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Abstract

The “estrogen hypothesis” suggests that estrogen is a protective factor against psychotic disorders
such as schizophrenia. Although the precise protective mechanisms are still unclear, one potential
explanation lies in the role that increased estrogens play in mediating hippocampal plasticity, as
this may reduce hippocampal dysconnectivity that is characteristically observed in psychosis. In
support of this view, later age at menarche- less available estrogen during critical early adolescent
development- is related to earlier onset of psychosis and increased symptom severity. Furthermore,
if estrogens have protective effects, then we should see this effect in the psychosis risk period in
those at clinical high-risk (CHR) for psychosis — i.e., individuals showing attenuated symptoms at
imminent risk for transitioning to a psychotic diagnosis. This study examined whether earlier age
at menarche would result in more normative hippocampal connectivity in CHR youth; menarche is
an easily assessed, developmental marker associated with the availability of estrogens. Resting-
state connectivity was examined in sixty female participants (26 CHR and 34 healthy control; age
12-21) using a cross-sectional approach; hippocampal connectivity was found to relate to age at
menarche. Later age at menarche in the CHR group related to increased hippocampal
dysconnectivity to the occipital cortex (a region with a neurotrophic response to estrogen)
compared to the controls. Results suggest that earlier availability of estrogens may have
neuroprotective effects on hippocampal plasticity. Findings have relevance for understanding sex
differences and etiology, as well as guiding novel treatments.
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Introduction

The “estrogen hypothesis” posits that estrogens serve as a protective factor against psychotic
disorders, but the mechanisms underlying this effect remain poorly understood. This theory
highlights the potential importance of estrogens as neuroprotective- promoting healthy
connectivity during development (Biegon and McEwen, 1982; Gould et al., 1990; McEwen,
2001). Estrogen has a number of actions on the brain, but the hippocampus is a major site of
overlapping impacts of estrogen. Indeed, increased estrogens mediate hippocampal plasticity
— through synaptogenesis, (Woolley, 1998) spine density (Gould et al., 1990), and
neuroprotective influences (Diaz Brinton et al., 2000). The culmination of estrogen effects
may reduce hippocampal dysconnectivity observed in psychosis (Bahner and Meyer-
Lindenberg, 2017; Benetti et al., 2009). This hormonal impact has particular relevance for
individuals at clinical high-risk (CHR) for psychosis- adolescents and young adults who
show emerging low-level psychotic symptoms coupled with a decline in functioning. CHR
individuals are in a period characterized by pubertal hormone development (Trotman et al.,
2013; Walker et al., 2013), and show significant hippocampal abnormalities (Dean et al.,
2016; Mittal and Walker, 2011; Vargas et al., 2018). Furthermore, CHR represent a
population at imminent risk for transition to psychosis with as many as 10-30% developing
a psychotic disorder in a one to two year period (Hengartner et al., 2017). Despite these
intersections, to date, there have been no empirical studies aimed at testing the estrogen
hypothesis in CHR individuals. To address this question, this study examined hippocampal
resting-state connectivity in CHR and matched healthy control (HC) individuals by
comparing time since menarche (duration of estrogen availability) and age at menarche
(developmental timing of estrogen availability).

Low-level psychotic symptoms tend to emerge in a prodromal period during late
adolescence to early adulthood, which is a developmental period that is also characterized by
neurobiological changes and the onset of menarche (Walker et al., 2013). In fact, a growing
body of research supports a diathesis-stress model, suggesting that neurobiological
development during this period may interact with early risk factors leading to the onset of
psychosis (Trotman et al., 2013; Walker et al., 2013). In the case of menarche, however, the
prodromal period may also be a window into potential protective factors that reduce or delay
the onset of psychosis in women (Seeman, 1996; Trotman et al., 2013). This period is also a
unique window to examine both risk and protective mechanisms with fewer confounds that
are often associated with psychosis onset (Insel, 2010; Mittal and Walker, 2007). Despite the
benefits of examining CHR individuals, evidence for the estrogen hypothesis (Seeman,
1996) has been largely been limited to retrospective investigations in individuals with
psychosis. These studies have demonstrated that women show a later and less severe onset of
psychosis (Hayes et al., 2012; Hochman and Lewine, 2004; Lewine, 2004; Seeman, 1996)
and a second peak of onset during peri-menopause (Huber et al., 2001). Although much of
the research on the estrogen hypothesis has been focused on menopause, prior to menopause
women with a psychosis diagnosis are more likely to have a psychosis relapse in low
estrogen points in their menstrual cycle (Huber et al., 2001; Seeman, 1996) and during
estrogen withdrawal post-partum (Mahé and Dumaine, 2001). The few studies that focused
on the protective role of menarche in psychosis have largely examined individuals with
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psychosis after onset, (Kilicaslan et al., 2014; Cohen et al., 1999a) and have yet to examine
potential underlying mechanisms.

