippocampus
measures Higher FA left hippocampus

state fMRI and 1 study reported on both techniques. While task-based
fMRI studies generally report on the specific structures that exhibit a
significantly different response to the stimulus between experimental
groups, resting fMRI studies generally report differences in connectivity
within functional brain networks. The following networks were identi-
fied in the studies we reviewed. The salience network is thought to
respond to a variety of emotional and sensory conditions, and can also
be detected during resting-state fMRI. This network includes anterior
cingulate and ventral anterior insular cortices, as well as nodes in the
amygdala, hypothalamus, thalamus, and ventral striatum (Seeley,
2019). The central executive network supports to working memory,
decision-making and control. It includes bilateral dorsolateral, ventro-
lateral and dorsomedial prefrontal cortices, and the posterior parietal
cortices (Daigle et al., 2022). The default mode network is associated
with internal mental processes detectable at rest, and includes posterior
cingulate cortex, precuneus, medial prefrontal, and inferior parietal
cortices (Ekhtiari et al., 2016). The visual network includes regions of
occipital cortex, canonically associated with vision, and the somato-
motor network comprises motor areas (Yeo et al., 2011). The reward
network includes the anterior cingulate cortex, the orbital prefrontal
cortex, the ventral striatum, the ventral pallidum, and the midbrain

dopamine neuron (Haber & Knutson, 2010); however, a study included
in our review defines the reward network as “the thalamus, lateral
ventricle, and caudate as well as portions of the superior parietal lobule,
precuneus, and dorsolateral PFC” (Sharma, Fang, et al., 2020). The
subcortical limbic network includes the thalamus, hippocampus, and
parahippocampal gyrus (Laird et al., 2011). The amygdala network re-
fers to subdivisions of the amygdala (delineated as laterobasal, cen-
tromedial, and superficial) and regions including areas of the frontal and
temporal lobes (Engman et al., 2018; Roy et al., 2009).

3.3.1. Resting-state fMRI

All six resting-state protocols were similar, other than the length of
recording and participant instructions for eyes open or closed. Below
and in Table 2, we summarize salient resting state fMRI findings,
grouped by brain regions implicated:

Frontal lobe — One study showed that compared to non-OCP controls
in the follicular phase, OCP users showed lower connectivity of the
right caudate nucleus with the anterior portion of the default mode
network (medial prefrontal cortex), of the left anterior cingulate
cortex with the executive control network and of the left middle
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Table 2
Resting State fMRI Results.
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Study Sample size Hormonal contraceptive Stimulus paradigm Analyses Imaging Statistically significant differences in activity
type (progestin-only, metric between naturally cycling and hormonal
combined, both etc.; contraceptive group
androgenicity)

(Petersen N =91 (20F, 25L, 22  combined; range of Resting State Whole Correlation Connectivity in frontal lobe (right caudate

et al., active pill, 24 androgenicities*(not all brain coefficients nucleus with anterior default mode network, left

2014) inactive pill user) participant’s OCP reported) anterior cingulate cortex with executive control
network, left middle frontal gyrus with executive
control network) was lower in OCP group
compared to control group (follicular phase)

(De Bondt, N = 37 (control 18, combined; range of Resting state ROI Correlation No significant difference in default mode network
Smeets, experimental 19) androgenicities coefficients
etal.,

2015)

(Engman N = 35 (control 18, combined; high Resting state ROI Correlation Lower connectivity in amygdala network and
etal., experimental 17) androgenicity *in women who coefficients salience network with dorsal anterior cingulate
2018) *overlapping sample previously reported cortex (dACC) seeds in OCP users compared to

with Gingnell et al. negative mood on control (luteal phase)
2013 OCP

(Lisofsky N = 56 (control 28, unable to determine Resting state Whole Correlation Connectivity between left amygdala/anterior
et al., experimental 28) brain coefficients parahippocampal gyrus and the dorsolateral
2016) prefrontal cortex changed from positive to

negative connectivity with OCP use compared to
the opposite was observed for the control group.

(Sharma, N = 75 (control 48, unable to determine Resting state Whole Correlation Significant changes, both increases and
Fang, experimental 27) brain coefficients decreases, in connectivity in:
et al., Salience network
2020) Central executive network

Reward network

Subcortical limbic network

Functional connectivity between the right
putamen seed and right middle frontal gyrus
*No significant effects appreciated in default
mode network

(Wen et al., N = 90 (control 33, combined; range of Resting state ROIL Correlation Significant positive correlation between estradiol
2021) experimental 57) androgenicities coefficients level and mean connectivity in the visual

network, default mode network, somatomotor
network in OCP users but not control

frontal gyrus in the executive control network (Petersen et al., 2014).
Similarly, one study found both follicular and luteal phase non-OCP
controls exhibited lower connectivity within the central executive
network compared to OCP users (Sharma, Fang, et al., 2020).
Limbic system, including cingulate cortex and basal ganglia - One
study showed that compared to OCP users, naturally cycling women
in the follicular phase, but not the luteal phase, showed greater ac-
tivity in the right caudate nucleus and left anterior cingulate cortex
(Petersen et al., 2014). The salience network, reward network,
subcortical limbic network and the right putamen with right middle
frontal gyrus were also shown to have greater connectivity in OCP
users compared to controls (Sharma, Fang, et al., 2020). Similarly,
the connectivity within the amygdala network and salience network
was lower with combined OCP administration, compared to controls
(Engman et al., 2018). However, this study found connectivity also
varied with the normal menstrual cycle and identified stronger as-
sociations attributable to effects of endogenous hormones (Engman
et al., 2018).

Frontal-limbic connectivity - When participants were imaged, started
on OCP (formulation unspecified) and then imaged approximately 3
months later, dorsolateral prefrontal cortex resting-state functional
connectivity with left amygdala and parahippocampal gyrus
changed from positive to negative correlation, which was not
observed in naturally cycling women imaged twice during their early
follicular phase, also imaged 3 months apart (Lisofsky et al., 2016).
One study showed no significant association of combined OCP with
connectivity in the default mode network compared to either control
group (a follicular phase group and a luteal phase group (De Bondt,
Smeets, et al., 2015).

One study identified a significant positive correlation between
estradiol level and mean connectivity in the Default Mode Network,
in the Visual network and Somatomotor Network in combined OCP
users but not controls in the follicular phase (Wen et al., 2021).

3.3.2. Task-based fMRI

The task-based fMRI study paradigms reported probed fear, memory,
facial recognition, and arousal to either erotic, dietary/food-related,
emotional or traumatic stimuli (Table 3). The results of task-based
fMRI studies are shown in Table 3.

