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Background: Hormonal contraceptive drugs are being used by adult and adolescent women all over the world. Convergent evidence from animal research indicates that contraceptive substances can alter both structure and function of the brain, yet such effects are not part of the public discourse or clinical decision-making concerning these drugs. We thus conducted a systematic review of the neuroimaging literature to assess the current evidence of hormonal contraceptive influence on the human brain.

Methods: The review was registered in PROSPERO and conducted in accordance with the PRISMA criteria for systematic reviews. Structural and functional neuroimaging studies concerning the use of hormonal contraceptives, indexed in Embase, PubMed and/or PsycINFO until February 2020 were included, following a comprehensive and systematic search based on predetermined selection criteria.

Results: A total of 33 articles met the inclusion criteria. Ten of these were structural studies, while 23 were functional investigations. Only one study investigated effects on an adolescent sample. The quality of the articles varied as many had methodological challenges as well as partially unfounded theoretical claims. However, most of the included neuroimaging studies found functional and/or structural brain changes associated with the use of hormonal contraceptives.

Conclusion: The included studies identified structural and functional changes in areas involved in affective and cognitive processing, such as the amygdala, hippocampus, prefrontal cortex and cingulate gyrus. However, only one study reported primary research on a purely adolescent sample. Thus, there is a need for further investigation of the implications of these findings, especially with regard to adolescent girls.
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INTRODUCTION

Synthetic sex hormones became available as contraceptive drugs in the 1960's, and they are currently being used by more than 100 million women worldwide (Christin-Maitre, 2013). In the US, it is estimated that 88% of all women of fertile age have utilized this type of birth control at some point in their lives (Daniels and Jones, 2013). Sex hormones consist of androgens, estrogens and progesterone, and in vivo they are synthesized in the gonads, the adrenal glands and the brain. They profoundly impact the brain during fetal life, exerting epigenetic effects and directing development along male or female trajectories by influencing a variety of molecular and cellular processes. Moreover, they affect regional gray matter volumes and neural connectivity associated with psychosexual and other behavioral functions (Hines, 2006; Josso, 2008; Peper et al., 2011; McCarthy and Nugent, 2015).

Converging lines of evidence from animal literature, as well as cognitive and affective neuroscience involving human subjects, suggest that these hormones continue to shape the brain postnatally, also during adolescence (Herting et al., 2014; Schulz and Sisk, 2016). In adulthood, they modulate brain areas involved in cognitive and emotional processing, and they are implicated in mood and anxiety disorders (Comasco et al., 2014; Toffoletto et al., 2014; Garcia et al., 2018). If the synthetic sex hormones contained within hormonal contraceptives (HC) (Christin-Maitre, 2013) interact with sex hormone receptors in the brain, they have the potential to interfere with multiple neurohormonal regulatory mechanisms and neural structures involved in emotion, cognition and psychosexual behavior (Fuhrmann et al., 2015; Schulz and Sisk, 2016). To date, neuroimaging research on the effects of HC use on the structure and function of the brain has not been systematically reviewed. The potential for influencing brain plasticity and hence altering brain structures and behavioral outcomes has therefore not been fully elucidated.

Plasticity represents an intrinsic ability of the nervous system to adapt its structure and function in response to endogenous and exogenous environmental demands. This ability persists throughout life (Pascual-Leone et al., 2005). However, there are periods of life when the brain exhibits an increased degree of plasticity and is particularly vulnerable to environmental changes. The perinatal phase is such a period. In 1959, Phoenix et al. proposed that perinatal sex hormones exert an organizing effect on the brain, with ensuing consequences for behavior (Phoenix et al., 1959). They found that prenatal exposure of female guinea pigs to testosterone masculinized their later mating behavior, and they went on to demonstrate similar findings in female rhesus monkeys, who displayed masculinized play patterns following prenatal testosterone treatment. Their claim was that, perinatally, testosterone has an organizing effect on the brain, while the hormonal events of puberty have an activating/deactivating effect on the anatomical structures previously organized.

Several researchers have since expanded on, and in part refuted, this theory. Schulz and Sisk presented evidence from animal studies suggesting that sex hormones may have an organizing effect on the brain long after birth, gradually declining and ending approximately at the resolution of puberty (Schulz and Sisk, 2016). Beltz and Berenbaum (2013) provided further support for the theory of continued ability of sex hormones to exert permanent effects in humans by showing that early puberty, and thus early exposure to adult-levels of sex hormones, in men was associated with better performance in a mental rotation task (Wai et al., 2010). Consequently, adolescence might also be a period sensitive to organizing effects of sex hormones; and the effects may be stronger, the younger the individual is when exposed.

During adolescence, several brain areas, in particular the prefrontal cortex (PFC), undergo extensive structural maturation through processes such as synaptic pruning, reorganization and myelination (Petanjek et al., 2011; Blakemore, 2012). The brain's functional architecture also undergoes maturational processes of optimizing connectivity in functional networks (Sherman et al., 2014). This prolonged developmental shaping and reorganization of neural circuits has implications for understanding the vulnerability of the brain during this period, as the plastic brain is the platform for learning and developing as well as for psychopathology and cerebral disease.

While endogenous sex hormones have well-documented effects on the brain, the influence of their synthetic counterparts, progestins and ethinylestradiol, which are most commonly used in oral contraceptive pills (Christin-Maitre, 2013), has been less extensively explored. However, there is reason to believe that also synthetic sex hormones could have a significant neural impact, particularly if taken when the young female brain is developing into its adult form. Behavioral effects of HC have been shown in cognitive tasks such as mental rotation and verbal expressional fluency (Beltz et al., 2015; Griksiene et al., 2018), and of more serious concern is the demonstrated association between these drugs and various affective adversities. Thus, Skovlund et al. conducted a large national cohort study in Denmark, where they collected and compared data from the National Prescription Register and the Psychiatric Central Research Register. They found a correlation between the use of HC and a subsequent first diagnosis of depression and the use of antidepressants. The increased risk of these adverse outcomes was noted to be the highest in adolescent women (Skovlund et al., 2016). The Skovlund group also investigated associations between HC intake and suicidal behavior and they found an increased risk for both attempted and committed suicide. Again, the increased risk was highest in adolescent women, and it peaked within 2 months of intake debut (Skovlund et al., 2018).

In order to assess the prevalence of HC use among Norwegian adolescents, we queried the Norwegian Prescription Database regarding usage of drugs (Norwegian Prescription Database, 2019) according to the Anatomical Therapeutic Chemical (ATC) code G03A (Hormonal contraceptives for systemic use). This database provides data on these drugs from 2004 to 2018, and it is possible to query separately for age groups such as 10–14 and 15–19. The usage for girls between the ages of 10 and 14 has more than doubled from 2004 to 2018, and in 2018 about 1.2 percent of all 10–14-year-old girls used some form of systemic HC. The numbers for girls between the ages of 15 and 19 have been quite stable at about 40 percent throughout the same period. Thus, a substantial proportion of young girls use these drugs and the usage has increased rapidly among the youngest adolescent girls in Norway.

The central aim of this review was to identify and critically appraise all peer-reviewed empirical studies published in English concerning human subjects that have investigated the effects of HC on brain structure and function through digital neuroimaging techniques, such as magnetic resonance imaging (MRI) and functional MRI (fMRI), as well as positron emission tomography (PET), electroencephalography (EEG) and magnetoencephalography (MEG).

Our main hypotheses were that HC use affects both brain structure and function in humans, and that there are effects on brain structures known to differ statistically in men and women, such as the PFC, hypothalamus, amygdala and hippocampus (Cahill, 2006), as well as on brain structures involved in visuospatial and verbal cognition. Additionally, we hypothesized that HC use have the most pronounced effects on brain structures if used during early adolescence.



METHODS

This review was conducted in accordance with the Preferred Reporting Items for Systematic and Meta-Analyses (PRISMA) guidelines (Moher et al., 2009), and it was registered in the PROSPERO International Prospective Register of Systematic Reviews (Registration number: CRD42019142427).