Studies that have examined the timing of menarche suggest that an earlier age at menarche
relates to a later onset of psychosis (Cohen et al., 1999a; Kilicaslan et al., 2014) and less
severe symptomatology (Hochman and Lewine, 2004) in retrospective clinical accounts of
hospitalized individuals with psychosis (Hochman and Lewine, 2004; Cohen et al., 1999z;
Kilicaslan et al., 2014); while informative, these studies did not account for potential
biological mechanisms related to menarche. However, based on extant literature on the
estrogen hypothesis, early timing of menarche may be beneficial because estrogens exert a
protective effect at a critical time prior to psychosis deterioration (Wei and Berman, 2018).
Additionally, these studies did not examine individuals with a variety of ages at first
menarche or a wide array of current age. Therefore it remains unknown if earlier menarche
reflects a neuroprotective impact co-occurring with critical neurodevelopment in early
adolescence or if early menarche leads to a greater protective impact against emerging
psychosis symptoms with each menstrual cycle (Maric et al., 2005). No study has directly
examined whether protective effects are related to the developmental timing of menarche or
the duration of estrogen availability, which may have important implications for the
mechanisms underlying this protective effect.

As previously noted, there are a number of potential mechanisms by which menarche may
have a protective effect during the prodromal period (Becker, 1990; Biegon and McEwen,
1982; Diaz Brinton et al., 2000; Gould et al., 1990), including progesterone and the insulin-
like growth factor system. Despite this wide array of potential specific mechanisms, resting
state connectivity may be sensitive to the culmination of these effects (Cole et al., 2013;
Schaefer et al., 2014). The effect of menarche on resting state connectivity may be
particularly relevant for the prodromal period, as functional dysconnectivity has been widely
noted in psychosis. In a parallel line of research, psychosis has been characterized as a
disorder of dysconnectivity (Friston et al., 2016) resulting from altered neurodevelopmental
trajectories (Insel, 2010). Critically, the hippocampus has been widely noted as both a major
site of action for estrogens (Diaz Brinton et al., 2000; Gould et al., 1990; Lisofsky et al.,
2015; Sato et al., 2007; Woolley, 1998) and dysconnectivity in individuals with psychosis
(Béhner and Meyer-Lindenberg, 2017; Benetti et al., 2009; Kraguljac et al., 2016; Lisofsky
et al., 2015; Wood et al., 2005). Studies of psychosis have noted hippocampal
dysconnectivity between several cortical regions (Kraguljac et al., 2016; Wood et al.,
2005;'Bernard and Mittal, 2015; Winton-Brown et al., 2017), including the frontal cortex
(B&hner and Meyer-Lindenberg, 2017; Benetti et al., 2009; Samudra et al., 2015).
Connectivity of the hippocampus to the frontal cortex changes during adolescence through
early adulthood, (Allen et al., 2012; van Duijvenvoorde et al., 2016) and may be particularly
impacted by the protective effects of estrogen. Hippocampal abnormalities have also been
noted in individuals at clinical high-risk for psychosis (Dean and Mittal, 2015; Vargas et al.,
2018). Past studies, however, have not examined the potential for estrogen to impact
hippocampal dysconnectivity in CHR individuals (Blankenship et al., 2017; van
Duijvenvoorde et al., 2016).
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The current paper examines how hippocampal dysconnectivity in CHR individuals relates to
age at scan, time since menarche, and age at menarche. Hippocampal connectivity increases
over development, but if CHR status reflects growing dysconnectivity over
neurodevelopment, then we may see distinct (decreasing or no normative increase)
hippocampal connectivity in the CHR group by age at scan. Findings from this analysis will
also be used to conceptualize the alterations in hippocampal connectivity related to estrogen
in terms of dysconnectivity. A second analysis tests the prediction that earlier
neurodevelopmental timing (younger age at menarche) is related to increased hippocampal
connectivity. Finally, the last analysis will examine if longer time since menarche relates to
increased hippocampal connectivity in CHR individuals.

