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Abstract

Estradiol is known to play an important role in the developing human brain, but little is known on
the entire network of potential regions which might be affected and on how these effects may vary
from childhood to early adulthood, which in turn can explain sexually differentiated behaviors.
Here we examined the relationship between estradiol, cortico-amygdalar structural covariance, and
cognitive or behavioral measures typically showing sex differences (verbal/spatial skills, anxious-
depressed symptomatology) in 152 children and adolescents (6—22 years old). Cortico-amygdalar
structural covariance shifted from positive to negative across the age range. Estradiol was found to
diminish the impact of age on cortico-amygdalar covariance for the pre-supplementary motor area/
frontal eye field and retrosplenial cortex (across the age range), and for the posterior cingulate
cortex (in older children). Moreover, the influence of estradiol on age-related cortico-amygdalar
networks was associated with higher word identification and spatial working memory (across the
age range), as well as higher reading comprehension (in older children), but did not impact
anxious-depressed symptoms. There were no significant sex effects on any of the above
relationships. These findings confirm the importance of developmental timing on estradiol-related
effects and hint at the non-sexually dimorphic role of estradiol-related cortico-amygdalar structural
networks in aspects of cognition distinct from emotional processes.

Keywords
Estrogen; Structural Covariance; Cognition; Puberty; Adolescence

INTRODUCTION

The amygdala and cortex undergo significant structural changes during critical
developmental periods when there is a rise in steroid hormones, such as the prenatal and
pubertal periods. In particular, endocrine disruption related to prenatal stress may influence
amygdalar volumetric properties (1, 2) as well as alter behavioral outcomes such as
aggression levels (3). Many steroid hormones may play an important role in brain
development during these developmental periods, including but not limited to estrogens,
androgens and corticosteroids (4). Here we are focusing on effects associated with the most
potent estrogenic hormone, 17-beta estradiol during the transition from childhood to young
adulthood (5). The amygdala appears to exhibit significant estradiol-related growth and sex
differentiation during the pubertal and postpubertal periods in animal models (6, 7), and
structural brain studies in human amygdalar volumes are related to estradiol levels during
puberty (8). In addition to this role in modulating the structure of the amygdala, estradiol is
thought to play a key role in sex-specific corticogenesis (9). For example, cortical decreases
in gray matter volume have been associated with increasing estradiol levels across
adolescence (8). These effects of estradiol on brain structure appear to play an important
functional role, particularly during puberty (5, 10).

Structural covariance is a way to examine how different brain regions may follow similar
developmental trajectories. The extent to which morphology in one brain region correlates
with the morphology in other brain regions (i.e. covariance patterns) is thought to reflect
underlying anatomical connectivity (32, 33) as well as functional changes in brain networks
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(2, 3). Cortical thickness is a component of cortical volume and, compared to the latter, is
thought to be more closely related to the morphometry of cortical columns (31). Because of
this, our group studied covariance patterns between the amygdala and whole-brain cortical
thickness and found that amygdalar volume was inversely correlated with the thickness of
several cortical regions involved in emotion regulation during childhood and adolescence (4,
5).

In addition, we have also described cortico-amygdalar and cortico-hippocampal structural
networks associated with androgens such as dehydroepiandrosterone (DHEA) and
testosterone (6-11). Together, these studies have contributed to the validation of steroid-
sensitive structural covariance as a developmental marker relevant to cognition and behavior.
For example, we found specific effects of testosterone on prefrontal-amygdalar and
prefrontal-hippocampal structural covariance patterns that in turn predicted higher
aggression and lower executive function, especially in boys (7, 9). In contrast, DHEA-
related effects on cortico-amygdalar and cortico-hippocampal structural networks were
associated with an optimization of cortical functions, i.e. better attention/working memory,
particularly for visual information necessary for reading and writing (6, 11).

While we showed these effects to be independent from estradiol levels, the question remains
as to whether estradiol would in itself impact structural covariance networks and if so,
whether these effects would be sex-specific and overlap with those of testosterone. The latter
is a definite possibility, since testosterone can be converted to estradiol by the enzyme
aromatase both in the periphery and in the CNS, and is present at high levels in the
amygdala (12, 13) and the cortex (14-16). In turn, DHEA is a precursor androgen hormone
that can be eventually converted to testosterone and estradiol through a series of rate-
limiting steps (17).

As such, estradiol may have effects on structural networks and cognition that are quite
similar to those of testosterone and/or DHEA. However, given the specificity of estrogen-
receptor signalling (18), estradiol is also likely to have effects on structural networks and
cognition that are distinct from those of other steroid hormones, even though similar
cognitive domains may be impacted. While there is prior evidence supporting the notion that
effects of estradiol on cortico-amygdalar networks could lead to alterations in emotion
regulation (19), spatial (20-22) and verbal skills (23-25), it is unclear whether estradiol
relates to cognitive function in a way that is independent from emotional processes.

In sum, we are interested here in examining whether estradiol may regulate the structural
relationship between the amygdala and the cortex, i.e. cortico-amygdalar structural
covariance. We also tested whether estradiol-regulation of cortico-amygdala structural
covariance may be associated with development of sexually-differentiated behaviors, such as
anxious-depressed symptoms (as girls generally present higher levels of anxiety and
depression compared to boys), as well as verbal (for which girls typically outperform boys)
and spatial (for which boys typically outperform girls) skills (31-35). Because of the
potential functional lateralization of the amygdala with regards to language processing, left
and right amygdala were tested separately. Of note, estradiol-related cortico-hippocampal
structural covariance is examined in a separate paper (under revision). We used data from the
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National Institutes of Health MRI Study of Normal Brain Development (NIHPD), a multi-
site project that provides a normative database to characterize healthy brain maturation. The
current study included 152 typically developing boys and girls matched for pubertal stage, 6
to 22 years old, with children followed from 1-3 times with repeated measurement of
hormonal, cognitive and neuroimaging data every 2 years.