3.3.2.1. Fear Conditioning. There were four studies that employed a fear
conditioning paradigm, but no two studies employed the same para-
digm/design. In two studies, the conditioned stimulus was visual light
colors (blue, red, or yellow- two out of three colors were fear condi-
tioned to an electric shock, the other wasn’t) (Hwang et al., 2015; Wen
etal., 2021). Wen, et al. employed a unique exposure design, where each
study participant (OCP users and non-OCP controls) was randomly
assigned to receive either estradiol or placebo prior to extinction
learning (Wen et al., 2021). Hwang, et al. described lower activation in
amygdala, insular cortex and middle cingulate cortex of OCP users when
compared to the high serum estradiol control group, and no such effect
when compared to the low serum estradiol control group (Hwang et al.,
2015). Wen, et al. described no difference in response to serum estradiol
levels, modulated by either estradiol or placebo pill, in either OCP and
non-OCP users with the only difference being a significant negative
correlation of serum estradiol levels with connectivity in Default Mode
Network, Somatomotor Network, Subcortical Network in OCP users, but
not in the non-OCP group, during the extinction retention test (Wen
et al., 2021).
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Table 3

Task-based fMRI Results.
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Study Sample size Hormonal Experimental Stimulus paradigm Analyses Imaging Statistically significant
contraceptive type design metric differences in activity between
(progestin-only, naturally cycling and hormonal
combined, both etc.; contraceptive group
androgenicity)
(Abler et al., N = 24 (control 12, combined; range of Block Visual task: erotic vs Whole BOLD signal Activation in the precentral
2013) experimental 12) androgenicities neutral stimuli brain magnitude gyrus was lower in the OCP
* cortisol given to OCP group compared to the
and non OCP groups follicular phase control group
during picture expectation
(erotic minus non-erotic)
No significant differences found
between the two control groups
(follicular and luteal)
(Arnoni-Bauer N = 29 (control = 18 combined; low Event related Visual task: food ROI BOLD signal Activation in the amygdala
et al., 2017) imaged follicular and androgenicity stimuli magnitude (both fed and fasted states),
luteal phase, putamen (fasted state), and
experimental = 11) prefrontal cortex (fasted state)
was higher in the OCP group
compared to the follicular
control groups when viewing
images of food.
No significant effects between
OCP and luteal control groups.
(Basu et al., N = 8 (control = DMPA Event related Visual stimulus: food Whole BOLD signal Activation in the following
2016) before DMPA, stimuli brain magnitude regions, organized by lobe, was
experimental = after higher in DMPA users compared
DMPA) to imaging at baseline, prior to
DMPA:
Frontal- cingulate cortex,
paracingulate gyrus,
postcentral gyrus, middle
frontal gyrus, Parietal- superior
parietal lobule
Temporal- lingual gyrus
(Bonenberger N = 24 (control = 12 combined; range of Event related Monetary incentive Whole BOLD signal Activation in the anterior
et al., 2013) scanned twice androgenicities task brainand  magnitude insula/inferior lateral
follicular and luteal (event related design) ROI prefrontal cortex was higher in
phase, experimental the OCP group during monetary
=12) reward expectation
*overlapping sample No significant results in whole
with Abler et al. brain analyses
(Chung et al., N = 26 (control =13 combined; range of Block Mental arithmetic with ~ Whole BOLD signal No significant effects found in
2016) follicular phase, androgenicities social evaluative stress brainand  magnitude relation to androstenedione.
experimental = 13) *androstenedione ROI Within placebo group (no
*14 male subjects also given to OCP and non androstenedione given):
included in this study OCP groups Activation in frontal lobe- L
somatosensory cortex (L. SSC)
and R pre-motor and
supplementary motor area (R.
pre-SMA) was lower in OCP
users than non-users on whole
brain analyses
(Gingnell N = 30 (control = 15, combined; high Block Visual task: facial vs ROI BOLD signal Activation of L insula, L middle
et al., 2013) experimental — 15) androgenicity geometric recognition magnitude frontal gyrus and bilateral
*subjects are women inferior frontal gyri was lower
who previously in OCP group compared to
reported negative control group during emotion-
mood on OCP inducing facial recognition
(Gingnell N = 31 (control 16, combined; high Event related Visual task: Go/No Go Whole BOLD signal Activation in frontal lobe- right
et al., 2016) experimental 15) androgenicity task with letters brain magnitude middle frontal gyrus was lower
*Same sample from in OCP group compared to
Gingnell et al., 2013 control group
No significant difference in task
performance
(Hornung N = 50 (control 21, combined; unable to Event related Visual task: face Whole BOLD signal No significant difference
et al., 2019) experimental 29) determine recognition brain magnitude compared to control group
(luteal phase)
(Hwang et al., N = 48 (control = 16 combined; unable to  Event related Fear conditioning and ROI BOLD signal Activation in amygdala, insular

2015)

high serum estradiol
women, 16 low
estradiol women,
experimental = 16)
*also included data
from 37 men

determine

extinction paradigm

magnitude

cortex, middle cingulate cortex
was lower in OCP group
compared to control high
estradiol women group during
fear conditioning

(continued on next page)
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Table 3 (continued)
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Study Sample size Hormonal Experimental Stimulus paradigm Analyses Imaging Statistically significant
contraceptive type design metric differences in activity between
(progestin-only, naturally cycling and hormonal
combined, both etc.; contraceptive group
androgenicity)
(Mareckova N = 20 (control = 10, Combined; unable to  Event related Visual task: ambiguous Whole BOLD signal Activation in the right FFA was
et al., 2014) experimental = 10) determine and angry expressions brain magnitude higher in the OCP group
*each imaged 4 times: compared to control in both the
menstruation, ambiguous and angry
follicular phase, mid- condition.
cycle and luteal phase
*not part of our
review criteria but
also includes
adolescent study
(Merz et al., N = 90 (control = 30 combined; unable to Event related Fear conditioning Whole BOLD signal Activation in L anterior
2012) luteal, 30 follicular, determine paradigm: difference brain and  magnitude parahippocampal gyrus and left
experimental = 30) conditioned and non- ROI hippocampus during fear
*32 male subjects also conditioned stimuli conditioning was enhanced by
analyzed in this study *cortisol pill or placebo cortisol in the OCP group as
given to OCP and non opposed to non OCP group
OCP groups (luteal phase)
(Merz et al., N = 30 (control = 15 combined; unable to Event related Fear conditioning- Whole BOLD signal Activation in R anterior
2013) luteal, experimental determine geometric shape brainand  magnitude parahippocampal gyrus and R
=15) association to electrical ~ ROI amygdala was positively
*20 male subjects also stimulation correlated to cortisol in the OCP
analyzed in this study *salivary cortisol group as opposed to control
measures group (luteal phase)
(Miedl Et Al., N = 53 (control = 30, combined; unable to Event related Visual task: traumatic ROI BOLD signal Activation in the frontal lobe-
2018) experimental = 23) determine stimuli magnitude insula and dorsal anterior
cingulate cortex was higher in
the OCP group than control
during traumatic film viewing
(Petersen & N = 83 (control = 20 combined; range of Event related Visual task: emotional ROI BOLD signal Activation in left amygdala was
Cahill, follicular phase, 23 androgenicities stimuli magnitude lower in OCP group compared
2015) luteal phase, to control group (follicular
experimental = 20 phase)
active pill, 20 inactive Activation in right amygdala
inactive pill was lower in OCP group
compared to control group
(luteal phase)
(Pletzer et al., N = 30 (control = 16, combined; range of Block Numerical tasks: Whole BOLD signal Activation for within-decade
2014) experimental = 14) androgenicities number comparison brain magnitude (WD) and non-WD number
and number bisection comparison items was lower in
OCP users compared to control
(follicular phase) but for WD
number comparison items was
higher in OCP users compared
to control (luteal phase)
(Rumberg N = 24 (control = 12,  combined; unable to  Block Verb generation test Whole BOLD signal Activation during verb
et al., 2010) experimental = 12) determine brain magnitude generation in the temporal lobe
*12 male subjects also (right superior temporal cortex)
analyzed in this study was higher for OCP group
versus control (menstrual
phase), in the frontal lobe (right
inferior frontal cortex) was
higher for OCP group versus
control (mid-luteal phase)
(Scheele et al., N = 40 (control = 19 combined; range of Event related Visual task: face Whole BOLD signal When calculating the difference
2016) both luteal and androgenicities perception task brain magnitude in activation of the bilateral
follicular, *Intranasal oxytocin striatum and VTA when
experimental = 21) given to OCP and non participants viewed their
OCP groups partner’s face versus a familiar
face, intranasal OXT increased
this difference in activation in
the non-OCP group but this
effect was not observed in the
OCP group
(Sharma, N = 75 (control = 48, combined; unable to Event related Memory task with ROI BOLD signal Frontal lobe (ie. right inferior
Smith, etal.,  experimental = 27) determine emotional pictures magnitude frontal gyrus, right mid-frontal
2020) gyrus) was higher in the OCP
group compared to control
during memory processing of
negative emotion stimuli
(Vincentetal.,, N =24 (eachimaged3 combined; unable to  Block Noxious stimulation Whole BOLD signal There is lower activation in the
2013) times in one month, determine brain and  magnitude rostral ventromedial medulla in
ROI the low testosterone subset of