2. Materials and Methods

2.1. Participants.

Sixty female participants, 26 CHR and 34 healthy control, were recruited through the
Adolescent Development and Preventive Treatment (ADAPT) Program. The local
institutional review board reviewed and approved all procedures. If participants were 18
years old or older then the participants provided written consent to participate. If participants
were under the age of 18, then a parent provided written consent and participants provided
written assent. Exclusionary criteria for the neuroimaging protocol included presence of a
neurological disorder, lifetime substance dependence, head injury, or the presence of any
other contraindication to a magnetic resonance imaging environment. For healthy control
participants, exclusion criteria also included the presence of a psychotic disorder in a first-
degree relative as this may reflect latent genetic risk. Additionally, participants were
excluded for the presence or lifetime history of an Axis | psychotic disorder. All participants
are between ages 12-21 (M=18.1, SEM=0.23). All analyses were run with and without
individuals taking antipsychotics or birth control, which did not impact the magnitude or
direction of the findings reported below, Table 1. To preserve power and transparency, the
following results include all subjects for whom data was available.

2.2. Clinical Assessments.

The Structured Clinical Interview for DSM-1V Axis | disorders (SCID) was administered to
all subjects to rule out a psychosis diagnosis and to assess history of mood and anxiety
disorders in both groups (Gibbon et al., 1997). Similarly, CHR and healthy control
participants also completed the Structured Interview for Psychosis-Risk Syndromes (SIPS)
in order to diagnose CHR subjects and rule out symptoms in healthy controls (Miller et al.,
2003). Finally, all participants completed the Puberty Development Scale which is a 5-item
self-report scale that assesses pubertal development and inquires the age of menarche
(Carskadon and Acebo, 1993).

2.3. MRI Acquisition.

Images were acquired in a 3T Siemens Tim Trio MRI Scanner (Siemens AG, Munich,
Germany with a standard 12-channel head coil, which included a resting-state functional
image and structural image for registration. The resting-state sequence was acquired with a
T2*-weighted echo-planar functional protocol (33 slices in a 240 mm field of view;
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3.8%3.8x3.5 mm voxels; TR=2.00 s; TE=29 ms; Flip Angle=75°), while participants closed
their eyes during the 5 min 34 s scan. The structural image was a MPRAGE (sagittal
acquisition, 192 interleaved slices; 256 mm field of view; isotropic voxels 1mm?3, GRAPPA
parallel imaging factor of 2, Time to repetition (TR)=2.530 s; Times to Echo (TE)=1.64 ms,
3.5ms, 5.36 ms, 7.22 ms, 9.08 ms; flip angle=7°).

2.4. fMRI Data Preparation.

All functional data were preprocessed in FSL v.6, which included brain extraction, a 100s
high-pass filtering, and 6-mm FWHM kernel spatial smoothing (Jenkinson et al., 2012). To
register and co-register images, functional images were aligned to the structural image,
before alignment to the Montreal Neurological Institute 2-mm brain template in a two-step
process. At the subject-level, a set of temporal derivative regressors were generated for each
subject, which accounted for motion. These regressors were calculated using the ART -
artifact detection software, resulting in three translation and three rotation parameters, and
confound regressors which noted outliers in brain activation or framewise movement. Brain
activation outliers were identified by comparing each voxel to the z-normalized mean signal
across all voxels as a function of time; a voxel was considered an outlier if the exceeded a z-
score of 3. For motion outliers, a composite measure of total motion, or maximum voxel
displacement, across translation and rotation identified any motion outliers as frames where
the absolute value of motion exceeded 1-mm.