First, we tested for associations between estradiol and cortico-amygdalar structural
covariance. Second, we examined the relationship between estradiol-related cortico-
amygdalar covariance and internalizing behaviors (as measured by the Child Behavior
Checklist (CBCL) Anxious-Depressed sub-scale (36), as well as visuo-spatial (as measured
by the Cambridge Neuropsychological Test Automated Battery (CANTAB) test for Spatial
Working Memory (37)), and language skills (as measured by the Woodcock-Johnson (WJ)
tests for Letter-Word Identification and Passage Comprehension (38-40)). Age and sex
effects were also considered. Finally, we tested whether the relationship between estradiol
and cognition was mediated by cortico-amygdalar structural covariance. We hypothesized
that: (1) estradiol would be significantly associated with developmental changes in the
structural covariance between the amygdala and prefrontal as well as temporal regions
implicated in emotion regulation as well as verbal and spatial skills; and (2) estradiol-related
structural brain networks would favor the development of non-verbal spatial abilities over
that of language abilities, as well as decrease the frequency of anxious-depressed symptoms
across the age range examined.

METHODS AND MATERIALS

Sampling and Recruitment

In the context of the NIHPD study, 433 participants were recruited across the United States
with a population-based sampling method seeking to achieve a representative sample in
terms of income level and ethnicity (41). All experiments on human participants were
conducted in accordance with the Declaration of Helsinki. All procedures were carried out
with the adequate understanding and written parental consent, as well as assent of the
participants (or consent, if >=18 years old). Participants underwent repeated magnetic
resonance brain imaging (MRI) every 2 years. For the participants included in this study, age
at first visit was between 6 and 18 years old, with each child then followed longitudinally for
a maximum of 3 visits, over the course of 4 years (i.e. full age range 6-22 years). The
sample was limited to developmentally healthy children with English speaking parents.
Rigorous exclusion criteria included perinatal factors known to disrupt brain development,
such as maternal smoking, drinking or drug use during pregnancy, obstetric complications,
physical/medical or growth characteristics such as low height/weight, and history of
neurological disorders or abnormal neurological exams. Behavioral/psychiatric assessments
excluded any children with a current or past treatment for language disorder (simple
articulation disorders not exclusionary); and a lifetime history of Axis | psychiatric disorder
(except for simple phobia, social phobia, adjustment disorder, oppositional defiant disorder,
enuresis, encopresis, nicotine dependency) were excluded from the study. Additional details
are described elsewhere (41).
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Because 1) there is a predominance of anovulatory -as opposed to ovulatory- cycles
throughout adolescence (42); and because (2) estradiol levels follow a different trajectory in
anovulatory vs. ovulatory cycles (43, 44), we aimed to increase sample homogeneity by
restricting our analyses to girls with pubertal stage of 4 or less -thereby excluding older
adolescents and young adults with pubertal stage 5 and a predominance of ovulatory cycles
(see section Hormonal and Pubertal Measures for more details). To match the male sample
to the female sample with regards to pubertal stage, we also restricted the sample to boys
with pubertal stage of 4 or less. In addition to this criterion, we excluded MRI scans that did
not meet strict quality control procedures (as described in detail in Method section
Neuroimaging Measures), as well as scans with no paired hormonal measurements or
behavioral parameters. The final sample included 152 participants for hormonal-related
analyses (203 scans) and 149 participants (191-196 scans) for cognitive analyses, depending
on data available for each cognitive test (age range 6-22 years old, see Table 1 for more
details). Males and females were matched on pubertal stage. As a result of quality control
procedures and missing data, the resulting sample represents a mix of cross-sectional and
longitudinal data points (some subjects with only 1 data point, others with up to 3 data
points).

Neuroimaging Measures

A three-dimensional T1-weighted (T1W) Spoiled Gradient Recalled (SPGR) echo sequence
from 1.5 Tesla scanners was obtained on each participant, with 1mm isotropic data acquired
sagittally from the entire head for most scanners. In addition, T2-weighted (T2W) and
proton density-weighted (PDW) images were acquired using a two-dimensional (2D) multi-
slice (2mm) dual echo fast spin echo (FSE) sequence.

Fully automated analysis of whole-brain cortical thickness was done through the CIVET
pipeline, developed at the Montreal Neurological Institute (MNI). First, a multistage quality
control process was implemented, as described previously (17, 19, 28), excluding
participants with white or gray matter artifacts. All quality-controlled MR images were
subsequently processed through the CIVET pipeline. Briefly, images were linearly registered
to the ICBM152 template (45-47), corrected for intensity nonuniformity (48), and classified
into gray matter, white matter and cerebrospinal fluid, and background using a neural net
classifer (INSECT) (49). Next, images were fit with a deformable mesh model to extract the
2D inner (WM/GM interface) and outer (pial) cortical surfaces for each hemisphere, which
generates 40 962 cortical points on each hemisphere (50-53), before doing a non-linear
registration of both cortical surfaces for each hemisphere to the ICBM152 (47, 53, 54). Next,
the reverse of the linear transformation was applied on the images of each subject to achieve
cortical thickness estimations at each cortical point in the subject’s native space (55), before
calculating cortical thickness (56) at each cortical point (57). A comprehensive description
of these processing steps can be found in previous publications (17, 19, 28, 41).