(continued on next page)
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Study Sample size Hormonal Experimental Stimulus paradigm Analyses Imaging Statistically significant
contraceptive type design metric differences in activity between
(progestin-only, naturally cycling and hormonal
combined, both etc.; contraceptive group
androgenicity)
control = 12, the OCP group compared to
experimental = 12) control and there is lower
activation of the amygdala in
the high testosterone subset of
the OCP group compared to
control in response to noxious
stimuli.
(Wen et al., N =90 (control = 33,  combined; unable to  Event related Fear conditioning and ROI BOLD signal OCP and non-OCP group
2021) experimental = 57) determine extinction paradigm magnitudeand  showed similar activation and

(event related design)
*Estradiol pill or
placebo pill given to
OCP and non OCP users

correlation
coefficients

connectivity to serum estradiol
levels. Significant negative
correlation between estradiol

level and mean connectivity in
Default mode network,
Somatomotor network,
Subcortical network in OCP
users but not non-OCP group
during extinction retention test
(day 3)

In the two other fear conditioning fMRI studies, the conditioned
stimulus was a geometric shape (rhomboid, square or triangle) (Merz
et al., 2013; Merz et al., 2012). However, in (Merz et al., 2012), each
study participant (OCP users and non-OCP controls) was randomly
assigned to receive either cortisol or placebo prior to extinction learning
(Merz et al., 2012). (Merz et al., 2013), showed differential activation of
parahippocampal, hippocampal, and amygdala regions related to
cortisol levels between OCP group and non-OCP group in luteal phase.

3.3.2.2. Visual Stimuli. Two studies imaged participants while pre-
senting various food and non-food images. In one study, participants
were shown “high-calorie sweet,” “high-calorie savory” or non-food
images during the functional scan (Arnoni-Bauer et al., 2017). In
another study, participants were shown “high-calorie,” “low-calorie”
and non-food images during the scan (Basu et al., 2016). The Basu et al.
study imaged participants before and 8 weeks after a DMPA adminis-
tration. These are similar but different paradigms. Both suggest higher
activation to food stimuli in the hormonal contraceptive group in
differing brain regions detailed in Table 3, however, Arnoni-Bauer et al.
describe no significant difference between OCP users and luteal phase
control, only significant results between OCP users and follicular phase
participants. On the other hand, Basu et al. only imaged participants
during the luteal phase and then post-DMPA administration and did
show some significant effects. Arnoni-Bauer et al. also shows activation
in reward and visual regions are significantly correlated with androgen,
cortisol, testosterone, and insulin levels. Basu et al. also showed no
significant change in leptin, ghrelin or fat mass over the 8 weeks.

In one study, emotion-induced activation was measured by
comparing scans when participants are tasked with identifying matching
emotional facial expressions versus matching geometric shape di-
mensions (Gingnell et al., 2013). In another study, participants were
asked to indicate the location of a dot probe after being shown a pair of
angry, happy, fearful or neutral faces (Hornung et al., 2019). In another
study, participants viewed angry and ambiguous facial expression video
clips and non-biological moving circles(Mareckova et al., 2014). While
Gingnell et al 2013, showed lower activation of left insula, left middle
frontal gyrus and bilateral inferior frontal gyri in OCP user group
compared to placebo, Mareckova showed increased activation in right
fusiform face area in the OCP group compared to non-OCP group and
Hornung showed no significant results between OCP users and non-
users.

In one study, participants were scanned while watching traumatic

films, there was higher activity in the insula and dorsal anterior cingu-
late cortex in OCP users than non-users; estradiol levels in the non-OCP
group was shown to modulate ventromedial prefrontal activity, this
observation was not observed in the OCP group (Miedl et al., 2018).

In another study, participants are shown images with ranging
emotional intensity and it was observed in OCP users lower activation in
left amygdala compared to control group (follicular phase) and lower
activation in right amygdala compared to control group (luteal phase)
(Petersen & Cahill, 2015).

In another study, participants were shown erotic vs neutral videos,
and activation lower in precentral gyrus during picture expectation for
the OCP group compared to follicular phase control group; activation
was also found to be positively correlated to plasma estrogens (Abler
et al.,, 2013). In Scheele 2016, OCP-users and non-users were given
either intranasal oxytocin or placebo and were tasked with viewing the
faces of their romantic partner and other familiar faces. The results
showed while oxytocin increased activation of the bilateral striatum and
ventral tegmental area compared to placebo in the non-OCP group, this
effect was not observed in the OCP group (Scheele et al., 2016).

3.3.2.3. Cognitive. One study employed a Go/No-Go task and showed
no significant difference in task performance but OCP users showed
decreased activity in the right middle frontal gyrus in comparison to
placebo group (Gingnell et al., 2016).

In Chung et al., participants performed a mental arithmetic task,
meant to illicit a stress response and androstadienone or placebo was
given to all study participants. While no significant differences, in im-
aging or performance, were observed between OCP users and non-users
in those given androstadienone, with the placebo group, lower activa-
tion in areas of the frontal lobe was observed in the OCP users (Chung
et al., 2016). In another study, participants were asked to perform either
within decade or non-within-decade number comparisons and lower or
higher activation was observed, depending on type of numerical task
(Pletzer et al., 2014). In Sharma et al, participants performed an N-back
memory task with emotional (negative, positive or neutral) images and
it was shown higher frontal lobe activation during memory activation of
negative stimuli (2-back > 1-back) (Sharma, Smith, et al., 2020).

In Vincent et al, participants were subjected to a noxious thermal
stimulation; it was noted that activity in the rostral ventromedial me-
dulla was lower in the low-testosterone OCP group and activity in the
amygdala was lower in the high testosterone OCP group; overall activity
increased with testosterone (Vincent et al., 2013).
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In Bonenberger et al., participants perform a monetary incentive task
and we see an increase in activation in the anterior insula/inferior
lateral prefrontal cortex during monetary expectation when compared
to control group (follicular phase)(Bonenberger et al., 2013). In Rum-
berg et al, participants were asked to think of a verb, without speaking
out loud, when presented with a noun. Activation during verb genera-
tion in the temporal lobe was higher for OCP group versus control
(menstrual phase), in the frontal lobe was higher for OCP group versus
control (mid-luteal phase) (Rumberg et al., 2010).

3.4. Neurotransmitter assays

Biochemical assays of neurotransmitters and neuropeptides in ani-
mals probe potential mechanisms of hormonal contraceptive effects at a
level not possible in humans (Table 5). We identified 19 studies on rats,
including two which reported both rat and mouse experiments, one
study on rabbits, and one study in guinea pigs. Five of the 18 studies
employed intramuscular injection of hormonal contraceptive prepara-
tions and 13 employed oral intake. Hormonal contraceptive effects on
biochemical measures are categorized and summarized in Tables 4 and
5.