2.5. Connectivity Analyses.

The study examined whether associations between hippocampal connectivity varied by
group along three separate dimensions (age, age at menarche, time since menarche) in three
separate analyses. Hippocampal to whole brain connectivity (ROI to voxel) was analyzed as
hippocampal connectivity changes in a number of regions over development as well as in
response to ovarian hormones and emerging psychosis; accordingly, these analyses should
be considered exploratory. Connectivity analyses were conducted in CONN toolbox ROI-to-
whole brain analyses v.18.b (Whitfield-Gabrieli and Nieto-Castanon, 2012), which
calculated denoising variables that were used in addition to the motion variables discussed
above. Additional regressors included grey matter, white matter, cerebrospinal fluid (CSF),
and mean global signal regressors by extracting signal from segmenting structural masks for
gray matter, white matter, and CSF. Structural images were segmented into gray matter,
white matter, and CSF with SPM8 in order to create masks for signal extraction. Then
CONN toolbox uses principal components analysis to extract five temporal components
from the segmented CSF and white matter, which were entered as confound regression in the
subject-level general linear model (GLM). Right and left hippocampal regions of interest
(ROI) were defined using the FreeSurfer Atlas (Desikan et al., 2006; Fischl, 2012). The
mean time-series, averaged across all voxels within each (right and left) hippocampal seed
ROI were used as regression parameters, which were correlated with all other voxels in the
brain in seed-tovoxel connectivity analyses. These connectivity values were then used as the
outcome variables in a group by age or age at menarche interaction analyses, and at the
group level all variables were entered simultaneously.
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Group level covariates of interest (age at scan, time since menarche, age at menarche) were
mean-centered (z-score) to maximize the sensitivity of the model; mean-centering has been
found to be an effective way to reduce co-linearity and increase power for detecting signal in
resting-state functional connectivity (Mumford et al., 2015). For the age at menarche
analyses, the age at scan variable was entered as a nuisance covariate to identify the
independent effects of age of menarche beyond the expected effects related to attenuated
psychotic symptoms over time (age at scan). Similarly, in the age at scan analyses, the age at
menarche variable was entered as a nuisance covariate to identify the independent effects of
age beyond the expected effects related to menarche on hippocampal connectivity. In the
time since menarche analyses, the age at menarche and age at scan were both used to
calculate the cumulative effect of estrogens, and as a result, no nuisance variables were
included. All findings were thresholded at the voxel-level at pyncorr< -001 with a cluster-level
correction at a false-discovery rate (FDR) of p < .05 (Chumbley and Friston, 2009).

3. Results

3.1. Participants.

This sample included sixty female participants (26 CHR and 34 HC), Table 1. The sample
age ranged from 12-21 years of age (M=18.27, SD=2.26), and there were no significant
differences in age between groups, #58)=0.25, p=.81. The sample also included a range of
ages of first menarche 11-16 (M=12.43, SD=1.68, skewedness=.20, kurtosis=.25), and there
were no significant differences in age at menarche between groups, {58)=0.57, p=.57, or in
terms of time since menarche (range=0-10 years, M=5.84, SD=2.28, skewedness=-1.20,
kurtosis=.52), £58)=.86, p=.87. When compared to healthy controls, the CHR group had
significantly greater SIPS Positive (CHR M=11.45, S5tD=3.45; healthy controls AM=0.57,
StD=1.1; {58)=14.54, p<.001) and SIPS Negative (CHR M=10.23, S5tD=6.68, healthy
controls M=0.35, StD=0.75; {(58)=8.31, p<.001) total symptoms scores. During the resting
state scan, there was no significant difference between CHR (A#=0.28, StD=0.18) and
healthy volunteers (M=0.26, StD=0.38) in total framewise displacement ({60)=0.22, p=.82).
For more details on the current sample, see Table 1.