Literature Search

Studies employing neuroimaging techniques to measure possible HC effects on either brain structure or function were considered. In order to be included, the studies should (a) be primary empirical studies, (b) be conducted on women of fertile age using HC, and (c) have either a separate control group of naturally cycling (NC) women of comparable age or have HC users constitute their own controls by performing repeated assessments under NC and HC conditions. Thus, case reports, literature reviews and experimental studies with no control group were excluded. We included articles published in English from 1990 and up until February 2020. Studies older than the 90's are based on imaging techniques not comparable to those of modern neuroimaging.



Stage One Search

The review was carried out in two stages. The first stage consisted of an exploratory search using PubMed and Google Scholar. PubMed covers most studies involving neuroscience and related fields, and Google Scholar indexes most broadly of all peer-review databases. We first combined the keyword “contraceptives” with “brain,” “cognition,” “emotion,” and “motivation” and searched the databases. We selected and read relevant review articles. The knowledge gained from this process was used to decide on keywords for the stage two searches.



Stage Two Search

Following the initial exploratory search, systematic searches were carried out, employing a two-pronged approach aiming to identify structural and functional neuroimaging studies separately. In Table 1, the PICOS criteria for the searches are described.


Table 1. PICOS search.
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We first combined search terms such as “contraceptive agent” and “birth control” with terms descriptive of structural neuroimaging such as “magnetic resonance imaging,” “computed axial tomography,” and “diffusion tensor imaging.” We searched for these terms in titles, abstracts and keywords as well as MESH- and Emtree-terms. Titles and abstracts were scanned, excluding articles not meeting our inclusion criteria. Finally, full texts were read in order to identify measures and methodological detail, further excluding ineligible articles. See Appendix 1 for a comprehensive list of search terms.

The second systematic search was carried out using the same search terms describing HC, this time combining them with terms aiming to identify functional neuroimaging studies. Relevant terms were “functional magnetic resonance imaging,” “positron emission tomography,” “electroencephalography,” and “event related potentials.” The same procedures of selection were carried out and relevant articles were retrieved. The stage 2 searches were carried out in February 2020.

A final reference and citation search strategy was employed to ensure that all relevant studies were identified. This implied scanning reference lists in the included articles as well as articles that cited the included papers, after a consensus selection process as described below.

After completing the systematic searches, the authors MKB and KKB independently read the keywords, abstracts and titles and divided articles into “included,” “excluded,” and “undecided” categories. After the initial assessments, full texts were read, and the researchers discussed the criteria and revised the “undecided” articles until all citations were either included or excluded.

Quality assessment was not done using a rigid framework resulting in a single numeric score, as the studies differed regarding dependent variables and design. However, we applied the validity typology of Donald Campbell and Thomas D. Cook (Cook et al., 1979) in order to assess threats to construct, internal, external and statistical conclusion validity. This was done as the study designs and outcome measures were heterogenous, necessitating a flexible approach for quality assessment. These dimensions of validity encompass most of the common causes of bias and validity threats regarding causal inference. Three levels of validity were applied: low, intermediate and high. Low validity implies that there was a validity threat serious enough to fundamentally invalidate the study. Intermediate implies that there were validity threats, but that they were outweighed or resolved to a degree that they were unlikely to seriously bias or confound the study. High means that there were no validity threats for the dimension in question. The assessment was done by authors KKB and MKB and in case of disagreement, consensus was reached through discussion and independent re-reading of the study in question. With regard to statistical power, the combination of small sample size and lack of assessment of statistical power implied a classification of low statistical conclusion validity. In neuroimaging studies, it is difficult to determine a general “too small” sample size, but in the absence of power analyses, we chose a cutoff of n < 20 within the HC group to classify sample size as small.




RESULTS


Structural Neuroimaging

Following the initial exploratory search, a systematic search for structural neuroimaging studies yielded a total of 11,228 hits from the different databases, after removing duplicates. After scanning titles and abstracts, 11,213 citations were excluded. Finally, the full texts were read in order to identify measures and methodological details, further excluding five articles. Thus, 10 articles were deemed eligible for inclusion, based on the aforementioned criteria. No additional articles were found after doing citation searches and reference list reviews. See Figure 1.


[image: Figure 1]
FIGURE 1. Flowchart Structural Search.




Functional Neuroimaging

A second systematic search pursuing functional neuroimaging studies yielded 572 articles, after removing duplicates. A total of 23 articles qualified for inclusion following the same procedures of selection. No additional articles were found after performing citation searches and reference list reviews. See Figure 2.


[image: Figure 2]
FIGURE 2. Flowchart functional search.


See Tables 2, 3 for an overview of the included articles.


Table 2. Overview of articles concerning the effect of HC on brain structure.

[image: Table 2]


Table 3. Overview of articles concerning the effect of HC on brain function.
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Results From the Structural Studies

Most of the included structural studies reported differences between HC users and NC women, as reported in Table 2.



Summary of the Structural Studies

All the structural studies tested differences in various brain structures in users of different types of HC as compared to present non-users. The studies were mostly cross-sectional and observational in nature, with the exception of one study (Lisofsky et al., 2016) which was a quasi-experimental pre-post study where a self-selected group of women starting HC use was compared with non-users. However, even in this study, previous use was unaccounted for. Hence no study investigated HC naïve women. The sample size ranged from 14 to 60 in the HC groups and from 14 to 89 in the control groups. The age range was 18–40 years in both HC and control groups except for the study by Frokjaer et al. (2009) who reported an age range of 18–45 years in the HC group and 18–79 years in a female and male control group. De Bondt et al. (2015a) studied “young women” but did not specify age span. A variety of neuroimaging techniques were employed, including DTI-MRI, volumetric MRI, spectroscopy MRI and PET.



HC in Studies on Sex Differences

Several of the studies concerning brain structure were not primarily focused on HC effects on the brain per se. Rather, they included HC users in order to investigate whether HC use is an important confounder or moderator in studies on sex differences in the brain. Thus, the aims, methodologies and hypotheses were heterogeneous with regard to HC effects. Four studies (Frokjaer et al., 2009; Pletzer et al., 2010; De Bondt et al., 2016; Pletzer, 2019) explicitly argued that earlier neuroimaging studies on sex differences in the brain did not account for potential confounding effects of HC use in women. These studies assessed brain morphology as related to differential vulnerability to mood and anxiety disorders in men and women. For instance Pletzer et al. (2010), found that NC women had larger prefrontal brain volumes than both men and HC women, and that men had larger hippocampal and amygdalae volumes than women. In a more recent publication, Pletzer pooled and analyzed data from previous publications and noted smaller gray matter volumes in hippocampal and parahippocampal areas in HC users as compared to NC women (Pletzer, 2019). De Bondt et al. (2016) noted that gray matter volumes and PMS symptoms correlated differently in NC and HC groups, whereas Frokjaer et al. (2009) used cortical serotonergic receptor binding as a measure of potential for affective disturbances but discovered no effects of neither sex nor HC use.

Furthermore, as related to whether HC masculinize or feminize brain structure, Pletzer et al. investigated HC effects on the brain depending on the androgenicity of the progestin component of the HC (Pletzer et al., 2015). They found that anti-androgenic progestins promoted larger gray matter volumes in temporal areas such as the fusiform face area and the parahippocampal place area and further related these changes to improved performance in a face recognition task, when comparing with NC women. They also found that users of androgenic progestins had smaller frontal areas compared to NC women.



Brain Structures Involved in Cognition and Emotion

A couple of studies specifically focused on HC effects on brain structures known to participate in the processing of emotion and/or cognition. Lisofsky et al. (2016), in a pre-post quasi-experiment with a control group, found decreased gray matter volumes in the amygdala after 3 months of contraceptive intake in women starting HC use after a period on not using HC. They noted that this structural alteration was related to positive affect, whereas no changes in cognitive performance were detected. One study (Petersen et al., 2015) investigated areas involved in the salience network and found cortical thinning in such areas. They were not able, however, to determine whether these changes were causally or merely indirectly related to the use of HC.