Volumetric measures of the amygdala were obtained from MRI data using a fully automated
segmentation method validated in human participants (58). This method utilizes a large MRI
dataset (n = 80) of young healthy adults that serves as a template library for manually-
labeled amygdalar volumes (59). The manual segmentation was done by four different
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raters, and intra-class intra-rater and inter-rater reliability varied between r=0.83 for the right
and r=0.95 for the left amygdala (60). From this manual segmentation, a fully automated
method was derived, characterized by label fusion techniques that combine segmentations
from a subset of ‘n” most similar templates. Specifically, each template is used to produce an
independent segmentation of the participant using the ANIMAL pipeline (61), followed by a
thresholding step to eliminate cerebrospinal fluid, which results in ‘n’ different
segmentations. To fuse the segmentations at each voxel, a voting strategy is used; the label
with the most votes from the ‘n’ templates is assigned to the voxel. Combining multiple
segmentations minimizes errors and maximizes consistency between segmentations. When
using n = 11 templates, the label fusion technique has been shown to yield an optimal
median Dice Kappa of 0.826 and Jaccard similarity of 0.703 for the amygdala (58). Of note,
even though the template library of manually labeled amygdalar volumes consisted of data
from healthy young adults, using the ANIMAL pipeline combined with this template library
results in a method fairly resistant to developmental volumetric deviations (particularly for
ovoid structures such as the amygdala), as shown by its high Dice Kappa and Jaccard
similarity values (58). In addition, previous comparisons between pediatric and adult
structural MRI brain templates detected no systematic bias in comparisons between adults
and children over 6 years of age in our NIHPD dataset (62).

Hormonal and Pubertal Measures

During each MR visit, children provided two separate 1-3 cm3 samples of saliva, collected
in the lab on the day of the scan, by instructing the subject to spit saliva into the tubes using
a plastic funnel, before any scanning or neurocognitive procedures. Subjects were asked to
continue to spit until at least 2-3 cc of saliva were collected (duration of sampling:
approximately 1 min or less). These samples were subsequently assayed for steroid
hormones by enzyme-linked immunosorbent assay (ELISA) methods, and the average
results used as a measure of hormonal levels. The intra-assay and inter-assay coefficients of
variation (COVs) were 4.1% and 9.1% for estradiol, 6.5% and 16.2% for DHEA, and 6.1%
and 13.5% for testosterone, respectively (Salimetrics Salivary ELISA Kit, State College,
PA). At the next MRI, a similar procedure was followed, and the child again provided two
separate saliva samples for hormonal measurements. All available longitudinal hormonal
measurements were included (with a maximum of 3 hormonal measurements, every 2 years,
over the course of 4 years, for each individual child); however, because of the constraints of
missing or poor-quality data that did not allow hormonal quantification, the resulting sample
represents a mix of cross-sectional and longitudinal data.

Salivary sampling measures the unbound, biologically active portions of circulating
hormonal levels, which freely crosses the blood-brain barrier and is therefore more relevant
to studies of brain-hormone associations than total plasma hormonal levels (63, 64).
Estradiol levels have been shown to follow diurnal patterns in response to the pulsatile
release of gonadotropin-releasing hormone, with the trough occurring at different times
depending on the sex of the child (65, 66). Other steroid hormones have been shown to
exhibit seasonal patterns to a certain extent (67), although up to now there has been no
conclusive evidence of this phenomenon for estradiol during puberty. Still, to avoid the
confounding effects of sex, season (coded as a categorical variable: spring, summer, fall,
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winter), and time of collection (minutes after midnight) on hormonal levels, we have
controlled for these variables in hormonal-related analyses (see Statistical Analyses and
Table 2).

Pubertal maturation was measured using the Pubertal Development Scale (PDS), which was
administered by a physician to all participants included in this study, at each visit (68). This
scale has been shown to have good reliability (Cronbach’s alpha coefficient: 0.77) (68). In
addition, moderate to high correlations (r2=0.61-0.67) between PDS scores and physical
examinations by a physician (i.e. the gold standard test for pubertal staging) have been
reported, thereby establishing the validity of this scale (69). The PDS rates on a 4-point scale
(1=no development to 4= development completed) the amount of change or development in
five physical pubertal characteristics (pubic hair growth, skin changes, growth spurt, as well
as facial hair and voice deepening in boys, and breast development and menarcheal status in
girls). The total score was calculated by taking the sum of the five indicators and dividing by
5, to preserve the original 4-point metric (70). Total scores from the PDS were then
converted to a puberty variable consisting of 5 stages, representing increasing levels of
physical maturity similar to Tanner staging. The following recommended cut-offs (71) were
used: Prepubertal (stage 1) = 0 to 1.7; Early Pubertal (stage 2) = 1.8 — 2.4; Midpubertal
(stage 3) = 2.5 — 3; Late Pubertal (stage 4) = 3.1 — 3.6; Post pubertal (stage 5)= 3.7 — 4. As
mentioned previously, we restricted the sample to data points collected in girls and boys
with pubertal stage of 4 or less. No data points were included beyond pubertal stage 4. We
found that excluding all girls who have had menarche was overly restrictive, as girls who are
pubertal stage 4 or less tend to have anovulatory rather than regular, ovulatory menstrual
cycles (72). At least half of the menstrual cycles in the 2 years post-menarche can represent
anovulatory cycles, and it can take up to four years post-menarche for 90% of the menstrual
cycles to be regular, though anovulatory cycles can still occur (72). Of note, pubertal stage
does not match with chronological age, and some adults never reach pubertal stage 5 (73).
All longitudinal pubertal measurements were included whenever available, and attempts
were made to collect and include this data in statistical models for each child during each of
their visits.

Cognitive Measures

Cognitive measures were administered each time the participant underwent a scan, and by
extension, each time hormonal measures were collected. We measured: (1) anxious and
depressed symptoms using the Child Behavior Checklist (CBCL) Anxious-Depressed sub-
scale, which measures the frequency of anxious and depressed symptoms in the past 6
months via parental report; (2) verbal and language skills using the Woodcock-Johnson (WJ)
Letter-Word Identification and Passage Comprehension tests, which features word
identification skills and the understanding of written text, respectively (38-40); and (3) non-
verbal spatial skills using the Cambridge Neuropsychological Test Automated Battery
(CANTAB) Spatial Working Memory test, which features use of self-guided spatial search
strategies and mental manipulations of spatial cues (37).