3.2. Hippocampal Connectivity Related to Age by Group.

To assess the impact of age at scan (independent of age at menarche) on hippocampal
connectivity across CHR and HC groups, a mean-centered age at scan covariate was
compared across groups to predict any connectivity effect of hippocampus (right and left)
controlling for the impact of age at menarche as a nuisance covariate. This analysis will help
us contextualize the hormonal analyses in the presence of hippocampal dysconnectivity in
the CHR group. There was a significant group by age at scan interaction which related to
hippocampal connectivity to two frontal clusters, Figure 1A. One cluster was in the superior
frontal gyrus/frontal pole (Cluster Size: 167; MNI Coordinates [XYZ]: -18, 48, 46; p-
we=-01; p-ep=.01; Puncorrected= -005; Figure 1B), and the second cluster was in the ventral
medial prefrontal (VMPFC; Cluster Size: 110; MNI Coordinates [XYZ]: -6, 54, —-16; p-
we=-07; p-ep=-04; Puncorrected= -003; Figure 1B). Increased hippocampus to frontal
cluster connectivity was related to an older (increased) age at scan in the control group, but
not in the CHR group (Figure 1B).
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3.3. Hippocampal Connectivity Related to Age at Menarche by Group.

To assess the impact of age at menarche (independent of age at scan) on hippocampal
connectivity across CHR and HC groups, a mean-centered age at menarche covariate was
compared across groups to predict any connectivity effect of hippocampus (right and left)
controlling for the impact of age at scan as a nuisance covariate. There was a significant
group by age at menarche interaction which related hippocampal connectivity to an occipital
lobe cluster-a major site of neurotrophic estrogen effects (Cluster Size: 187; MNI
Coordinates [XYZ]: 34, —-80, 20; p-£=.007; p-ep7=.009; p=.002; Figure 2A). Increased
hippocampus to occipital lobe connectivity was related to an older (increased) age at
menarche. Although both groups show a positive relationship between age at menarche and
connectivity, this effect was increased in the CHR group (Figure 2B).

3.4. Hippocampal Connectivity Related to Time Since Menarche by Group.

To assess the cumulative impact of the availability of estrogens (length of time since
menarche) on hippocampal connectivity across CHR and HC groups, a mean-centered time
since at menarche covariate was compared across groups to predict any connectivity effect
of hippocampus (right and left). There was a no significant group by age at menarche
interaction.

4. Discussion

Risk for psychosis is related to hippocampal dysconnectivity; this finding is consistent with
previous studies of psychosis (Béhner and Meyer-Lindenberg, 2017; Benetti et al., 2009).
Hippocampal connectivity in the CHR group did not show the increase over age that
typically occurs over healthy development, which was seen in the healthy group, consistent
with the neurodevelopmental hypothesis of psychosis (Trotman et al., 2013; Walker et al.,
2013). In females at risk for psychosis, hippocampal dysconnectivity may be mitigated by
estrogen’s impact on the brain (i.e., the estrogens hypothesis), but no previous work has
directly examined this possibility (Hayes et al., 2012; Seeman, 1996; Trotman et al., 2013).
Additionally, the impact of estrogen may be particularly related to the timing of menarche
during co-occurring neurodevelopmental processes (age at menarche), which was associated
with more normative hippocampal connectivity. The current study is the first to examine if
hippocampal dysconnectivity is present in the CHR population, and then examining whether
hippocampal connectivity was impacted by either the timing of estrogens availability (age at
menarche) or the cumulative effects of estrogens (time since menarche). In summary, there
was evidence of hippocampal dysconnectivity in the CHR group, as well as a protective
impact of earlier exposure to estrogens (earlier age at menarche). No similar benefits were
found in support of a cumulative effect of exposure to estrogens (time since menarche).
Collectively, the current study suggests that, despite evidence of hippocampal
dysconnectivity (age at scan), earlier timing of estrogens availability (age at menarche) -not
the cumulative effect of estrogens availability (time since menarche)- may have protective
effects on hippocampal connectivity in women at clinical high-risk for psychosis.

The first analyses confirmed the presence of the expected hippocampal dysconnectivity in
the CHR group. The current study found that CHR individuals did not show a normative
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increase in hippocampal connectivity over development (age at scan), which was seen in the
controls as increased hippocampal connectivity to superior and orbital frontal regions over
development (age at scan). Typically in adolescent development there is a positive increase
in connectivity between the hippocampus and medial/orbitofrontal regions and a positive
relationship to superior dorsal frontal regions (van Duijvenvoorde et al., 2016). In the current
study the healthy controls group show this expected increase in connectivity by age,
converging with previous findings (van Duijvenvoorde et al., 2016). The CHR group,
however, showed no age-related increase in hippocampal connectivity to these regions,
which may suggest a lack of normative hippocampal connectivity development in the CHR
group. Additionally, the current findings are consistent with similar literature implicating
frontal-hippocampal connectivity along a risk spectrum in the pathophysiology of psychosis
(Benetti et al., 2009; Samudra et al., 2015). Collectively, these findings provide further
evidence for the developmental dysconnectivity perspective and emphasize the potential
importance of fronto-hippocampal connectivity in CHR for psychosis.