The Effect of Menstrual Cycle and HC on Brain Structure

One research group has published a series of articles where HC effects were contextualized regarding natural hormonal variation in the menstrual cycle. All these articles had Timo DeBondt as first author. The articles were based on overlapping samples and all assessed the effects of HC as compared to hormonal effects in the menstrual cycle on brain structure (De Bondt et al., 2013a,b, 2015a). Using diffusion tensor imaging, they found a significant increase in mean diffusivity in the fornix in an HC group as compared to a group of NC women (De Bondt et al., 2013b). In the same sample, they also reported that gray matter volume in anterior cingulate cortex (ACC) was negatively associated with estradiol levels in the NC women, whereas this finding could not be replicated in the HC group (De Bondt et al., 2013a). De Bondt et al. (2015a) also examined gamma aminobutyric acid (GABA) concentrations, seeking to find possible correlations between GABA concentration in the PFC, menstrual cycle phase, HC use and premenstrual syndrome (PMS) symptoms. They did find increased prefrontal GABA in the NC group at ovulation, whereas no changes were seen during the cycle in the HC group. No significant correlations with endogenous hormones or PMS symptoms were detected.



Adolescent HC Users

None of the structural studies directly investigated effects of HC use on the adolescent brain. Most samples included teenagers from the age of 18, but results were not separated according to age, and as such intermingled with effects on adult brains. This makes it impossible to assess differential or graded effects on younger brains.



Results From the Functional Studies

Functional measures were reported in 21 different articles as summarized in Table 3.



Summary of Functional Studies

Functional studies were mainly conducted using task based and/or resting state fMRI. In addition, one group used PET and one group EEG. The research groups evaluated cognitive tasks, emotion processing, fear learning, reward and motivation as well as pain inhibition and resting state networks, related to intake of various types of hormonal contraceptives. Only two studies were randomized controlled trials (RCTs) (Gingnell et al., 2013, 2016), whereas the rest were observational, quasi-experimental or observational with repeated measures within one menstrual cycle. Sample size range was 8–55 in both HC groups and female control groups. Age span was 16–45 years, except in three studies (Vincent et al., 2013; De Bondt et al., 2015b; Smith et al., 2018) which provided no information about age, and four studies where only mean age was provided (Pletzer et al., 2014; Hwang et al., 2015; Scheele et al., 2016; Smith et al., 2018; Hornung et al., 2019). One study (Mareckova et al., 2014) additionally assessed an adolescent sample aged 13.5–15.5 years with 55 participants in both the HC and the NC control group. The functional studies were also heterogenous with regard to aims and approaches as well as design and methodology.



Emotion Processing, Fear, Anxiety, and Stress

In line with the scope of some of the structural studies, several of the functional studies investigated brain functions involved in affective processing.

Gingnell et al. (2013) conducted an fMRI RCT with a sample of women with a previous history of HC-induced adverse mood. The subjects were assessed at baseline and once during the last week of the 21 day HC/placebo treatment period. An emotional facial expression matching task was administered. Hemodynamic BOLD (Blood-oxygen-level-dependent) responses to angry or fearful expressions differed between groups and within the HC group when comparing pre-treatment and treatment scans. During the last week of the treatment cycle, the HC group showed decreased reactivity in the bilateral frontal gyri, both compared to the placebo group and to the pre-treatment scans. They also showed decreased reactivity in the left middle frontal gyrus and left insula compared to the placebo women. The changes in brain reactivity were accompanied by more depressed mood, mood swings and fatigue, compared both to the control group and to pre-treatment. The placebo group also showed decreased amygdala reactivity in the last set of scans, whereas this change was not found in the HC group.

Altered amygdala reactivity was also found by Petersen and Cahill (Petersen and Cahill, 2015) who used fMRI to compare reactions related to arousing, negatively valenced images in HC and NC women. They found that HC women had significantly lower amygdala reactivity upon viewing emotionally arousing images.

Investigating the interaction effects of sex hormones and cortisol, Merz et al. (2012) found fMRI activation differences in amygdala, hippocampus and the parahippocampal gyri as a function of interaction of HC use and cortisol administration on implicit emotional learning using a fear learning paradigm. Administration of cortisol reduced amygdala activation in all groups but dampened neural activation in the left hippocampus and in the left anterior parahippocampal gyrus only in NC women. In HC women, hippocampal and parahippocampal activation was enhanced with increased levels of cortisol. In a later study (Merz et al., 2013) Merz et al. evaluated the interaction between endogenous cortisol and the neural correlates of fear expression. There was an interaction between cortisol and HC use, as cortisol levels correlated with BOLD contrasts in the amygdala between conditioned fear stimuli only in HC users.

Fear conditioning was also applied by Hwang et al. (2015), studying fMRI fear responses as well as extinction learning and recall, as related to HC and sex hormone status. HC women had lower activation in the posterior insular cortex, middle cingulate cortex, hypothalamus and amygdala compared to NC women with high levels of estrogen during fear conditioning.

An fMRI “traumatic” film viewing paradigm was utilized by Miedl et al. (2018) to assess the effects of endogenous estradiol and synthetic sex hormones on the neural processing of trauma exposure using films depicting severe interpersonal violence vs. neutral films in NC and HC-using women. The HC group showed increased insula and dorsal ACC activity relative to NC women upon viewing traumatic films.

Two different fMRI studies investigated effects of the pheromone-like steroid androstadienone. Hornung et al. (2019) evaluated differences in attention bias in HC vs. NC women when presented with fearful, angry and happy faces in a “dot probe” task and whether androstadienone affects attention bias. There were no behavioral attentional bias differences, no BOLD response differences and no effects of androstadienone. Similarly, Chung et al. (2016) explored the influence of androstadienone during psychosocial stress in HC, NC and in men using the Montreal Imaging Stress Task. The NC women showed increased activation of the left somatosensory association cortex as well as right pre-motor and supplementary motor areas under the placebo treatment when faced with stress, as compared to HC women. Under treatment with androstadienone, no significant differences were observed between the female groups.

The only included event-related potential (ERP) study was published by Monciunskaite et al. (2019) and employed emotional visual stimuli when comparing women using anti-androgenic HC with NC women. The main finding was that the HC group showed blunted late ERP amplitudes to negative emotional stimuli when compared to NC women.



Reward and Motivation

fMRI effects of HC on erotic stimulation and monetary reward was investigated by Abler et al. (2013) and Bonenberger et al. (2013), respectively. Abler et al. presented erotic videos and pictures to HC users and NC women. The MRI scans revealed no between- or within group differences upon viewing these. However, compared to HC users, the NC women in their follicular phase showed increased activation in the bilateral anterior insula, dorsomedial PFC and left inferior parietal lobe, as well as in the bilateral inferior precentral gyrus upon expectation of erotic stimuli. In their luteal phase they had higher activation in the anterior and posterior middle cingulate cortex. Bonenberger et al. examined how the use of HC might alter neural reward processing in a monetary incentive task. In whole-brain analyses, NC and HC women did not differ upon expectation of a monetary reward. An ROI analysis did, however, show enhanced activity in the left anterior insula and inferior lateral PFC in HC users, relative to NC women in their follicular phase.

The interaction of oxytocin and HC regarding perceived partner attractiveness in relation to HC use was studied by Scheele et al. (2016). Subjects were randomized to receive either oxytocin or placebo prior to participating in a passive face-viewing fMRI paradigm. NC and HC pair-bonded women were shown photographs of their romantic partner, matched unknown men, a familiar woman, and a matched unfamiliar woman. Administration of oxytocin was found to enhance ratings of attractiveness of romantic partners compared to unknown men in the NC women, but not in the HC women. NC women showed increased activity in the nucleus accumbens and ventral tegmental area upon viewing their partners, relative to the HC women. The interpretation was that HC can disrupt romantic partner attachment.