The CBCL is an age-appropriate standardized questionnaire completed by parents (74-77),
and its Anxious-Depressed sub-scale is a clinically useful way to assess both depressive and
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anxious symptoms in children and adolescents (36). This sub-scale is a reliable measure
with high stability over time (8-day test—retest reliability is 7= 0.82, Cronbach’s a = 0.84;
12- and 24-month stabilities are 7= 0.68 and r= 0.56, respectively) (78), has been validated
in multiple cultures (74-77), and has been found to correlate with the diagnosis of
adolescent depression (76, 79). The adult version of CBCL, the Young Adult Self Report
(YASR) A/D syndrome provides similar information in subjects over 18 years of age, but is
based on self-report rather than parental ratings (78).

The WJ is a cognitive battery measuring intelligence level and learning capacities, which
uses interpretative scaling to predict how the individual would perform similar tasks in real-
life, functional settings (38—40). It has been validated on large pediatric populations, with a
median reliability coefficient of 0.9 for tests relating to verbal comprehension (38-40). The
W.J Letter-Word Identification, and Passage Comprehension tests were selected (in contrast
to other verbal items such as Spelling and Writing) because they directly test language skills
without involving motor skills.

The CANTAB is a computerized battery that includes only nonverbal geometric designs or
simple shapes, with minimal required language proficiency (37). The validity of the
CANTAB for assessing brain-behavior relations in adults has been established, and results of
tests in pediatric populations showed that children can be tested with the same item sets that
are employed in adult studies (37). Reliability is high in pediatric populations (internal
consistency coefficients=0.73 for reaction time, and 0.95 for performance on the spatial
working memory test), and construct validity has been established in pediatric populations
(37).. The CANTAB Spatial Working Memory subtest was selected (specifically, the
CANTAB: Spatial working memory subtest, ‘use of strategy’), as opposed to other spatial-
related items such as the Spatial Recognition Memory and Spatial Memory Span, because of
its emphasis on self-guided and strategic spatial search (for which men typically outperform
women), as opposed to reliance on spatial reference memory (for which women typically
outperform men) (1).

There is a large literature documenting the existence of a gap between children from low and
high socio-economic status (SES), with children with low SES backgrounds performing
below children from higher SES backgrounds on tests of intellectual and academic
achievement as well as emotion regulation (81, 82). To control for potential confounding
effects of SES on intellectual and emotional development, we included SES as a control
variable in all analyses related to cognition. SES was measured as a function of adjusted
family income levels, according to methods established by the Department of Housing and
Urban Development (HUD), which consider regional cost of living and family size. These
“HUD-adjusted” incomes better equate income across sites and regions, thus providing a
more meaningful indicator of socioeconomic status than unadjusted family income levels
(83).

Statistical Analyses

Statistical analyses were done using SurfStat (Matlab toolbox: http://www.math.mcgill.ca/
keith/surfstat/) and SPSS 21.0 (SPSS, Inc., Chicago, Illinois). Mixed effects analyses were
used to take into account the within- and between- individual variances in this longitudinal
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sample, which allows the modeling of the trajectory of brain structural changes within a
single child (within-individual) as well as the cumulative trajectory of the group of children
over time (between-individuals), allowing for random variation of slopes between different
subjects. For all analyses, we examined structural covariance between whole-brain CTh and
both the right and left amygdalae. In the mixed effects models, all continuous variables were
centered using their respective means. A correction for multiple comparisons across the
whole brain, using random field theory (RFT, p<0.05), was applied to all analyses (84). RFT
has been deemed to be preferable to a Bonferroni correction when handling neuroimaging
data, and is widely used in the neuroimaging literature (85).

Estradiol-Related Cortico-Amygdalar Structural Covariance—To be more
conservative, no a priori region of interest was identified for this section of the analyses,
given the scarcity of the data available on estradiol-related cortico-amygdalar structural
covariance. These mixed effects models were used to examine, first, the relationship
between estradiol and amygdalar volume; then, the relationships between estradiol and
whole-brain, native-space cortical thickness (CTh), and finally, the relationship between
estradiol and covariance of the amygdala with CTh, controlling for the effects of age, sex,
total brain volume, scanner, handedness, and time of salivary sampling. The primary
statistical model of interest that was tested was:

Whole-brain CTh = 1 + Estradiol*Amygdala + Estradiol+Amygdala + Collection
Time + Age + Sex + Scanner + Handedness + Total Brain Volume + id + |

Where “id” refers to the random effect of a specific participant’s identification number in
order to identify and link all longitudinal data from the same participant, “/’ refers to the
identity matrix of the mixed effects model.

To examine associations between estradiol and structural covariance of the amygdala, we
examined the interaction term ‘Estradiol*Amygdala’ on whole-brain cortical thickness,
while controlling for all of the covariates described above. Because age, sex, and pubertal
effects may also impact the relationship between estradiol and cortico-amygdalar structural
covariance, we also tested the triple interactions ‘Estradiol*Amygdala*Age’,
‘Estradiol*Amygdala*Sex’, and ‘Estradiol*Amygdala*Puberty’, as well as quadruple
interactions looking at ‘Estradiol*Amygdala*Age*Sex’;

‘Estradiol* Amygdala*Puberty*Sex’ effects, for significance.

In order to limit the number of control variables per model, additional separate models were
conducted to examine any distinct effects of estradiol above and beyond other covariates
(i.e., its precursor hormones DHEA and testosterone, pubertal stage, body mass index, and
season of collection), by entering each of these covariates, one at a time, in separate models.
Statistical models are summarized in Table 2.