Despite the presence of hippocampal dysconnectivity over development, there was a
predicted increased connectivity related to age at menarche (i.e., more normative
connectivity) in the CHR group even when accounting for the connectivity related to age.
Specifically, earlier age at menarche was associated with more normative hippocampal
connectivity with the occipital lobe (another major site of neuroprotective effects of
estrogens; Diaz Brinton et al., 2000). This effect was especially pronounced in the CHR
group. In the CHR group, early age at menarche was associated with more normative
hippocampal-occipital connectivity, than later age at menarche. This finding is consistent
with the hypothesis that the developmental timing of menarche may provide protective
benefits to hippocampal connectivity (Trotman et al., 2013; Walker et al., 2013; Wei and
Berman, 2018). The specific site of connectivity impact, i.e. hippocampal-occipital lobe
connectivity increasing with less time since menarche, was unexpected. Despite this effect
being unexpected, it is notable that both the hippocampus and occipital lobe are major sites
of neuroprotective effects of estrogens (Diaz Brinton et al., 2000); as a result, this
connectivity may reflect the added benefit of neuroprotection in the CHR group. This
finding suggests that the estrogens may maintain more normative connectivity prior to the
early reductions in hippocampal volume (Vargas et al., 2018), but that later menarche may
be occurring after volume reductions have resulted in abnormal connectivity.

Time since menarche did not relate to increased hippocampal connectivity, as expected, in
the current analyses. Given the results in the age of menarche analyses, these data suggest
that the impact on hippocampal connectivity may be specific to the timing of menarche (age
at menarche) and not the time since menarche. This finding is in contrast with previous work
by Maric et al. (2005), who found that the cumulative effect of estrogens — as measured by
bone density- suggested that the cumulative effect of estrogens was reduced in the first
episode of psychosis. There are, however, many notable differences between these
approaches that may account for this inconsistency. First, it remains possible that, beyond
hippocampal connectivity, the cumulative effect of estrogens may relate to early psychosis in
other ways (Maric et al., 2005). Second, the cumulative effect of estrogens may reflect both
levels and duration of estrogen availability, rather than the duration that estrogens are
available only. In fact, Maric et al. (2005) controlled for time since menarche and current
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age in their reported analyses, and so variance related to the time since may be accounted for
in the nuisance variance potentially reflecting estrogens dose over duration. Finally, time
since menarche may reflect a smaller effect as menarche is a broader measure of a number
of effects related to processes starting at menarche that are often cyclical in nature, rather
than a cumulative effect of levels and duration of estrogen levels as in bone density
measures. Future work should examine approaches that may address questions of duration
and dosage of estrogens in CHR individuals.

In conclusion, the developmental timing of menarche may be a critical feature to the
protective impact of estrogens on hippocampal connectivity. This finding emphasizes the
need to consider disease etiology within a developmental context (Mittal and Wakschlag,
2017; Trotman et al., 2013; Walker et al., 2013), which can be done even with easily
assessed, general metrics of hormonal development (e.g., menarche). This paper also
emphasizes the critical importance of examining biological mechanisms; especially as there
were no main group differences in age at menarche or duration of menarche. This lack of a
group difference in overall menarche may also emphasize that protective factors should be
considered within the context of their potential sites of impact. Indeed, the onset of
menarche may be occurring near the pial of gray matter volume just prior to normative
volume reductions and white matter growth (Giedd et al., 2012, 1999). Additionally, there is
evidence that during this prodromal period individuals at risk for psychosis show excessive
gray matter pruning and abnormal myelination (Insel, 2010; Trotman et al., 2013; Walker et
al., 2013). As a result, the protective effects of estrogens may be interacting with ongoing
disease processes in CHR individuals (as evidenced by the age at scan) to mitigate risk for
psychosis (Trotman et al., 2013).