HC modulation of fMRI activation upon seeing different food cues was investigated by Arnoni-Bauer et al. (2017) who hypothesized that there would be an association between sex hormones and eating behaviors. Participants were shown images of high calorie foods as well as non-edible items. fMRI activation in the HC group was similar to that of the luteal phase in the NC women. Food related brain activation was assessed also by Basu et al. (2016) who tested the effects of depot medroxyprogesterone acetate (DMPA) on food motivation using a quasi-experimental pre-post design with subjects acting as their own controls. Eight women were investigated with MRI while looking at images of high-calorie and low-calorie foods, as well as neutral, non-food objects. Eight weeks after the DMPA injection increased activation was observed in frontal and postcentral areas upon viewing food, when comparing to baseline. The high-calorie images induced highest activation in cingulate and frontal areas, when comparing to baseline.

A final study of motivational effects of HC was conducted by Smith et al. (2018) who performed a PET study to assess sex differences in dopamine release in inferior frontal areas as well as the dorsal and ventral striatum. They administered D-amphetamine to NC and HC women, as well as to men, to elucidate possible sexually dimorphic neural and hormonal contributions to addiction. They measured changes in dopamine D2 and D3 receptors in the participants, but found no significant effects of HC.



Perception of Pain

Vincent et al. (2013) delivered noxious thermal stimuli to HC and NC subjects while in an MRI scanner, aiming to establish whether there was a reduction in the descending pain inhibitory system in the HC group. Serum sex hormone levels were assessed, and participants were asked to rate the intensity of pain for each stimulus delivered. The researchers found that a subgroup of HC women who had decreased testosterone levels required significantly lower temperatures to feel pain, relative to the NC control group. Imaging data showed significantly reduced activity in the rostral ventromedial medulla in response to the noxious stimuli in the low testosterone women, suggesting that failure to engage pain inhibition at this level might be involved in the increased sensitivity to pain in this group. NC women showed higher amygdala activation when compared to high testosterone HC women, but this was not seen when comparing with the low testosterone HC women.



Cognitive Tasks

Gingnell et al. (2016) published an fMRI RCT on the effects of HC on brain reactivity during response inhibition, where participants were asked to complete a go/no-go inhibition task. All participants were scanned at baseline and again during the last week of a 21-day treatment cycle. Only the women in the HC group improved performance significantly. HC women showed decreased reactivity in the right orbitofrontal cortex during correct response inhibition. Based on these findings the authors suggest that the use of HC does not necessarily have a negative impact on cognitive control and that, if anything, it might lead to a slight improvement.

Pletzer et al. (2014) assessed fMRI activations during two different numerical tasks which in previous studies had shown systematic sex differences in behavioral performance. HC users were compared to NC women in the follicular and luteal phases of their menstrual cycles, as well as to a group of men. They tested the assumption that brain effects of the synthetic form of progesterone in HC could be induced either by androgenic influences of these progestins (HC group should resemble men), by progestogenic influences (HC group should resemble the luteal group) or through an attenuation of endogenous steroids (HC groups should resemble the follicular group). The HC women resembled the follicular women the most regarding behavioral performance, but their BOLD response resembled that of the men in both cognitive tasks. The main conclusion drawn by the authors was that brain activation patterns in the HC users resembled that of men, but that no behavioral resemblance could be established.

Also employing cognitive tasks in which sex differences have previously been shown, Rumberg et al. (2010) employed fMRi scanning during a verb generation task which consisted of thinking about verbs corresponding to nouns being presented. They found increased activation in the right superior temporal lobe in HC women compared with NC women in their menstrual phase, and in the right inferior frontal cortex comparing with NC women in their mid-cycle phase.

Social cognition was evaluated by Mareckova et al. (2014) in a study on the influence of hormones on face perception. They recruited women using HC as well as NC women and performed fMRI scans while the women were shown ambiguous and angry faces. Both groups underwent fMRI scanning twice, once during the mid-cycle phase and once in the menstrual phase in both groups. Scans revealed stronger BOLD activation in the right fusiform face area in response to both ambiguous and angry faces in the HC groups as compared to the NC group.



Resting State and Functional Connectivity

Two of the research groups employed resting state fMRI to study the brain in the absence of tasks. Petersen et al. (2014) measured salivary hormone levels and compared brain activity in the anterior default mode network (DMN) and executive control network (ECN) in early follicular NC women, luteal NC women, HC users in active and inactive pill phases. They found that both endogenous hormone fluctuations and administration of synthetic sex hormones were associated with changes in these networks. De Bondt et al. (2015b) assessed hormone levels as well as symptoms of PMS in NC and HC women in addition to conducting fMRI analyses, but found no significant alterations in the DMN or ECN as a result of neither menstrual cycle phase nor the use of HC. They did, however, observe a positive correlation between PMS-like symptoms in women using HC and functional connectivity in the posterior part of the DMN.



Adolescent HC Users

Only one functional study (Mareckova et al., 2014) investigated HC effects on a purely adolescent sample. This sample included teenagers from the age of 13.5–15.5 years. In this study, ROI findings from experiments done on adult participants (Mareckova et al., 2014) were replicated. The teenagers using HC showed increased activity in the left fusiform face area of the temporal lobe upon viewing video clips of faces with ambiguous facial expressions.





DISCUSSION

In summary, most of the identified neuroimaging studies found effects of HC usage on the female brain, mainly in areas involved in emotional and cognitive processing. However, methodological challenges in almost all the included studies limit our ability to accurately interpret their results and render our main hypotheses to some extent unresolved. The studies by Gingnell et al. (2013, 2016) were the only RCTs concerning the effects of HC. The sample consisted of women with previously reported HC-induced adverse mood, and the articles demonstrated that in women with adverse mood effects, HC may influence negative emotional reactivity and neural networks involved in cognitive inhibition.

Most of the other studies also found effects of HC use on brain structure or function, but these studies had major methodological problems with regard to internal validity or statistical conclusion validity resulting from using familywise uncorrected analyses of MRI-images or small sample sizes. Thus, although we discuss the possible implications of the findings, the reader should keep in mind that these studies are potentially biased. An overview of bias can be found in Supplementary Table 1 and methodological limitations are described in detail in a concluding section. Further, there was only one study with a sample of women in early adolescence, and this was a self-selected convenience sample and hence it may be biased. Thus, our hypothesis regarding effects in adolescence remains unresolved.


Implications of Structural and Functional Alterations

Most of the included studies indicate that several brain alterations are associated with the use of HC substances. We will discuss the most robust and convergent findings.

Several studies showed effects in areas of the brain known to be implicated in affective processing. Brain mechanisms involving affective changes caused by using of HC are crucial, due to their direct implications for mental health. This point is made convincingly by the register studies by Skovlund et al. showing that HC usage increases depression and suicide risk and that the effects are larger for the youngest women (Skovlund et al., 2016, 2018). According to Gingnell et al. (2013) the use of a combined HC has the potential to negatively affect mood and to induce changes in brain reactivity in structures involved in the processing of fear and other forms of negative affect. In the present review, their studies (Gingnell et al., 2013, 2016) were the strongest in terms of design, and are the only neuroimaging RCTs ever to be performed on functional brain effects of HC. The studies' risk of bias were small, but the researchers only included women with previously reported negative affect in response to the use of HC. Consequently, their sample is not representative for the general female population and external validity is hence limited. However, the study does contribute explanatory findings that are valid for women who experience adverse mood as a side effect of HC use. The women randomized to receive HC showed depressed mood after 1 month of use. This was linked to lower activity in frontal and insular brain areas upon viewing images of angry and fearful facial expressions, as compared to women randomized to receive placebo drugs. In the latter group, less amygdala reactivity was seen in response to images of emotional facial expressions upon a second exposure to these stimuli, whereas a difference upon re-exposure was not seen in women randomized to receive HC drugs. The researchers hypothesized that this might be indicative of decreased amygdala habituation in HC women, and as such attributed the deteriorated mood to an increased vigilance to emotional stimuli.