Cortico-Amygdalar Structural Covariance and Cognition—To examine
associations between estradiol-related cortico-amygdalar structural covariance and
cognition, we averaged CTh of each brain cluster found to be significant in the estradiol-
related cortico-amygdalar structural covariance models and examined the impact of cortico-
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amygdalar covariance on cognitive measures, while controlling for age, sex, total brain
volume, scanner, and handedness. The statistical model that was tested was:

Cognitive Scores = 1 + CTh* Amygdala* Age + CTh* Amygdala + Amygdala* Age + CTh* Age + CTh
+ Amygdala + Age + Sex + Scanner + Handedness + Total Brain Volume + random (id) + I

Where CTh refers to average cortical thickness of the brain regions found to be significant in
the estradiol-related corticol-amygdala structural covariance models, “id” refers to a specific
participant’s identification number in order to identify and link all longitudinal data from the
same participant, “/’ refers to the identity matrix of the mixed effects model.

In addition, because socioeconomic status has been previously shown to predict emotional
and cognitive development (81, 82) as described in Method section Cognitive Measures, the
same model was retested including SES as a control variable.

Mediation Effects of Cortico-Amygdalar Structural Covariance—\We tested
whether cortico-amygdalar structural covariance (covariance between the brain areas
identified in the Estradiol-Related Cortico-Amygdalar Structural Covariance analyses and
left/right amygdalar volumes) could mediate the relationship between estradiol and working
memory, based on data collected within the same time point. First, we extracted the beta
coefficients and standard errors for the relationship between estradiol and cortico-amygdalar
covariance. Similarly, we extracted the beta coefficients and standard errors of the
relationships between cortico-amygdalar covariance and the different cognitive tests. Beta
coefficients and standard errors were then entered in the Sobel-Goodman test calculator to
test mediation effects (http://quantpsy.org/sobel/sobel.htm).

To test mediation and moderation effects we used the Baron-Kenny criteria augmented by a
formal Sobel’s test. This approach treats each relationship (between predictor and
moderator, and then between moderator and outcome) separately, allowing us to model both
the cross-sectional and longitudinal component of the data (i.e., with multiple scans per
participants and different number of scans per participant). The same set of control variables
(as listed in Methods, 2.5.1) was used for the mediation analyses.

Sample Characteristics

Table 1 details sample characteristics, including number of scans and covariates of interest.
The sample included 152 participants (female=65) and 203 scans (female=78), with an age
range of 6 to 22 years (mean = 11.91-13.99 years, SD = 3.13-3.93 years). Figure 1 shows
estradiol levels by pubertal stage and by age. Samples below the lower limit of detection
(LOD; 1*107-5 ug/dL) were excluded from our analyses. The minimum estradiol level in
our restricted sample was 2.13 ug/dL, with the majority of estradiol values between 5-20
ug/dL, for both boys and girls.
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Estradiol-Related Cortico-Amygdalar Structural covariance

As shown in Figures 2, 3 and 4, whole-brain linear mixed models revealed an age effect on
the relationship between estradiol levels and the structural covariance between left, as well
as the right amygdala and the following brain regions (statistics for the
‘Estradiol*Age*Amygdala’ interaction listed below):

1)

2

3

CTh of the left pre-supplementary motor area and frontal eye field (Brodmann
area 8, left amygdala: r (for the age interaction)=3.4 x 10-1, SE=8.4 x 10-2,
RFT cluster-level p (controlled for multiple comparisons across the whole
brain)=3.3*10-2, peak vertex id 28066 [x=-4.5, y=39.8, z=37.1, 70 voxels;
right amygdala: r=3.3 x 10-1, SE=7.0 x 10-2, cluster-level p=4.7*10-4, peak
vertex id 28219 [x=-6.0, y=32.0, z=36.7], 106 voxels)

CTh of the left posterior cingulate cortex (Brodmann area 31, left amygdala: r
(for the age interaction)=2.8 x 10-1, SE=7.1 x 10-2, RFT cluster-level p
(controlled for multiple comparisons across the whole brain)=6.0*10-3, peak
vertex id 30497 [x=—4.3, y=—62.6, z=33.0], 146 voxels; right amygdala: r=3.1 x
10-1, SE=7.3 x 10-2, cluster-level p=5.0*10-4, peak vertex id 31196 [x=-5.9,
y=-61.9, z=40.5], 198 voxels)

CTh of the left retrosplenial cortex (Brodmann area 30, left amygdala: r (for the
age interaction)=3.0 x 10-1, SE=7.2 x 10-2, RFT cluster-level p (controlled for
multiple comparisons across the whole brain)=3.2*10-3, peak vertex id 40624
[x=-9.8, y=—44.3, z=-1.7], 108 voxels; right amygdala: r=3.3 x 10-1, SE=8.2 x
10-2, cluster-level p=2.8*10-3, peak vertex id 38886 [x=—20.3, y=-48.0, z=
-0.3], 123 voxels)

More specifically, age-related changes in cortico-amygdalar structural covariance tended to
switch from a positive covariance in younger children to a negative relationship in older
children. Higher estradiol levels tended to diminish this age effect (a decrease in positive
covariance in younger children and a decrease in negative covariance in older children) for
the left pre-supplementary motor area/frontal eye field and retrosplenial cortex (across the
age range examined) and for the posterior cingulate cortex (only in older children).

Post-hoc probing testing for moderational effects of age on the relationship between
estradiol, amygdalar volumes and cortical thickness showed that:

1)

2)

for the pre-supplementary motor area and frontal eye field, only the effect in
older children was significant (5th age quintile >16 years, for the 3rd quintile of
amygdalar volumes, p=3.98*10-2);

for the posterior cingulate cortex, both the effects in younger children and older
children were significant (1st quintile 6-<8 years, for the 3rd-5th quintiles of
amygdalar volumes, p<0.00001; 2nd quintile 8-<10 years, for the 3rd-5th
quintiles of amygdalar volumes, p<0.00001; 3rd quintile 10->=13 years, for the
3rd-5th quintiles of amygdalar volumes, p=0.0014-0.0051; 5th quintile >=16
years, for the 3rd-5th quintiles of amygdalar volumes, p=0.05-0.0002);
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3) for the retrosplenial area, no single age quintile emerged as significant (all p-
values>0.05).