3.5. In vivo metabolic imaging Methods: Positron emission tomography
(PET)/ magnetic resonance spectroscopy (MRS)

We identified 3 PET studies in humans. One study showed lower
global brain serotonin 4 receptor binding potential among users of 2nd
and 3rd generation combined OCPs, which included progestin analogs of
varying androgenicity, compared to controls who were expected to have
a normal ovulatory cycle, but were not classified by menstrual cycle
phase (Larsen et al., 2020). The other 2 studies showed no statistically
significant differences between naturally cycling women and OCP users.
One study examined p-amphetamine-induced dopamine release from 5
predefined ROIs (right pallidum, inferior frontal gyrus, bilateral ventral
striatum, bilateral caudate and bilateral putamen) (Smith et al., 2019).
The other measured serotonin 2A receptor binding in the cerebral cortex
(Frokjaer et al., 2009).

The only MRS study reported on GABA in the prefrontal region; this
study found a significant difference in the GABA+/creatine ratio, but no
significant difference when GABA + concentration was quantified, be-
tween OCP users and non-OCP women (De Bondt, De Belder, et al.,
2015).

3.6. Electroencephalography (EEG)
We identified 12 EEG studies, 11 in humans and 1 in rats detailed in

Table 4
Neurotransmitter/Neuropeptide/Biochemical assay results summary.
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Table 6.

3.6.1. Resting EEG during sleep

Three studies reported on resting EEG during sleep. Combined OCP
users had significantly less REM sleep compared to naturally cycling
women in either the luteal or follicular phase of a normal menstrual
cycle (Plamberger et al., 2021). Additionally, the OCP group in this
study showed significantly higher frontal fast spindle density compared
to naturally cycling women in the follicular phase, but not compared to
women in the luteal phase (Plamberger et al., 2021). Ujma showed that
both slow and fast spindle frequency varied with progesterone levels for
naturally cycling women, not stratified by menstrual cycle, but spindle
frequency did not exhibit the same association with progesterone level
in combined OCP users (Ujma et al., 2017). In the third EEG sleep study,
no significant effects were found, but it was noted that some women in
the combined OCP group did not exhibit slow sleep spindles localized to
the frontal or occipital areas, while all non-users did (Matsumoto et al.,
1966).

3.6.2. Resting EEG during wakefulness

Four out of six studies which analyzed awake resting state EEG from
women taking hormonal contraceptive reported no significant differ-
ences compared to naturally cycling women (Becker et al., 1980;
Brotzner et al., 2014; Gautray et al., 1974; Mukherjee et al., 1978;
Sugerman et al., 1970). Two studies reported lower mean alpha fre-
quency (alpha frequency defined as 8-13 Hz) in the combined OCP user
group compared to the OCP nonuser group (Creutzfeldt et al., 1976;
Wauttke et al., 1975). However, both studies also report that the mean
alpha frequency varied with menstrual cycle phase in the naturally
cycling control group (Creutzfeldt et al., 1976; Wuttke et al., 1975).
Wauttke and colleagues showed that mean alpha frequency increased
during the luteal phase and decreased during menstruation (Wuttke
etal., 1975). Meanwhile, Creutzfeldt and colleagues noted a “slight shift
of the alpha peak to the right,” meaning a higher peak frequency, during
the luteal phase (Creutzfeldt et al., 1976). This suggests that while the
differences between hormonal contraceptive groups and controls are
statistically significant, alpha frequency is influenced by the menstrual
cycle itself. The higher alpha peak frequency during the luteal phase
could account for the difference in mean alpha frequency between OCP
and non-OCP women (Creutzfeldt et al., 1976; Wuttke et al., 1975). No
group differences were reported for beta and theta frequencies
(Creutzfeldt et al., 1976; Wuttke et al., 1975).

A single resting-state EEG study in anesthetized rats also showed no
significant differences between the group that received oral adminis-
tration of a combined megestrol acetate-ethinyl-estradiol formulation,
and the non-OCP control group (Mukherjee et al., 1978).

System Upregulation (# of studies) Downregulation No significant effects Upregulation and
pathway (# of studies) (# of studies) downregulation
(# of studies)
Dopaminergic 1(Ponzio et al., 1977) 6 1 (Algeri et al., 1976)
(Chaudhuri et al., 1992; Dey et al., 1991; Jori & Dolfini, 1976;
Marchi & Cugurra, 1974; Shetty & Gaitonde, 1980b; Simone
et al., 2015)
Cholinergic 2 (Daabees et al., 1981; 1 (Bandyopadhyay &
Ladinsky et al., 1976) Ghosh, 1988)
Lipid 1 (Islam et al., 1980)
pathways
Beta- 2 (Tejwani et al., 1985; Tejwani et al., 1983)
endorphin
BDNF 1 (Simone et al., 2015)
GABA 3 (Porcu et al., 2012; Rao et al., 1(Sassoe-Pognetto et al., 1 (Daabees et al., 1981)
1984; Shetty & Gaitonde, 1980a) 2007)
Serotonin 1 (Daabees et al., 1981)

10
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Table 5

Neurotransmitter/ neuropeptide assay detailed summary Norethindrone = NE,
ethynyl estradiol = EE, levonorgestrel = LNG, beta-endorphin immunoreac-

tivity = beta-EL

Paper

Animal

Summary

Algeri 1976

Bandyopadhyay
1988

Chaudhuri 1992

Daabees 1981

Dey 1991

Islam 1980

Jori 1976

Ladinsky 1976

Marchi 1974

Ponzio 1977

Porcu 2012

Rat

Rat

Rat

Rat

Rat

Rabbit

Mouse
and Rat

Rat and Mouse

Rat

Guinea
Pig

Rat

acute and chronic administration:
increased the rate of disappearance of
dopamine after synthesis in the striatum
chronic administration: conversion of 3H-T
into 3H-DA increased in the forebrain,
striatum

EE on acetylcholinesterase activity
increased: cerebral cortex, corpus striatum
decreased: hypothalamus, midbrain
lynestrenol on acetylcholinesterase activity
increase: cerebral cortex, hypothalamus
and corpus striatum

decreased: midbrain

combination on acetylcholinesterase
activity:

increase: corpus striatum

decrease: hypothalamus, midbrain

Progesterone: decrease in noradrenaline of
the brain stem-hypothalamus-pituitary
segment of the brain

Inconsistent effects observed of dopamine,
5-hydroxytryptamine, histamine

intramuscular injection of
medroxyprogesterone acetate
GABA and glutamate: decrease

oral contraceptive steroids
GABA and glutamate: increase

Both treatments
acetylcholine: no change
serotonin: increase

norepinephrine in the medulla oblongata-
pons, hypothalamus, midbrain-thalamus-
subthalamus

decreased dopamine in medulla oblongata-
pons, hypothalamus, striatum-
hippocampus, cortex

Ascorbic acid increased in all areas except
the cerebellum

Decreased total lipids, phospholipids,
cholesterol, free fatty acids and esterified
fatty acids in hypothalamus, hippocampus,
amygdaloid nucleus, midline nuclei of
thalamus, gyrus cinguli

Increase esterified fatty acids in amygdaloid
nucleus

Increased cholesterol in hypothalamus

combined estrogen and progestin:
decrease dopamine levels in the striatum of
mice and rats

No significant effects

Decreased monoamine oxidase activity in
liver and brain

Greater conversion of tyrosine to dopamine
in the hypothalamus and striatum,
calculated as the ratio of radioactively
tagged product over the activity of tagged
tyrosine substrate which was initially
injected

further conversion to norepinephrine was
not observed

with EE alone, LNG alone, and combination
progesterone, and allopregnanolone:
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Paper