Further, several other studies in this review, shown in Tables 2, 3, indicate that HC use may affect structures in fear detecting and fear learning circuits in the brain, such as the amygdala. Amygdala functioning is strongly related to fear and learning of fear responses. This is clinically relevant, as fear learning is involved in phobias and other anxiety disorders (Phelps and LeDoux, 2005; Adhikari et al., 2015; Hu et al., 2017). However, the findings are inconsistent, and the studies are heterogenous and confounded by lack of control regarding the androgenic and anti-androgenic effects of the progestins involved. Thus, a balanced interpretation would be that HC use likely affects fear circuits, but that the underlying mechanisms of such effects are not yet understood.

Several studies focused on cognition. The inferior and middle frontal gyri, in particular on the right side of the brain, are associated with inhibition and attentional control (Booth et al., 2005; Aron et al., 2014). In a 2016 RCT, Gingnell et al. (2016) found decreased activity in the right middle frontal gyrus in HC women during a repeated go/no-go inhibition task, both comparing to the pre-treatment cycle and to the NC women. No difference in performance was detected at baseline, but the behavioral performance of the HC women improved more than that of the NC women in the retest session. The authors speculated that this might mean reduced effort in maintaining inhibitory control in the HC women leading to an enhanced inhibitory control in women taking these drugs. Thus, the reduced BOLD activations may be interpreted as increased efficiency and not as an expression of behavioral disinhibition.

Many of the included studies showed effects on the parahippocampal gyrus, both structurally (Pletzer et al., 2010, 2015; Lisofsky et al., 2016) and functionally (Merz et al., 2012; Lisofsky et al., 2016). The parahippocampal gyrus is highly interesting in the context of sex hormones, as it is involved in encoding spatial layout of three-dimensional “scenes” (Furuya et al., 2014). Spatial cognitive ability is one of the cognitive functions where the largest sex differences have been shown (Voyer et al., 1995). However, none of the included studies focused on visuospatial cognition, where functional effects of the identified structural findings would be expected. The structural findings are inconsistent, as Lisofsky et al. (2016) found decreased parahippocampal volume in HC users, whereas Pletzer et al. (2010) found increased volume. Pletzer et al. suggest that an explanation may be that some progestins in HC are androgenic while others are anti-androgenic. They found larger gray matter volumes in the parahippocampal gyri in users of anti-androgenic progestins, but not in users of androgenic progestins, both compared to NC women. The Lisofsky article did not report the specific type of progestin, leaving this inconsistency unresolved.

Facial perception is a process considered to be important for social cognition which is a cognitive function where sex-differences have been found. The fusiform face area plays a role in facial recognition (Axelrod and Yovel, 2015) and effects in this area was reported in the structural studies by Pletzer et al. (2010, 2015) as well as the functional Marečková studies (Mareckova et al., 2014) conducted with adult and adolescent samples. These studies found increased BOLD response in the fusiform face area upon viewing ambiguous and angry faces. The Marečková findings also provide a link between duration of HC use and extent of impact on the brain, as the activity in this area was increased as a function of length of use. The authors suggest a long-term plastic adaptation of the brain related to the use of HC. Thus, HC may influence social cognition, although the functional implications are unresolved.

Several research groups found functional effects of HC use in areas involved in the regulation of reward and motivation. The researchers used food-related, romantic, and sexual as well as monetary stimuli as a means of measuring such effects. The most important areas in the brain regarding reward, involve the dopaminergic mesolimbic structures such as nucleus accumbens in the striatum as well as the ventral tegmental area (VTA) (Arias-Carrion et al., 2010). Oxytocin-releasing neurons terminate on these areas and oxytocin is thought to mediate reward (Peris et al., 2017). Changes in these systems may affect all forms of motivated behaviors, thus having important effects in all areas of life. For instance, the study by Scheele et al. (2016) which assessed perceived partner attractiveness, found that upon viewing the partner's face, treatment with oxytocin increased the behavioral evaluation of partner attractiveness as well as BOLD responses in the nucleus accumbens and the VTA, in the NC group. This was not found in the HC group. The possible implication is that HC may attenuate partner-bonding. This remains speculative but should be explored further due to the seriousness of the potential consequences. The studies on sexual, monetary and food-related rewards (Abler et al., 2013; Bonenberger et al., 2013; Basu et al., 2016) suffer from possible retest effects in only some of the subjects, post-hoc finding present only in an ROI based analysis and a small sample, respectively, thus presenting with reduced validity.



Lack of Pure Adolescent Samples

In addition to hypothesizing about the ability of HC to affect structural and functional aspects of the brain, we expected effects to be larger in adolescent subjects than in adult subjects. However, as we identified only one neuroimaging study ever to be performed on a purely adolescent sample, this hypothesis remains unresolved and the effects of such drugs on developing brains remain undetermined. The studies included many older subjects, making it impossible to disentangle potential differences between effects on the adolescent brain and effects on the adult brain. None of the studies investigated structural changes related to the use of HC in drug-naïve teenagers, but rather included convenience samples with mostly adult subjects. Only one functional study (Mareckova et al., 2014) included a strictly adolescent sample, but there was no direct comparison with older subjects, nor any statistical test of age-covariates.

Given the evidence from the animal literature, as well as clinical registry studies such as that by Skovlund et al. (2016, 2018), which strongly indicate an increased vulnerability of the brain during adolescence, combined with the fact that girls are using these substances from an early adolescent age, we argue that there is a strong need for future studies to be carried out on adolescent use of HC.



Methodological Limitations in the Included Studies

We applied the validity typology of Donald Campbell and Thomas D. Cook (Cook et al., 1979) which encompasses 4 types of validity threats with regard to our ability to make causal inferences: Internal validity, external validity, statistical conclusion validity and construct validity. While all types are important, low internal validity is paramount as is concerns whether an intervention was the likely cause of an effect. Thus, internal validity mainly encompasses confounders. See Supplementary Table 1 for a summary of the quality evaluation.

With the exception of Gingnell et al. (2013, 2016), none of the studies randomized participants to receive either HC or placebo, and most of the studies were observational with no inclusion of HC-naïve women. Hence, only the Gingnell studies reached high internal validity. The combined structural and functional MRI study by Lisofsky et al. (2016) achieved intermediate internal validity as they employed a pre-post quasi-experiment with control group, because even though the subjects self-selected to use HC, risk of bias was lowered due to the longitudinal design, enabling comparisons of within and between group effects. Yet, this design cannot control for effects of previous use. While this is true also for Gingnell, they explicitly aimed to generalize to a population of previous users. Thus, as stated previously, the Gingnell study cannot be generalized to the population of all women.

The conclusion regarding internal validity is that all studies, except the ones by Gingnell et al. were susceptible to bias and confounding due to selection phenomena and unobserved variables. Convenience sampling without disclosed detail concerning recruitment, as well as lack of randomization and control groups in almost all of the included studies, makes it impossible to ascertain causality.

Furthermore, most studies had poor control regarding type of substance currently or previously used, and no control for age at start of previous use, leading to low external validity. This critique also pertain to the Gingnell RCTs, as it is only possible to generalize to women with previous negative mood effects while using HC.

Most studies had low statistical conclusion validity, with small samples, resulting in low statistical power, making negative findings difficult to interpret, but also to an increased risk of false positive results (Button et al., 2013). Many of the findings were also based on ROI analyses without familywise error (FWE) corrected whole brain analyses. ROI areas can be chosen based on post-hoc considerations, and so there should be a strong theoretical and/or empirical basis for choice of ROI areas. Several studies also employed whole brain analyses without correction for FWE. This may have led to type 1 errors.

Thus, while most studies found effects of HC on brain function or structure, confounding cannot be ruled out. While different studies had different methodological problems, the main source of low validity was self-selection in all of these studies, with the exception of the Gingnell studies. Thus, we discuss the effects of self-selection in the next paragraph.