Taken together, the current analyses emphasize the importance of timing of menarche, but
there are still a number of limitations in the current approach. The current study did not
gather information regarding subject’s current stage of menstrual cycle, features of the
menstrual cycle (e.g., duration, regularity), or current peripheral hormone levels, which may
have an impact on hippocampal connectivity differences (Gould et al., 1990; Lisofsky et al.,
2015; Sato et al., 2007; Woolley, 1998). As a result, the current variables should be
considered a developmental proxy for hormone levels and caution should be used in
attributing these effects to estrogens or hormone levels specifically. Future studies may
benefit from larger sample sizes to address questions of cycle stage, estrogen cycle features,
along with other factors that may influence estrogen (e.g., body mass index) and relations to
symptoms. It is important to note, however, that the CHR group itself is largely defined by
the presence of positive symptoms; as a result, one can assume that the effects of group
reflect differences in the positive symptom domain with respect to age at menarche and
hippocampal connectivity. This assumption may be aided by larger samples (including large
consortium investigations such as ProNET and NAPLS) as well as studies including
estrogen assays that will be invaluable for further elucidating our understanding in this area.
Notably, the current study has a sample size that is similar to or larger than other studies
examining menarche in a psychosis sample but it is smaller than the epidemiological
examination of menarche and psychosis (Cohen et al., 1999; Maric et al., 2005). As a result,
the conclusion of the current study should be replicated in independent samples to ensure
that this effect is robust. Although the examined medications (i.e., birth control and
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antipsychotics) did not impact the magnitude or direction of findings, future studies should
consider examining medication free samples.

It is noteworthy that age at menarche is not specific in terms of timing and availability of
estrogen. Additionally, estrogen may behave differently across development in terms of
neuroprotective effects, and further, other neuroactive factors related to menarche including
progesterone and the insulin-like growth factor system may also contribute to alterations in
connectivity. As a result, these results could be considered preliminary, and at best, reflective
of ovarian hormones more broadly. Future studies should also examine specific assays
across multiple hormones/neuroactive factors and multiple stages of adolescence, which
would inform us of the particular impact of menarche. For now, the current paper is the first
to suggest that there is promising signal in this area that should inspire sorely needed future
research in this area.

The current study also highlights a number of potential effects that the current sample is not
well suited to examine. Future studies should examine whether estrogen cycle hippocampal
synaptogenesis has lasting impacts on hippocampal connectivity. Given that the
synaptogenesis effects of estrogen occur cyclically, future studies should measure changes in
hippocampal connectivity longitudinally within an individual over multiple points in their
estrogen cycle. In addition to examining multiple points in the cycle, future studies should
examine multiple sites of estrogens action. Although the current study focused on the
hippocampus as a candidate site of mechanism, there are a number of sites of estrogens
effect, which should be explored in future studies with larger sample sizes. Additionally,
despite the age at scan and age at menarche analyses accounting for variance related to the
other variable, it did not illuminate a potential role of estrogens as protective factors on
hippocampal connectivity over age. Future studies should consider examining individuals
longitudinally to increase sensitivity to the impact of menarche on hippocampal
connectivity.
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Highlights

. Hippocampal dysconnectivity appears to be present in the prodromal period
prior to onset of psychosis.

. Earlier availability of estrogens may have neuroprotective effects on
hippocampal plasticity in individuals at clinical high risk for psychosis.
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Figure 1.
Hippocampal Connectivity Related to Age at Scan by Risk Group: A. Depicts the Superior

Frontal Gyrus/Frontal Pole and Ventral Medial Prefrontal Cortex (VMPFC) Cluster where
Hippocampal connectivity varies by Group and Age B. Depicts the interaction in
connectivity with controls and CHR fit with separate lines
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Figure 2.
Hippocampal Connectivity Related to Age of Menarche by Risk Group: A. Depicts the

Occipital Cluster where Hippocampal connectivity varies by Group and Age at Menarche B.
Depicts the interaction in connectivity with controls and CHR fit with separate lines
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