Animal

Summary

Rao 1984

Sassoe-Pognetto
2007

Shetty 1980

Shetty 1980

Simone 2015

Tejwani 1983

Rat

Rat

Rat

Rat

Rat

Rat

decreased in cerebral cortex, hippocampus

LNG alone and EE/LNG combination
increased the gamma2 subunit polypeptide
amount in the cerebral cortex, hippocampus

EE treatment alone: no change in
polypeptide levels

2 months of steroid treatment:

GDH activity: increased in all regions of the
brain

AAT activity: no change in all regions of the
brain

GAD activity: decreased in the cerebellum,
no change in other regions

GABA-alphaKG aminotransferase activity:
increased in all regions of the brain

6 months of steroid treatment:

GDH activity: decreased in cortex,
cerebellum, and brainstem (but not
midbrain),

AAT activity: slightly decreased in only the
brainstem

GAD activity: reduced in the cerebral
cortex, brainstem, and midbrain (but not
cerebellum

GABA-T was increased in all regions of the
brain

4 weeks hormonal contraceptive
administration:

uptake of a gephyrin (a GABA-receptor
component) mRNA analogue: no difference
in the hippocampus or cortex

estradiol, norgestrel, or combination of
both:

increased GABA content in the brain

No change in glutamic acid decarboxylase,
GABA-T

estradiol alone or norgestrel alone:
increase in brain pyridoxal kinase

combination: decreased brain dopamine,
noradrenaline, 5-hydroxytyptamine.
norgestrel treatment: decreased brain
dopamine, noradrenaline, 5-
hydroxytyptamine

ethinyl estradiol treatment: no significant
effects

*brain region-specific changes in
noradrenaline and 5-hydroxytyptamine
based on treatment type and length

low doses EE and EE/LNG

decrease in tyrosine hydroxylase mRNA and
protein, increased galanin protein in the
locus coeruleus

reduced brain-derived neurotrophic factor
mRNA in hippocampus

NE treatment acute treatment decreased
beta-EI in the striatum

Combination acute treatment decreased
beta-EI in the pituitary

Combination acute treatment, 10-fold
treatment decreased beta-EI in pituitary,
hypothalamus, striatum

NE treatment chronic treatment decreased
beta-EI in striatum

Combination chronic treatment, 10-fold
treatment decreased beta-EI in pituitary and
hypothalamus

(continued on next page)
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Table 5 (continued)

Paper Animal Summary

Tejwani 1985 Rat acute treatment with NE + EE: reduced
beta-endorphin, dynorphin, leucine-
enkephalin, methionine-enkephalin in
pituitary, hypothalamus, striatum
chronic treatment with NE + EE: increase
dynorphin, leucine-enkephalin, and
methionine-enkephalin in pituitary,
hypothalamus, striatum

3.6.3. Task-Based Event-Related Potentials (ERP)

In a single visual task ERP study, participants were asked to recog-
nize “pleasant,” “neutral,” and “unpleasant” images. The authors
examined the late positive potential (LPP; 400-700 ms post-stimulus,
averaged over the C2, C4, CPz, CP2, CP4, Pz electrodes) (Mon-
ciunskaite et al., 2019). The OCP group, when compared to the naturally
cycling group, which included follicular and luteal phase participants,
exhibited a significantly lower average LPP amplitude response to all
image types, but the effect was greatest for highly unpleasant images
(Monciunskaite et al., 2019). A single study tested auditory task ERP,
finding no difference between OCP and naturally cycling group in P3 or
other ERP components (Fleck & Polich, 1988).

4. Discussion

We identified controlled animal and human studies, which describe
effects of hormonal contraceptives, almost exclusively OCPs, on the
brain, demonstrated using MRI, PET, MRS, biochemical assays and EEG.
Aspects of hormone exposure (e.g., OCP formulation and length of time
on OCPs), brain measures (e.g., MRI, PET, biochemical assays, and EEG)
and study methods (e.g., observational vs randomized designs, brain
regions analyzed, and task paradigms), as well as results (e.g., opposing
directionality of effects) varied across studies.

4.1. What do the results tell us? And what are their limitations?

Multiple human and animal studies identified group-level associa-
tions of hormonal contraceptive exposure with brain structure, activity,
and biochemistry. Due to the variability across studies and absence of
explicit replication of findings using the same experimental approach in
more than one independent participant sample, these findings must be
considered tentative. Nonetheless, for all these significant results to be
spurious would implicate a remarkable degree of systematic confound-
ing, selection bias or other design-related factors across many quite
differently designed and executed studies. This possibility seems
implausible, and therefore, it is likely, though not certain, that hormonal
contraceptives affect the brain. Further standardized studies are war-
ranted to directly replicate and confirm existing studies.

While some brain effects of hormonal contraceptives seem likely
based on the existing studies, characterization of the nature of the ef-
fects, the extent to which they may be in part accounted by other factors
and their relevant underlying mechanisms is much more challenging
based on the limitations of the current literature. It is possible to identify
limited consistency of findings across more than one study. This can be
used to hypothesize biologically plausible effects which can be tested in
future studies. For example, results across some of the MRI studies (e.g.,
(Arnoni-Bauer et al., 2017; Miedl et al., 2018; Petersen & Cahill, 2015;
Pletzer et al., 2019; Sharma, Fang, et al., 2020)), are consistent with,
though not proof of, hormonal contraceptives effects on frontal and
limbic regions, which are in turn consistent with known patterns of es-
trogen and progesterone receptor expression (Guennoun, 2020; Rettberg
et al., 2014). These findings may also be consistent with observed sleep
patterns on EEG in OCP users ((Plamberger et al., 2021; Ujma et al.,
2017)) and studies on GABAergic function under OCP effects in humans
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and animals ((De Bondt, De Belder, et al., 2015; Rao et al., 1984)), which
is known to mediate sleep (Siegel, 2004). It again bears emphasis that
these types of interpretation are only leveraging existing findings, which
suggest preliminary converging data from human and animal studies, to
generate relevant hypotheses. Right now, these types of interpretation
can only be considered hypotheses. This is all to say, there is potential
for these existing studies to fit together to tell the same conclusion, but
we cannot confirm that conclusion now.

We must also consider that some studies failed to identify significant
group differences. Although these null results could be due to study
limitations such as power and confounding, we cannot completely rule
out a null effect of hormonal contraceptives on the brain. We included
more studies than prior animal (Porcu et al, 2019) and human
(Brgnnick et al., 2020; Taylor et al., 2021) reviews, but found the overall
scope of results similar. However, by reviewing both human and animal
studies, we highlight the lack of translational studies and identify
additional gaps in knowledge. A systems level interpretation of potential
brain effects is limited by the absence of translational studies that could
inform about mechanisms of hormonal contraceptive effects on the
brain. This is an important point to appreciate, because answering this
question not only requires rigorous replication of existing study find-
ings, but more so requires intentional design of translational studies.

4.1.1. MRI studies

Although much too early to draw conclusions, across MRI studies, we
found a general pattern implicating hormone effects in the structure and
function of the frontal lobe (e.g., inferior frontal cortex, inferior frontal
gyrus, middle frontal gyrus) and limbic system (e.g., amygdala, hippo-
campus, parahippocampus). Both the structural and functional results
are consistent with the distribution of estrogen, progesterone, and
androgen receptors in the brain, with predominant expression in areas
including frontal cortex, hippocampus, and amygdala (Hajszan et al.,
2008; Rettberg et al., 2014). Of course, further studies are needed to test
this hypothesis. It remains unproven, for example, that hormonal con-
traceptives affect the brain through action on endogenous sex hormones
receptors in the brain. Additionally, although beyond the scope of this
systematic review, it is relevant that numerous studies have identified a
variable association of hormonal contraceptives with mood effects,
which also implicate frontal lobe and limbic function (Robakis et al.,
2019).