The Impact of Sampling Bias and Self-Selection

Self-selection is a major internal validity threat in all of the non-randomized studies and is highly problematic in the present context. Choosing or not choosing to use HC may be influenced by various psychological factors that are associated with differences in brain structure and function. Mental and behavioral functions are, to a large extent, determined by brain function which ultimately is determined by brain structure. Thus, in the absence of randomization, self-selection by choosing or not choosing to use contraceptive drugs could be caused by psychological factors that are at least partly determined by brain function or structure. This could lead to serious confounding that could threaten internal validity.

Delayed sexual debut or sexual abstinence are examples of behaviors that may in part be determined by differences in brain function or structure when contrasted with being sexually active. Personality factors such as extraversion are central in this regard. In a large Dutch study, extraversion was found to affect friendships which again affected sexual debut and behavior (van Leeuwen and Mace, 2016). A meta-analysis including altogether 420,595 subjects showed that extraversion was clearly positively associated with sexual activity (Allen and Walter, 2018). Extraversion is further associated with distinct resting state fMRI patterns, such as increased long-range functional connectivity (Pang et al., 2017). Structurally, it is associated with smaller gray matter volumes in the bilateral basal ganglia and increased dopamine receptor density in the striatum (Baik et al., 2012). Also, negative associations with right PFC volumes have been found (Forsman et al., 2012). This exemplifies how closely sexual activity is related to personality, which is further associated with differences both in brain function and structure. It thus illustrates how self-selection may have seriously confounded the included studies.

Another important source of possible bias is discontinued use of HC due to negative side effects. Different women may experience different side effects, and if such effects are not independent from brain function or structure, this will bias the finding. Thus, women who have chosen not to continue using HC will not be included in studies on effects of such drugs, unless the design of the study is a randomized design, and not based on self-selection.

As almost all the included studies were non-randomized case control-studies they might have ignored factors like these, and this might have introduced a strong sampling or selection bias. If the researchers had used only drug-naïve subjects for both controls and HC users, one could eliminate possible confounding effects of earlier use on their brains. By also employing longitudinal designs with drug-naïve subjects and pre-usage measures of brain-behavior relationships, validity could be further increased.



Contraceptive Content and Routes of Administration

There is a wide variety of HC drugs available, and these might affect the female brain in different ways. The orally administered drugs can be combination pills that commonly consist of ethinylestradiol and a progestin, or progestin-only formulations. They may have different cycle regimens, such as mono-, bi-, tri-, and quadriphasic as well as flexible regimens. Both the estrogen and the progestin contents of these pills have been gradually lowered over the years in an effort to reduce side effects (Christin-Maitre, 2013).

Different types of formulation may also be associated with different side effects. Some progestins are considered to have androgenic properties, while others may have anti-androgenic effects on brain and behavior (Pletzer and Kerschbaum, 2014; Giatti et al., 2016). Progesterone may lead to reduced testosterone action due to affinity for the enzyme 5α-reductase, and this may reduce conversion of testosterone into the more potent dihydrotestosterone (Pletzer and Kerschbaum, 2014). Combined oral contraceptives with a progestin content considered to be anti-androgenic, such as drospirenone and desogestrel, have been postulated to be favorable in terms of mood symptoms in comparison with progestins displaying an androgenic profile (Poromaa and Segebladh, 2012).

Alternative administration routes have also been developed over the years, such as vaginal or transdermal. Long-acting reversible contraception (LARC) such as progestogen-releasing intrauterine devices as well as injectable substances and implantable devices are effective contraceptive options that have become increasingly popular in the past decades (Kavanaugh et al., 2015). Several of the included studies have recruited participants not using the same drug and/or using different routes of administration, and other studies do not provide information about these variables. This introduces the chance of committing type II errors and hence neglecting to uncover effects of the given drugs, since other drugs studied simultaneously, but having a different profile, may have counteracted or canceled out the effects on a group level.




CONCLUSIONS

This review found evidence that the use of HC can alter both structure and function of the brain. Furthermore, it contributed to accentuating the need for future research on HC and the ways in which they may affect the brain. There is a need for systematic research that considers the differences in formulation and administration of the various contraceptive drugs, employing a longitudinal, within-subject design with matched and randomized control groups consisting of HC-naïve subjects.

The impact of structural changes in the brain on functional outcomes such as motivational factors, affective phenomena and cognitive abilities should indeed be further investigated. Given the well-known sex hormone-dependent brain plasticity (Schulz and Sisk, 2016), adolescence may be seen as a window of both increased opportunity and increased vulnerability, where implications of interference with endogenous processes could be far-reaching and affect emotional, relational, educational and vocational aspects of life. As a substantial number of women start using HC at a young age (Martinez et al., 2020), these are issues that need to be scientifically addressed in order to provide female adolescents with individualized and informed contraceptive choices.
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Sample

University students. N = 24, 12 oral HG
subjects (4 using 0.03mg EE with 0.13mg
levonorgestrel or 0.15 mg desogestrel and
8 using 0.08 mg EE combined with 2mg
chlormadinone, 3mg drospirenone or
2mg dienogest) and 12 NC subjects.
Mean age for total sample: 24.0, age
span: 20-29.

N = 29, 11 oral HC subjects (Mean age:
26, SD 2) (All using 0.02 mg EE and
0.15mg desogestrel) and 18 NC subjects
(Mean age: 25, SD: 3), age span both
groups 18-35.

Recruitment through newspaper ads and
from a family planning clinic. N = 8,
subjects were not using HC for the 3
months prior to inclusion. One
intramuscular dose of depot
medroxyprogesterone acetate was
administered to all subjects, age span
18-25.

University students. N = 24, 12 oral HG
subjects (4 using 0.03mg EE with 0.13mg
levonorgestrel or 0,15 mg desogestrel and
8 using 0.03 mg ethinylestradiol combined
with 2 mg chlormadinone, 3mg
drospirenone or 2mg dienogest) and 12
NC subjects, mean age 24.0, age span
20-29 (same sample as Abler 2013).

N = 46, 15 oral HC female subjects, [using
estrogen and progestin (or estrogen and
an antiandrogen progestin)] 15 NG female
subjects and 16 male subjects, mean age
25.46, SD 3.2, age span 19-34.

N =87, 19 oral HC female subjects (using
2nd or 8rd monophasic HC) 18 NG (38 NC
and 27 HC before exclusion criteria). No
information about age.

Women with previously reported negative
affect with oral HC use, recruited through
newspaper advertisements. N = 30, 15
subjects 30 meg EE and 0.15mg
levonorgestrel, and 15 placebo, mean age
255 +-5 in HC group, 24.5 +-33in
placebo group, age span 18-45.

Same sample as Gingnel et al. (2013).

University students. N = 67, 29 oral HC
female subjects, 20 NG female subjects in
luteal phase, 28 male subjects. Mean age
24.07 years, SD 3.64.

N =85, 16 oral HC subects, 32 NC
subjects (median split into 16 with high
estradiol and 16 with low estradiol levels)
and 37 male subjects, mean age 23.3, SD
2.4 in female group and 20.8, SD 8.8 in
male group.

Women planning to start using HCs
recruited through flyers at gynecologists’
offices. N = 56 (28 HC, mean age 21.25
years, age span 16-33 years, 28 NC,
mean age 21.5 years, age span 16-28
years.

Experiment I: University students N = 20,
10 oral HC subjects using 30 meg EE and
150 meg levonorgestrel/76 meg
gestodene and 10 NG subjects, mean age
22,0 SD 8.26 in HC group and 20.44 SD
2.69n NC group, age span 18-29.
Experiment II: Adolescents recruited for
‘The IMAGEN European mult-site study
through school visits. N = 110, 55 oral HC
female subjects, 55 NC female subjects,
no information about type of oral HC, age
span 13.5-15.5.

N = 122, 80 oral HC subjects (using
0.02-0.035 mg EE with a gestagen
component, 30 NC subjects in luteal
phase, 30 NG subjects in follicular phase,
32 male subjects. Age span 18-35, mean
age 21.3-24.8.

University students. N = 50, 15 oral HC
subjects, 15 NC subjects in the luteal
phase, 20 male subjects. Age span
18-85, mean age 23.60, SD 2.13n HC
group, 25.27, SD 8.69 in NC group,
24.15, SD 3.08 in male group.