No other brain region met the threshold for significance (RFT, p<0.05). Adding DHEA,
testosterone, pubertal stage, body mass index, and season of sampling as control variables
(one at a time, to limit decreases in power) did not alter the significance of the findings.
Finally, there were no significant sex or pubertal interactions between estradiol and cortico-
amygdalar structural covariance, i.e. no significant effects of ‘Estradiol*Amygdala*Sex’;
‘Estradiol*Amygdala*Sex*Age’; ‘Estradiol*Amygdala*Puberty’; and
‘Estradiol*Amygdala*Puberty*Sex” on CTh. Of note, we found no significant associations
(age-dependent or otherwise) between estradiol and cortical thickness, or between estradiol
and amygdalar volume. Therefore, estradiol only affects the developmental relationship, or
covariance, between amygdalar volume and the cortical thickness of specific areas of the
frontal, parietal and occipital lobes, rather than the development of any of these brain
structures in isolation.

Cortico-Amygdalar Structural covariance and Cognition

As shown in Figures 2, 3 and 4, we found an age effect on the relationship between
estradiol-related cortico-amygdalar structural covariance and the cognitive tests.
Specifically, we found that age interacted with: (1) the amygdalar-frontal covariance on the
WJ-Letter Word Identification test (interaction with age: left amygdala: r=—3.0 x 10-5,
SE=1.1 x 10-5, p=5.0 x 10-3, right amygdala: r=—3.2 x 10-5, SE=1.1 x 10-6, p=4.0 x
10-3, adjusted for SES: p=2.6*10-2); (2) the amygdalar-posterior cingulate covariance on
the WJ-Passage Comprehension test (interaction with age: left amygdala: r=—8.6 x 10-5,
SE=2.5 x 10-5, p=1.0 x 10-3; right amygdala: r =—1.5 x 10-5, SE=6.0 x 10-6, p=1.2 x
10-2, adjusted for SES: p<0.0001); and (3) the amygdalar-retrosplenial covariance on the
CANTAB Spatial Working Memory test (interaction with age: left amygdala: r=-2.6 x
10-5, SE=8.0 x 10-6, p=2.0 x 10-3; right amygdala: r=—3.5 x 10-5, SE=9.0 x 10-6, p<1.0
x 10-3; adjusted for SES: p=2.6*10-2).

More specifically, the amygdalar-frontal and amygdalar-retrosplenial covariance related to
higher estradiol levels was associated with higher word identification and spatial working
memory across the age range examined, while the amygdala-cingulate covariance related to
higher estradiol levels was associated with higher reading comprehension only in older
children. In contrast, there were no significant age interactions between estradiol-related
cortico-amygdalar structural covariance and the CBCL Anxious-Depressed subscale.

Mediation Effects of Cortico-Amygdalar Structural covariance

As shown in Figure 5, age-related differences in cortico-amygdalar covariance were found to
significantly mediate the age-specific relationship between estradiol and word identification
(age interaction, left amygdala: p=1.6 x 10-2; right amygdala: p=1.3 x 10-2), estradiol and
reading comprehension (age interaction, left amygdala: p=8.8 x 10-3; right amygdala: p=3.3
x 10-2), and estradiol and spatial working memory (age interaction: left amygdala: p=9.9 x
10-3; right amygdala: p=5.1 x 10-3) throughout the age range examined.
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DISCUSSION

Results from this study show age-specific effects on the relationship between estradiol,
cortico-amygdalar structural covariance and cognition. Estradiol was found to diminish the
impact of age on cortico-amygdalar structural covariance for the pre-supplementary motor
area/frontal eye field and retrosplenial cortex (across the age range examined), and for the
posterior cingulate cortex (in older children). Estradiol-related cortico-amygdalar covariance
(i.e. the covariance pattern seen at higher estradiol levels) was associated with higher
performance on cognitive tasks (higher verbal skills and spatial skills), but not to frequency
and severity of anxious-depressed symptoms. There were no significant sex effects of
estradiol on either brain structure or cognition.

Estradiol-related cortico-amygdalar structural covariance networks partially overlapped with
structural covariance networks between the amygdala and fronto-parietal regions outlined in
a prior study (13). However, in contrast to our group’s prior findings regarding cortical-
amygdalar structural networks, estradiol-related cortico-amygdalar covariance was found to
be age-sensitive. Thus, by accounting for estradiol, we are uncovering novel
developmentally-sensitive patterns of cortico-amygdalar covariance. Further, we show that
these estradiol-related structural cortico-amygdalar covariance patterns have functional
relevance as they are associated with significant alterations in cognitive ability. Interestingly,
these results are consistent, at least in part, with prior studies suggesting that estradiol may
be closely associated with the development of long-range white matter tracts and cortico-
limbic functional connectivity (37, 38).

These results confirm the importance of developmental timing on the effects of estradiol, by
outlining specific estradiol-related cortico-amygdalar structural networks during
development that are not traditionally associated with cognitive function. Interestingly, there
were no age interactions between estradiol-related cortico-amygdala covariance and anxious/
depressed symptoms measured with the CBCL, perhaps due to the fact that our sample only
included typically developing children, with relatively little variance in CBCL scores.
Importantly, the data add to the growing literature supporting an important role for the
amygdala beyond that of an emotional processing center, i.e. in the development of verbal
(25-27) and spatial abilities (22—24).