Variability in terminology may obscure salience of findings reported
across studies. For example, the central executive network studied in
(Sharma, Fang, et al., 2020) is synonymous with the central control
network studied in (Petersen et al., 2014), and includes the middle
frontal gyri identified as an area of structural difference in (Pletzer et al.,
2010). Similarly, the default mode network studied in (Wen et al., 2021)
includes the superior frontal gyri which were identified in (Pletzer et al.,
2010). Conversely, variability in region naming necessitates caution in
drawing cross-study conclusions regarding similarly named regions.
Reporting of standardized coordinates for imaging effects is an approach
that could facilitate more reliable and precise synthesis across studies.

Another limitation of MRI studies derives from the use of region-
specific analyses which limit the specificity of findings, since areas not
examined cannot be characterized. Studies of hypothalamus and pitui-
tary (Chen et al., 2021), or hippocampus and basal ganglia (Pletzer et al.,
2019), for example, although motivated by specific hypotheses, are
limited in the extent to which they can be integrated with the broader
literature. Additionally, the task-based fMRI studies we identified, by
definition, employed paradigms which target specific domains of func-
tion canonically associated with limbic system and frontal lobe function.
Conversely, resting-state fMRI, for which there are only 6 studies, may
not target relevant brain functions. It is thus possible OCP effects on
other domains of brain function remain unrevealed.

4.1.2. Neurotransmitter and neuropeptide studies

Animal neurotransmitter and neuropeptide studies suggest
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Table 6

EEG studies detailed summary.
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Study ID Population Hormonal Study design Sample size 1-3 sentence summary of results/
description contraceptive type conclusion:
(progestin-only,
combined, both etc.;
androgenicity)
(Becker et al., Human combined; high no task N = 16 (control = 8, No significant results in theta, alpha
1980) androgenicity experimental = 8) frequency bands
(Brotzner et al., Human combined; range of no task N = 114(control = 57 Inconclusive results comparing
2014) androgenicities experimental = 17,20,20 experimental and control. Significant results
for each recording session) observed in recording 1 were not observed
session 1 - recordings Oct- in recording 2 and recording 3 and vice
March versa.
session 2- recordings from
Nov to Mar
session 3 - recordings Apr to
Oct
(Creutzfeldt Human combined; unable to no task N = 32 (control = 16, The NC group had a statistically significant
et al., 1976) determine experimental = 16) increase in the mean alpha frequency during
the late luteal phase. This increase was not
seen in the OCP group. The mean alpha
frequency of the OCP group slower than that
of the NC group. There was not a significant
difference in the power for the alpha, beta,
and theta ranges between the NC and OCP
groups. The weighted mean of the alpha
range was significantly different between
the NC and OCP groups, but not for the beta
and theta ranges.
*In separate cognitive performance tasks,
with not EEG recording, the reaction times
for the simple tasks and arithmetic tasks in
the NC group were less than those in the OCP
group
(Fleck & Polich, Human Unable to determine auditory discrimination task N = 20 (control = 10, No significant difference between control
1988) -binaural 1000 Hz vs 2000 Hz tones  experimental = 10) and experimental group in P3 or other ERP
components
(Gautray et al., Human combined; high no task N=8 Results inconclusive, no statistically
1974) androgenicity 1 spontaneous cycle significant results
recording
3 contraceptive cycle
recording
2 spontaneous cycle and
followed by a contraceptive
cycle recording
1 contraceptive cycle and
followed by a spontaneous
cycle recording
1 spontaneous cycle, then a
contraceptive cycle, and
then another spontaneous
cycle recording
(Matsumoto Human combined; range of sleep study N = 13 (control = 7, There was a slow spindle during the natural
et al., 1966) androgenicities experimental = 6) sleeping EEG in all of the women taking oral
contraceptives yet there was not a slow
spindle in the naturally cycling women.
(Monciunskaite Human combined; low visual stimuli (one second display of N = 70 (control = 37, The OC group had a significantly lesser
et al., 2019) androgenicity human images categorized as either ~ experimental = 33) reaction when presented with visual stimuli
neutral, unpleasant, pleasant, highly as compared to the NC group, especially in
unpleasant, or highly pleasant) the reaction to highly unpleasant images.
The OC group also had a significantly lower
amplitude in the LPP compared to the NC
group. Highly unpleasant and highly
pleasant stimuli resulted in the largest
amplitudes of LPP in both OC and in NC.
There were also significant differences
between the NC and OC groups in the post-
stimulus GFP (at 222-328 ms and 365-100
ms), in addition to significant differences in
GFP between the different stimuli
categories.
(Mukherjeeetal.,  Rat Combined; “Voldys™- no task- anesthesized N = 12 (control = 6, No statistically significant results. Authors

1978)

no longer in market

13

experimental = 6)

note after 31 days on OCP, the frequency
and amplitude of the slow waves increased

(continued on next page)
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Table 6 (continued)
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Hormonal
contraceptive type
(progestin-only,
combined, both etc.;
androgenicity)

Study ID Population

description

Study design

Sample size 1-3 sentence summary of results/

conclusion:

Human combined; range of

androgenicities

(Plamberger sleep study

et al., 2021)

(Sugerman et al., Human unable to determine no task
1970)
(Ujma et al.,

2017)

Human combined; low

androgenicity

sleep study

(Wuttke et al., Human no task

1975)

combined; high
androgenicity

and then returned to based like 31 days after
OCP discontinuation.

OCP women had less REM sleep compared to
NC women in the luteal phase. OCP women
also had less NREM1 sleep than NC women
during the follicular phase. OCP group had a
higher fast spindle density compared to NC
women in the follicular phase and OC
women had a higher frontal fast spindle
density than NC women in the follicular
phase.

No statistically significant results or
differences in mean energy content

No statistically significant results. In
controls, both for slow and fast spindles, the
“frontal sleep spindle amplitude was left-
lateralized,” which was not seen in females
using oral contraceptives. In controls, the
slow and fast spindle frequency was
positively correlated with progesterone
levels and the fast spindle amplitude was
positively correlated with estrogen levels.
This was not seen in contraceptive users.
The weighted mean alpha frequency was
lower in the experimental group compared
to control group. In the oral contraceptive
group, there were no significant changes in
the weighted mean alpha frequency during
the cycle whereas in the naturally cycling
group, there was a slight increase in the
weighted mean alpha frequency during the

N = 62 (control = 43,
experimental = 19)

N = 23 (control = 15,
experimental = 8)

N = 30 (control = 15,
experimental = 15)

N = 32 (control = 16,
experimental = 16)

cycle, which was significant. There were no
significant changes in the delta, theta, or
beta bands. The above differences were
observed in the occipito-central electrodes,
but not in the left and right temporo-central
EEG electrodes.

dopaminergic effects (8 studies), GABAergic pathway effects (4 studies),
and cholinergic effects (3 studies). While these studies are not sufficient
in number to draw definitive conclusions and vary in the directionality
of reported effects, they do agree with the one MRS study in humans,
which suggests GABAergic pathway effects as well (De Bondt, De Belder,
et al., 2015).

In principle, animal biochemical studies which aim to probe neuro-
peptide/neurotransmitter effects could help validate and expand the
results of imaging studies, by identifying biochemical mechanisms
which may underly the imaging associations. A major limitation of all
these studies, however, is that they reported total brain expression and
provide no regional information. This factor (see further below) is a
major limitation on the utility of this mechanistic information. To realize
its utility, combined assessment of regional effects in both human and
animal studies is needed.