N = 53, 23 oral HC subjects (using EE and
a progestin) 30 NC subjects, mean age
22,28, SD 3.73, age span 18-34.

N = 70, 33 combined monophasic
anti-androgenic HC users and 37 NG
women. Total sample age range 19-38,
mean age 23.6, SD 4. No information
about recruitment.

Participants recruited from University of
California and surrounding communty.

N =91, 46 oral HC subjects (24 active pil
phase, 22 inactive pill phase, HC type
consisted of several different types of
combined oral contraceptives with
diferent amounts of EE and different types
and amount of progestins), 45 NG
subjects (20 follicular phase, 25 luteal
phase), age-span 18-40.

Same recruitment as Petersen et al.
(2014), butincluded N = 83, 40 oral HC
subjects (20 active phase, 20 inactive pill
phase), 43 NC subjects (20 follicular
phase, 23 luteal phase).

N = 46, 14 oral HC subjects using a
combined oral contraceptive, no
information about type of estrogen,
progestin component consisted of
levonorgestrel, other type of 2nd
generation progestin or drospirenone,
mean age 23.22, SD 351, 16 NC
subjects, mean age 26.57, SD 6.01, 16
male subjects, mean age 25.14, SD 4.35.
N =36, 12 female subjects using
combined oral HC, 12 NC female subjects,
12 male subjects, mean age 31, age span
18-45 in male and NC groups, mean age
23, age span 18-37 in HC group.

N = 40,21 oral HC female subjects, 19
NG female subjects tested in luteal or
follcular phase, mean age 24.38, SD 3.26.

Recruitment through advertisements.
Relevant subset for the post-hoc HC
analyses: N = 28, 17 oral HC subjects, 11
NC subjects.

Recruitment by advertisement and “word
of mouth.” N = 24, 12 HC subjects
(monophasic combined oral HC) 12 NC
subjects, no information about age.

Type of study and methods

Observational RMWGC fMRI-study using
erotic stimul. Whole brain analyses with
uncorrected p-values (p < 0.001).

Observational RMWG fMRI-study using
food stimuli. IMRI group comparisons.
entirely ROI-based.

Quasi-experimental pre-post MR study,
subjects serving as own controls. fMRI
measured before receiving an
intramuscular dose of depot
medroxyprogesterone acetate and 8
weeks after. Whole brain analyses
corrected for FWE.

Observational RMWG fMRI-study using a
monetary incentive task. Whole brain
analyses with uncorrected p-values

(p < 0.001) and ROl-analyses.

Observational RMWGC MRI-study with
regard to effects of HC, but a placebo
controlled experimental condition
regarding the effects of androstadienone
on psychosocial stress responses based
on the Montreal Imaging Stress Task.
Whole brain FWE-corrected analyses and
dorsolateral prefrontal cortex ROl analysis.

Observational RMWC resting state
MRI-study with data extraction using
principal component and ICA.

Double-biinded, randomized parallel group
clinical trial fMRI-study with pre and post
treatment measurement. fMRI paradigm
using an emotional face matching task.
MR group comparisons were entirely
ROl-based.

Double-blinded, randormized parallel group
ciinical trial fMRI-study with pre and post
treatment measurement. fMRI paradigm
using a go/no-go inhibition task. Whole
brain analyses, uncorrected for FWE

(b < 0.001).

Observational MRI-study using an
emotional dot-probe attention-modulation
paradigm. Whole brain analyses corrected
for FWE and ROI based analyses.

Observational MR study using a
fear-conditioning and extinction paracigm.
FWE-corrected ROI analyses only.

Quasi-experimental pre-post start use of
HC MR and resting state fMRI-study (no
randomization), matched NC controls.
Whole brain FWE corrected analyses.

Observational fMRI-study using movies of
either ambiguous or angry faces as stimul
Whole brain FWE corrected analyses and
ROl analyses.

Observational fMRI-study using a fear
learning paradigm with an experimental
condition where cortisol was administered
to half the sample. Whole brain FWE
corrected analyses and ROl analyses.

Observational fMRI study using a fear
conditioning paradigm. Whole brain FWE
cortected analyses and ROl analyses.

Observational IMRI-study using
“traumatic” film viewing as stimuli, with
neutral fims as reference. All analyses ROI
based with corrections for FWE.

Observational EEG/event-related potential
study using negative emotional images as
stimuli.

Observational fMRI resting state study,
analyzed using ICA whole brain FWE
corrected analyses.

Observational fMRI study using 72
negatively valenced, arousing images as
stimul vs. 72 neutral images as reference.
Narrow ROI of parts of amygdala.

Observational fMRI-study, using number
comparison, number bisection. Whole
brain FWE corrected analyses.

Observational IMRI study using a
verb-generation task, backwards number
counting as reference task. The NC group
was scanned twice (ovulatory vs.
menstrual period), the other groups were
scanned once. Whole brain FWE
corrected analyses.

Observational fMRI study with regard to
HC usage, but randomized,
placebo-controlled, double-biind
within-group design with regard to effects
of oxytocin. Using photographs of partner
face, unknown men, familiar women or
unfamiliar women. Whole brain FWE
corrected analyses.

[18F] fallypride PET-studly (targeting
dopamine D2/D3 receptor availabilty)
using a dexamphetarmine dose as stimul.
‘Whole brain FWE corrected analyses and
ROl analyses.

Observational RMWG fMRI-study using
noxious thermal stimuli. Whole brain
analyses, corrected for FWE and ROI
based analyses.

Findings

No significant difference in HC vs. NC
group upon viewing of explicit erotic
stimul, activation in precentral gyrus
increased in NC group during the follicular
phase (positively correlated with estrogen
levels) upon expectation of erotic stimuii.

The HC group had similar fMRI activations
inin all activated brain areas as the NG
group in the luteal phase but differed from
the NC group in the follcular phase.

Increased BOLD response i frontal pole,
superior frontal gyrus, orbitofrontal cortex,
postcentral gyrus, cingulate cortex,
paracingulate gyrus, postcentral gyrus,
middle frontal gyrus, superior parietal
lobule and lingual gyrus 8 weeks after
injection of DMPA vs. baseline.

In ROl based analyses, increased
activation in the left anterior insula and
inferior lateral prefrontal cortex upon
expectation of monetary reward was seen
in the HC group as compared to NG group
in the follicular phase. No effects of HC in
whole brain analyses.

No effects of HC. Increased activation of
Tight premotor and supplementary motor
areas as well as left somatosensory
‘association cortex during stress in placebo
condition, no significant differences during
treatment with androstadienone.

No default mode network differences
between any group in any phase were
found. There was a positive correlation
between functional connectivity in the
posterior part of the default mode network
and psychological premenstrual-lice
symptoms seen in inactive pill phase in HC
group, not found in NC group.

HC women more depressed mood after
treatment. Reduced emotion-induced
activity in left insula, left midde frontal
gyrus and bilateral inferior frontal gyri
compared with the NC group and reduced
emotion-induced activity in bilateral inferior
frontal gyr post HC treatment vs. pre-HC
treatment. The placebo group only
showed recuced BOLD activity in the
amygdala in the last scans.

Redluced BOLD response in right middle
frontal gyrus in HC group, vs. placebo
group, no change in behavioral go/no-go
performance.

No evidence of differences in neural
attentional bias processing between HC
and NC group, neither behaviorally nor
with regard to brain activty.

Redluced activation in posterior insula,
middle cingulate cortex, amygdala and
hypothalamus during a fear conditioning
paradigm HC vs. high estrogen NC group.
The main findings revolved around the
high estrogen group driving most effects.
Functional connectivity between left
‘amygdala/anterior parahippocampal gyrus
and the right dorsolateral prefrontal cortex
changed from positive to negative in the
HC group, but findings uncertain due to
lack of FWE correction.

Experiment I: Increased BOLD response
to faces in right FFA in HC vs. NC group.
Experiment II: Findings replicated.