Our observations of an age-related change in the relationship between estradiol, cortico-
amygdalar networks and cognition during the pubertal period are consistent with prior
reports of estradiol’s variable effects during the prenatal and perinatal period (5). For
example, while estradiol is involved in masculinizing the preoptic area during the rat
perinatal period, it induces cell death in the anteroventral periventricular region of the
hypothalamus but prevents cell death in the preoptic area during the rat’s pubertal period. In
addition, the lack of an interaction between estradiol and pubertal stage on cortico-
amygdalar structural covariance suggests that the developmental effects of estradiol may be
modulated, at least in part, by age-related processes independent from the effects of other
pubertal steroid hormones.
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Several mechanisms may underlie these findings. For example, there is evidence of an age-
related variation in the CNS density and distribution of estrogen receptors alpha (ESR1) and
beta (ESR2) (86, 87). ESRZknockout mice display both neuronal hypocellularity and glial
proliferation within cortical and limbic regions, respectively, and carry an increased risk of
age-related neurodegeneration compared with wild-type mice (88, 89). £SRI knockout mice
display comparatively little brain pathology, though some studies have described decreased
hypothalamic volumes in the pre-optic area (90) as well as decreased expression of a
neuronal calcium-binding gene, potentially reflecting neuronal hypocellularity in the frontal
cortex and cerebellum (91). In addition, ESR1 goes from relatively low to high levels in the
human cortex across the age range examined (87), while staying at relatively stable (and
high) levels in the amygdala (92, 93). In contrast, ESR2 tends to show relatively stable, high
expression in the cortex across the age range targeted in this study (87).

Thus, although much remains to be clarified with regards to their actions in the CNS, it is
possible that these differences in estrogen receptor trajectories may have supported more
apoptotic and anti-proliferative actions of estradiol in the cortex of younger children
(dampening the age-related positive covariance between the cortex and the amygdala) and
more neuroprotective actions in older children (dampening the age-related negative
covariance between the cortex and amygdala). Indeed, age was associated with a shift from a
positive to an increasingly negative cortico-amygdalar covariance over time, with younger
children tending to show more positive cortico-amygdalar covariance and older children
tending to show more negative cortico-amygdalar covariance. In contrast, higher estradiol
levels tended to limit or oppose the effect of age within each quintile, such that higher
estradiol levels were associated with a positive —> negative shift in covariance for younger
children, as well as a negative -> positive shift in covariance for older children. Post-hoc
analyses suggest that these age-related effects of estradiol may be more prominent in the
posterior cingulate cortex than in the frontal and retrosplenial cortex. One potential
explanation for this could be the existence of other influences, such as androgen levels, that
can also significantly alter cortical thickness in the posterior cingulate cortex. For example,
our group previously documented competing influences of DHEA and testosterone on
cortical thickness of that area, particularly in younger, pre-pubertal children (19).

Another potential mechanism that may underlie age-specific effects of estradiol is the
variation in membrane-initiated, rapid vs. slower genomic signaling (requiring nuclear
receptor translocation) that occurs with age (97). Neuroprotective actions of estrogens may
predominantly rely on membrane-initiated signaling (98). Thus, age-related shifts in
estrogen signaling may lead to a relatively more prominent effect of rapid estrogen signaling
(and perhaps, neuroprotective effects) in older children (99). Still, our study was not
designed to answer mechanistic questions, and therefore definitive confirmation of the
pathophysiology underlying estradiol-related effects will require further investigation.Our
current findings support the concept that the developmental effects of testosterone and
estradiol on the human CNS can be differentiated from one another. Indeed, our group has
previously found testosterone to be associated with prefrontal-amygdalar and prefrontal-
hippocampal covariance, in regions distinct from those involved in estradiol-related cortico-
amygdalar networks (16, 18). In turn, testosterone-related cortico-limbic structural
covariance predicted aggression levels and lower executive function, particularly in boys
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(16, 18). In contrast, the age-specific effects of estradiol in this study were not found to vary
by sex, and showed no clear masculinization effects, supporting the notion that estradiol
plays a less prominent role in sexual differentiation in humans than in lower animals (100,
101). Together these findings suggest that during puberty, influences other than estradiol
(e.g. androgens) may be involved in brain masculinization in humans (100, 101), and may be
more important in sexual differentiation of cortico-limbic structural covariance.

In fact, estradiol-sensitive neural networks were more similar to those related to DHEA than
those related to testosterone. Indeed, prior studies from our group regarding DHEA-related
structural covariance also showed non-sexually dimorphic relationships between the
amygdala and different areas of the frontal, parietal and occipital areas (6, 11). These areas
did not perfectly overlap with those of estradiol-related networks but are certainly closely
interconnected. These DHEA-sensitive cortico-amygdalar networks were associated with
reading, visual decoding, and visuo-motor abilities, again similar to the effects of estradiol
on verbal and spatial abilities described in the present study.

We have hypothesized that findings from these prior studies supported a beneficial effect of
DHEA on cognition through an inhibition of bottom-up influences, i.e. an inhibition of
amygdalar afferents on cortical function. Similarly, results of the present study support the
notion that estradiol may alter structural brain development in a way that optimizes verbal
and spatial abilities. Thus, estradiol may be conceptualized in this context as a DHEA
‘metabolite’ or ‘end-product’ that may further enhance its beneficial effect on cognitive
function, perhaps by altering the balance between top-down and bottom-up influences.
However, in contrast to DHEA-related effects, which did not interact with age, there is a
shift in estradiol-related structural networks that may be interpreted as increased pruning/
apoptosis in younger children vs. growth/neuroprotective effects in older children.

Interestingly, these opposing structural covariance patterns related to estradiol levels both
predicted higher verbal and spatial skills -albeit at different ages-, highlighting the dynamic
nature of the relationship between brain structure and cognition during childhood and
adolescence. Taking these findings together, one could speculate that: (1) in younger
children, estradiol enhances cognition by inhibiting the effect of amygdalar afferents on
cortical function, perhaps by decreasing the emotional salience of distracting stimuli; (2) in
older children, estradiol enhances cognition by increasing the effect of amygdalar afferents
on cortical function, perhaps by increasing the emaotional salience of relevant stimuli.