4.1.3. EEG studies

EEG studies have shown conflicting evidence for hormonal contra-
ceptive effects on the brain. Two resting-state EEG studies suggest de-
creases in mean alpha frequency (Creutzfeldt et al., 1976; Wuttke et al.,
1975), which is regarded as a measure of resting-wakefulness and has
been associated with mood disorders (Kropotov, 2016). However, the 5
out of the 7 resting EEG studies showed no statistically significant ef-
fects, drawing into question the existence of an effect and leaving resting
EEG effects indeterminate.

Sleep is a key determinant of quality of life. Sleep is also attributed to
limbic system function; REM sleep in particular has been associated with
memory consolidation (related to limbic function) (Blumberg et al.,
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2020) and sleep spindles are thought to arise from thalamic nuclei (in
the limbic system) (Bandarabadi et al., 2020). EEG sleep studies,
although there exists only three, suggest OCP-related sleep effects,
including less REM sleep related to OCP use, and also differences in sleep
spindle density, which are relevant to limbic system function (Goldstein
& Walker, 2014). A cautious approach to these findings is warranted as
only three EEG sleep studies have been published, of which one reported
no significant effects. Therefore, more focused studies in this area can
benefit from integration with structural and functional MRI, to further
substantiate the role of limbic brain structures in OCP-related effects on
sleep.

OCP-related ERP results related to “pleasant,” “neutral,” and “un-
pleasant” images also implicate frontal lobe and limbic system (Mon-
ciunskaite et al., 2019). However, this single study is insufficient to
confirm the association.

Again, number and variability of methodology between studies
precludes definitive conclusions, but we can identify interesting con-
sistency of results from EEG studies with the MRI findings, which point
to frontal lobe and limbic system, regions with high expression of sex
hormone receptors.

Notably, many of the EEG studies were conducted in the 1960 s-80 s
(Becker et al., 1980; Creutzfeldt et al., 1976; Fleck & Polich, 1988;
Gautray et al., 1974; Matsumoto et al., 1966; Mukherjee et al., 1978;
Sugerman et al., 1970; Wuttke et al., 1975). While the hypotheses tested,
and recording techniques used are still relevant, hormonal contraceptive
dosages have since changed. For example, 0.5 mg norgestrel and 0.05
mg ethinyl-estradiol, administered to the experimental group in (Becker
et al., 1980; Wuttke et al., 1975) and sold at the time as Ogestrel and
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Ovral, have since been discontinued by the manufacturer in the US, and
are no longer available for sale (GoodRx, 2022). While lower dosages of
norgestrel and ethinyl-estradiol are still on the market, the relevance of
results based on obsolete dosing is questionable.

4.2. Limitations related to study designs

An important limitation of published studies relates to inherent
variability within experimental groups as well as the nature and po-
tential contamination of control groups, if “naturally cycling” women
have prior hormonal contraceptive exposure. Brgnnick and colleagues
(Brgnnick et al., 2020) noted these issues related to study participant
variability as well as variability in hormone formulation across groups,
variability in hormonal contraceptive exposure and prior hormonal
contraceptive exposure. These issues remain prevalent among the 18
human studies we have included beyond those discussed by the most
recent reviews on this topic [e.g., (Brennick et al., 2020)]. Additionally,
many women have years of prior hormonal contraceptive exposure,
potentially to multiple hormonal contraceptive preparations, with both
duration and recency of exposure varying across individuals within a
single study cohort. While these factors are potential areas of concern for
confounding. We also do not yet know there are significant issues related
to, for example, prior OCP exposure. To confirm the existence of effects
and ascribe them specifically to OCPs, however, requires careful ap-
proaches that can control for these sources of variance. Human studies
that standardize or control for specific formulations of hormonal con-
traceptive would offer a much clearer characterization of effects of
hormonal contraceptives on the brain and especially highlight different
effects across features of hormonal contraceptive preparations, such as
progestin-only, combination and androgenicity. In this regard, the in-
crease in randomized (6 studies, 2 discussed in prior reviews) and
within-participant crossover (2 studies) study designs is a positive move
towards addressing exposure variability. Nonetheless, no study has yet
attempted to characterize prior hormonal contraceptive exposure,
which could possibly obscure the exposure related to the intervention
administered in a prospective trial. For example, effects of hormonal
contraceptive administration during a prospective study could be
blunted where experimental and control groups have significant prior
exposure to hormonal contraceptives. In assessment of short-term effects
of hormonal contraceptives, randomization might overcome bias due to
prior exposure, to a greater or lesser extent. In the search to understand
potential persistent and long-term effects of hormonal contraceptives on
the brain, however, the nature and extent of lifetime exposure might
become. Future studies that assess hormonal contraceptive-naive
women, begin study after a washout period or include longer term
follow-up are needed to determine the existence and nature of long-term
hormonal contraceptive effects. Animal studies offer a potentially
powerful approach to characterize hormonal contraceptive effects in the
absence of prior exposure (see further, below).

Additionally, while some studies did account for phase of menstrual
cycle in the naturally cycling control group by imaging participants at
multiple timepoints during the menstrual cycle, not all studies did.
Though it is unlikely that so many studies have reported statistically
significant group differences that stem solely from confounding by
natural hormone levels in controls, it is important to account for phase of
menstrual cycle in the control group. Even by attempting to account for
phase of menstrual cycle, there remains an open question whether
hormonal contraceptives directly affect the brain or alter endogenous
hormone production, which in turn affect the brain. It is possible that
both pathways exist. As we interpret existing studies, it is important to
keep in mind this limitation of study design. We discuss ways to identify
the underlying mechanisms related to hormonal contraceptive effects on
the brain in later sections.

As noted in previous reviews, hormonal contraceptive formulation,
including the androgenicity of the progestin component, may modify
structural and functional brain effects in ways that remain incompletely
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characterized (Brgnnick et al., 2020; Taylor et al., 2021). For example, a
study detected differential effects of lower and higher androgenicity
OCPs by defining experimental groups based on OCP preparation
(Pletzer et al., 2015). However, a later study, found no significant effect
by androgenicity of OCP on hippocampal and basal ganglia grey matter
volumes (Pletzer et al., 2019). Other studies reported on either higher or
lower androgenicity OCPs without comparison across preparation [e.g.,
(Arnoni-Bauer et al., 2017; Petersen et al., 2019; Petersen et al., 2021)].
Evidence on how OCP formulation may influence effects is thus limited.
In studies that include participants using a range of OCP types, effects
related to the specific preparation, such as androgenicity, may be
obscured.

Adequate sample size is essential to ensure that true OCP effects are
detected and to minimize risk for false inferences. Future studies should
include larger samples and assess power a priori. It is worth mentioning
here that studies from the same research group sometimes report data
collected from overlapping participant groups. While the data and an-
alyses from each study add to our knowledge on the topic, it further
underscores the need for more research with larger participant pop-
ulations and replication of findings in independent samples.

Previous reviews have called for more research on “the age of initi-
ation” of hormonal contraceptive use and how that may affect the brain
(Taylor et al., 2021). Another review (Brgnnick et al., 2020) also points
out the lack of inclusion of adolescents in hormonal contraceptive
studies. Maracekova et al.(Mareckova et al., 2014), included adult and
adolescent experimental groups, finding increased activity in the left
fusiform face area of adolescents, but not among adults. Adolescents are
beyond the scope of our review. However, one study classified adults by
age of OCP initiation, finding higher connectivity in the salience
network in the pubertal-initiation OCP use group compared to adult
initiation (Sharma, Fang, et al., 2020). While this one paper is insuffi-
cient to support definitive conclusions, it underscores the need for
further research.