In experiment I, also positive correlation
between duration of HC use and the
BOLD response inleft FFA.

Cortisol enhanced fear-learning in HC vs.
NG women and there was increased
BOLD responses in the left hippocampus.
and parahippocampal gyrus.

Endogenous cortisol levels positively
associated with amygdala BOLD contrasts
between CS+ and CS- in men and
HC-using women, but not in NC women in
the luteal phase.

Increased BOLD activations in insula and
dorsal anterior cingulate cortex during
traumatic film viewing in HC groups as
compared to NC group.

HC users showed smaller global field
power to visual stimuli than NG wornen in
late latencies (>851 miliseconds). HC
users showed blunted late positive
potentials to unpleasant stimuli.

Greater connectivity with the aDMN in left
angular gyrus in the follicular NC vs. active
phase HC group, increased connectivity
with the aDMN in the right caudate
nucleus in the follicular group compared to
inactive phase HC users. Increased
connectivity with ECN in the left anterior
cingulate cortex and left middle frontal
gyrus seen in follicular group vs. active
phase HC group.

Reduced bilateral amygdala reactivity in
response to negative emotional stimuii
seen in HC vs. NG group.

Different BOLD-activation patterns in HG
women as compared to NG women
during both numerical tasks, but without
any behavioral performance differences.
Authors propose that HC women's
activation patterns resemble that of men.

Increased activation during verb
generation in right superior temporal
cortex in the HC vs. NG group in menstrual
phase, and in right inferior frontal cortex in
the HC vs. NC group in luteal phase.

Oxytocin increased behavioral evaluation
of partner attractiveness and BOLD
responses in nucleus accumbens and
ventral tegmentum in NC group upon
viewing partners face but not in HC group.

Plasma estradiol did not correlate with
change in dopamine D2/D3 receptor
availabilty and did not differ between HC
and NC groups.

No omnibus effects were found, but in a
subgroup of HC users with low
testosterone levels, activity in rostral
ventromedial medulla was | in HC vs. NG
group and this was also associated with
lowered pain thresholds.

RMWG, Repeated measures within one cycle; HC, hormonal contraceptives; NC, naturally cyciing; EE, ethinyl estradiol; MR, functional megnetic resonance imaging; BOLD, blood-
oxygen-level dependent; FFA, fusiform face area, SD: stenderd deviation, ROI: Region of interest FWE: Family-wise error; DMPA, depomedroxyprogesterone acetate; D2-receptor,
Dopamine 2-receptor; D3-receptor, Dopamine 3-receptor; ICA, independent component analysis; aDMN, anterior default mode network; ECN, executive control network; CS,

conditioned stimulus.

Information about recruitment is only described if described in the article.
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De Bondt et al.

(2013b)

De Bondt et al.

(2013a)

De Bondt et al
(20153)

De Bondt et al.
(2016)

Frokjaer et al.
(2009)

Lisofsky et al,
(2016)

Petersen et al.
(2015)

Pletzer et al.
(2010)

Pletzer et al.
(2015)

Pletzer (2019)

Sample

N =30, 16 HC using monophasic oral
HC, 15 NC, age span 18-29 years, mean
age 21.7,8D 05.

N = 30, 16 HC monophasic oral HC, 15
NG, age span 18-29 years, mean age
21.7,SD05.

N =75, 37 HC using monophasic oral
HC, 38 NC, no information about age
(*young women”).

N = 75,38 NC (age-span 18-34 years),
27 androgenic HC (age-span 19-28 years)
and 10 anti-androgenic HC (age-span
20-27 years).

N = 132, 14 HC (using 20 or 30mg of
ethinylestradiol combined with a
progestogen containing 0.10-0.75mg
gestodene, 3mg drospirenone, or 0.15 mg
desogestrel), 15 NC, 87 male controls,
mean age 40.6  18.7, age span 18-79
years i full sample, 18-44 in HC group
Women planning to start using HC
recruited through flyers at gynecologists’
offices. N = 56, 28 HC (mean age 21.25
years, age span 16-33 years), 28 NC
(mean age 21.5 years, age span 16-28
years)

N = 90, 44 HC using monophasic HC, 46
NG, age-span 18-40 years.

N= 42, 14 HC (mean age 23.22, SD
3.61), 14 male (mean age 25.30, SD 4.46)
14 NC (mean age 25.88, SD 5.00).

N = 60, 18 androgenic HC (mean age
24.78, SD 2.94), 22 anti-androgenic HC
(mean age 21.95, SD 2.85), 20 NC (mean
age 26,60, SD 6.24). 6 controls had never
used HC.

N = 238, 60 HC (mean age 21.42, SD
2.46), 89 NC (mean age 24.02, SD 3.94)
and 89 men (mean age: 24.18, SD 4.44
years). Sample overlaps with previous
publications.

Type of study and methods

Observational combined cross-sectional and
RMWC DTI MRI-study. Analyses were ROI
based.

Observational RMWG volumetric MRI-study.
Whole brain analyses with uncorrected
p-values were used (o < 0.001).
Observational RMWG MRI spectroscopy study.

Observational RMWG volumetric MR study.
Whole brain analyses with uncorrected
p-values were used (o < 0.001).

Observational PET study investigating 5-HT2A
receptor binding using [*®F] altanserin.

Quasi-experimental pre-post (before and after
starting use of HC) volumetric MRI and
fMRI-study (no randomization), matched NG
controls. Whole brain analyses corrected for
FWE were used.

Observational volumetric MRI study. Data
analyses entirely ROl based.

Observational volumetric MRI study.
‘Whole-brain analyses with both uncorrected
and FWE corrected p-values.

Observational volumetric MR study. Analyses
done both with whole brain approach as well
as ROL. No significant findings using the whole
brain analyses.

Observational volumetric MRI study. Analyses
done both with FEW corrected whole brain
approaches as well as ROI. Associations with
self-rated femininity and mascuiinity
investigated.

Findings

Increased diffusiity in fornix in HC group.

Negatively correlated anterior cingulate
gray matter volume with estradiol levels in
NG women, not found in HC users.
Increased prefrontal GABA i the NG
group at owulation, but no effects of cycle
in HG group. No significant correlations
with endogenous hormones or
premenstrual symptoms.

In'NC women, insula was larger around
ovulation than in the luteal phase. Trend
effects of HC but did not survive
corrections for FWE.

No significant effect HC use on cortical
5-HT2A receptor binding.

Reduced gray matter volume in left
amygdala/anterior parahippocampal gyrus
in HC compared to NC group.

Cortical thinning in posterior cingulate and
lateral orbitofrontal cortices in wornen
using oral HC compared to NG wormen.
Larger prefrontal cortices, pre- and
postcentral gyri, parahippocampal and
fusiform gyri in women using HC,
compared to NG wormen.

Larger gray matter volumes in cerebellum
and bilaterally in parahippocampal and
fusiform gy in users of anti-ancrogenic
progestins, middle and superior frontal gyri
smaller bilaterally in users of androgenic
progestins, both compared to NG wormen.
In NC women who previously used HC,
duration of HC use was correlated with
hippocampi volumes.

Whole brain analysis controling for age
and total intracranial volume showed that
OC users had significantly smaler regional
gray matter than NC women in the right
parahippocampal/fusiform gyrus. OC
users showed smaller gray matter
volumes in the left hippocampus than NG
wormen in the ROl analyses.

RMWC, Repeated measures within one cycle; HC, hormonal contraceptives; NC, Naturally cycling; EE, ethinyl estradiol; MR), magnetic resonance imaging; MR, functional magneic
resonance imaging; BOLD, blood-oxygen-level dependent; FFA, fusiform face aree; SD, standard deviation; MRI, Magnetic resonance imaging; DT, Diffusion tensor imaging; PET,
Positron emission tomography; RO, Region of interest; FEV/, Family-wise error; 5-HT2A, 5-hydroxytryptamine2A; GABA, gamma aminobutyric acid.

Information about recruitment is only described if described in the article.
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