4.3. Direction of future research

To fully determine if and how hormonal contraceptives affect the
brain, we must be able to synthesize results across studies and further
proceed to understand the mechanisms that would lead to such an effect.
While individual imaging studies may document an association between
brain structure and function with hormonal contraceptive use, further
research needs to address how these effects can be brought about by
hormonal contraceptives. It is possible that hormonal contraceptives,
which comprise synthetic sex hormones, directly bind to sex steroid
receptors in the brain. It is also possible that hormonal contraceptives
affect production of endogenous sex hormones, which leads to effects in
the brain. It is not clear if and how neurotransmitter production and
release may be affected and to what extent this may influence brain
structure and function. Our systematic review identifies all human and
animal imaging, EEG, and biochemical studies on this topic, but the
evidence reported, while suggesting an effect of hormonal contracep-
tives on the brain (above), cannot confirm the existence of the effect,
much less characterize its underlying mechanisms. To address the
complicated but important questions on the existence and nature of
hormonal contraceptives effects on the brain, it is necessary to conduct
more comprehensive translational research in animals. Integration of
existing human neuroimaging and animal biochemical studies is
extremely limited due to the approaches that have been applied (ie.
Animal biochemical studies and human imaging studies). Future studies
need to bridge the knowledge gap between human and animal studies.
We propose accomplishing this in the following ways:

4.3.1. Animal neuroimaging studies, specifically in primates
Translational neuroimaging studies, which can apply similar

methods to animals and humans, would allow us to place mechanistic

effects from animal studies into a human anatomical and functional
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context. Currently, animal neuroimaging studies do not exist. The lack of
studies which probe hormonal contraceptive effects in animal brains
using structural and functional MRI, MRS or PET is an important gap in
knowledge. Addressing this knowledge gap is a promising avenue for
future research, as animal studies present fewer logistical barriers
related to study design (e.g., randomization, blinding, OCP formulation,
prior OCP exposure and loss to follow-up in longitudinal studies) than
human studies.

Of course, the existence of corroborating results in animal studies is
not guaranteed, especially in rodent test subjects, which were the pri-
mary animal model used in the studies we identified. A promising
avenue of research is to apply imaging techniques in the primate brain,
which is more similar to the human (Herculano-Houzel, 2009; Semen-
deferi & Damasio, 2000), during exposure to hormonal contraceptives.
Once similarities in hormonal contraceptive effects in imaging of
humans and an appropriate animal model are established, more invasive
biochemical results from animals can be related to the human condition.
Noninvasive imaging, such as MRI, can thus serve as a translational
bridge to facilitate the characterization of effects in humans and relate
them to more direct mechanistic techniques that can only be performed
in animals.

4.3.2. Animal biochemical studies with more spatial specificity

Biochemical studies in animals, which have been limited to whole
brain measurement of peptide expression, suggest potential roles of
neurotransmitter systems in OCP effects. However, these studies lack
any information about spatial localization of effects in the brain, which
is a prerequisite to drawing parallels between structural and functional
imaging and biochemical studies. No animal studies have employed
imaging, which can be utilized, as above, to identify similar findings
across species, but can also be used guide localized sampling for
biochemical assays and permit inferences about the brain regions
affected by hormone exposure.

Further work in the biochemical studies in animals may require
techniques with higher spatial resolution. At a minimum, dissection of
structures before high-performance liquid chromatography can provide
some region-specific information on peptide expression. There are
however, in vivo methods; for example, multi-photon imaging tech-
niques for in vivo quantification of neurotransmitters such as serotonin
and dopamine, with the spatial specificity to the level of vesicles
(Semendeferi & Damasio, 2000). This technique to quantify serotonin
has been applied in rats (Maiti et al., 1997), validated with other tech-
niques requiring dissection (Williams et al., 1999) and proven effective
for large areas and whole-slice imaging (Kaushalya et al., 2008). More
recently, imaging of dopamine in rat slices has also been accomplished
(Sarkar et al., 2014). Identifying spatially localized biochemical effects
is needed to understand human and animal hormone effects.

Neither human or animal studies examined estrogen, progesterone or
testosterone receptor expression, or binding by hormonal contraceptives
in the brain. This is an important area to focus research. While hormonal
contraceptives likely bind to sex steroid receptors in the brain to mediate
the structural, functional, and biochemical effects reported in the liter-
ature, the extent hormonal contraceptives in fact bind to brain sex ste-
roid receptors in human, and how binding may induce downstream
effects, is unknown. Moreover, how potential hormonal contraceptive
effects might be modulated by endogenous sex steroids is unexplored.
Endogenous estrogens (e.g., estrone, estradiol and estriol) are different
from synthetic estrogen analogs comprising OCPs, and endogenous
progesterone is different from synthetic progesterone analogs. There-
fore, we must not assume hormonal contraceptives modulate brain
structure and function in the same way or by the same mechanisms as
endogenous hormones. It is technically feasible to use light sheet mi-
croscopy to perform whole-brain, ex vivo imaging of fluorescently-
tagged hormonal contraceptives bound to estrogen and progesterone
receptors in the animal brain (Ueda et al., 2020). Animal studies which
quantify expression of and binding to brain sex steroid receptors in
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hormonal contraceptive users compared to non-users, considering
variability in hormonal contraceptive formulation, would help advance
discovery of hormonal contraceptive mechanisms in the brain.

4.3.3. Human imaging modalities to better investigate mechanisms
underlying hormonal contraceptive effects

In humans, it would be especially useful to further study the dopa-
minergic system, relevant to mood, which is, to date, the most impli-
cated neurotransmitter system in animal OCP studies. Studies employing
PET (Doot et al., 2019) or dopamine transporter single-photon emission
computed tomography (DAT-SPECT) (Suwijn et al., 2015) to study
dopamine function could be leveraged to bridge human and animal
studies. To date, the only human PET study found no difference in p-
amphetamine-induced dopamine release between naturally cycling
women and OCP users (Smith et al., 2019). A single result such as this,
however, cannot be taken as confirming a null effect.

Studies that apply multiple modalities to assess the same groups of
individuals, utilizing structural MRI, fMRI, biochemical assays, EEG and
PET/MRS, offer an opportunity to integrate and clarify findings. How-
ever, we identified, for example, only three studies (Lisofsky et al., 2016;
Mareckova et al., 2014; Sharma, Smith, et al., 2020) that used both
structural and functional MRI. The amygdala, for example, is affected in
both structural and functional studies (Engman et al., 2018; Lisofsky
et al., 2016; Merz et al., 2013; Petersen & Cahill, 2015), and serotonin
and GABA regulate neurotransmission in the amygdala (Bocchio et al.,
2016; Jie et al., 2018). Furthermore, PET/MRS studies have suggested
changes in these neurotransmitters related to OCPs (De Bondt, De
Belder, et al., 2015; Larsen et al., 2020). Future studies can apply mul-
tiple imaging modalities to characterize effects of hormonal contracep-
tives on the brain more comprehensively and gain insight into
underlying mechanisms.

5. Conclusion

After more than 60 years of hormonal contraceptive use worldwide,
modest evidence points towards brain effects of OCPs. However, much
remains to be replicated, discovered, and understood about the nature,
mechanisms, implications, and persistence of brain effects of OCPs in
women. Multimodal, longitudinal, and translational studies are needed
to characterize structural, and functional effects in humans and their
mechanistic basis.
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