A sex difference was not detected, which was unexpected but may be explained by the
methodological approach and the age range studied. The key aim of this study was to assess
estradiol-related cortico-amygdala covariance- thus, because estradiol levels vary widely
across the menstrual cycle at advanced stages of pubertal development when regular cycles
occur (as opposed to a predominance in anovulatory cycles during earlier pubertal stages)
(72), we restricted our sample range to include only participants with pubertal stage 4 or
less. Future studies should examine whether sex differences exist in estradiol-related cortico-
amygdala covariance in individuals at full sexual maturity, as well as how the structural
covariance can differ with endogenous estradiol levels (e.g., across the menstrual cycle, or
pre- post-menopause) and with exogenous administration (e.g., various forms of
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contraception in the reproductive years, as well as the effects of hormone replacement
therapy in post-menopausal women).

Finally, the relationships seen here between estradiol-related structural covariance and
higher verbal and spatial skills are compatible with previous investigations into the
beneficial effects of estradiol on cognition. Indeed, studies of estrogen administration have
reported improved oral reading and overall executive function (102, 103). There may also be
beneficial effects of estradiol on visuospatial perception, retinal sensitivity and smooth
pursuit eye movements (104-107). Interestingly, the latter is regulated by a set of cortical
regions known as the cortical pursuit system, and which includes the pre-supplementary
motor area and frontal eye fields, among other structures (108, 109). Finally, the association
between estradiol-related structural covariance and improved reading comprehension (at
least in older children) replicates other reports of ERT-induced metabolic and cholinergic
activity in the posterior cingulate cortex (110, 111) and ERT-induced improvements in oral
reading (102).

4.1 Strengths and Limitations

Strengths of our study include the large developmental dataset, including the repeated
collection of hormonal, neuroimaging and cognitive data, and the pubertal matching of the
boys and girls in this sample. Because of issues related to missing data and MRI or
hormonal data quality, a significant proportion of the longitudinal data was lost, resulting in
data that is partly cross-sectional and partly longitudinal in nature. Future studies will be
needed to confirm that the developmental effects seen in this study can be replicated within
individuals followed longitudinally across the entire age span of this study (6—22 years old).

Because the CNS has the capacity to produce local amounts of estradiol (5, 10), the question
remains open as to what extent findings of studies examining peripheral estradiol levels (as
measured in this study) can be generalized to those examining CNS estradiol levels. During
fetal life, most of the peripheral production of estradiol is bound to alpha-fetoprotein and
cannot cross the blood-brain barrier (BBB) (112). However, after birth levels of alpha-
fetoprotein drop precipitously, allowing peripheral estradiol to cross the BBB and enter the
CNS during subsequent developmental periods such as puberty (113, 114). Studies
comparing peripheral and central estradiol levels showed significant correlations between
estradiol levels in plasma, cerebral cortex, cerebellum, spinal cord and sciatic nerve (115),
supporting the concept that peripheral estradiol levels can represent a valid approximation of
CNS levels and in turn, may have functional relevance in the context of brain-hormone
studies.

An additional concern in hormone-brain association studies is the presence of within- or
between-individual hormonal variation due to confounding factors. In that regard, the lack of
menstrual cycle information (i.e. number of days passed since the last menstrual period)
could be construed as a significant limitation. However, we also know that there is a
predominance of anovulatory -as opposed to ovulatory- cycles throughout adolescence (42).
As such, duration of menstrual cycle varies widely in this population, and many of these
cycles cannot be meaningfully divided into follicular or luteal phases (42), thereby rendering
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any information about the number of days passed since the last menstrual period less
relevant with regards to hormonal levels.

The lack of significant pubertal interactions in the current study does not preclude an
influence of other pubertal hormones on estradiol-related cortico-amygdalar structural
covariance. Rather, it suggests that age, when entered as a continuous variable (6-22 years
old), likely represents a more precise estimate of physical maturation than pubertal staging
(more crudely accounted by 5 stages). Finally, as opposed to prior findings indicating
lateralization of language skills (with left>right amygdala) (25-27), no difference in the
direction of findings was found between structural covariance of the left vs. right amygdala,
though findings related to the left amygdala were, as a whole, more significant than those
related to the right amygdala.

Finally, although the child (CBCL) and adult (YASR) versions of this scale show significant
stability over time, the significant qualitative difference between the parental CBCL ratings
and the self-report required through the YASR represents a limitation and may have
restricted our power to detect age-related effects of estradiol on anxious-depressed
symptoms.

4.2 Conclusions

In this study, we found age-specific effects on the relationship between estradiol-related
cortico-amygdalar structural covariance and verbal/spatial skills, but not anxious-depressed
symptoms. These findings add to our understanding of the complex relationship between
estradiol, brain structure and cognition by confirming the importance of developmental
timing on the CNS effects of estradiol and the non-sexually dimorphic role of estradiol and
cortico-amygdalar structural networks in cognitive functions distinct from emotional
processes. As such, these results support the concept that, as opposed to lower animals,
influences other than estradiol (e.g. androgens) may have a more important impact on sexual
differentiation of the brain in humans.
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FIGURE 1. Variation of estradiol levels by pubertal stage, sex and age.
Because of concerns concerning the unreliability of the ELISA assay at the lower limit of

detection (LOD; 1*10”-5 ug/d), none of the LOD samples was included in our analyses.
The minimum estradiol level in our restricted sample was 2.13 ug/dL, with the bulk of
estradiol values between 5-20 ug/dL, for both boys and girls. Mean age per pubertal stage
are indicated on the scale at the bottom of the figure. Most children matured from pubertal
stages 1-3 between ages 10-15 years old and from pubertal stages 3—4 between 15-20 years
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old. For interpretation of the references to color in this figure legend, the reader is referred to
the web version of the article.

J Neuroendocrinol. Author manuscript; available in PMC 2020 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Nguyen et al.

Mean PreSMA_FEF

0.154

0.10m

L

0.0%

0.00+4

0.059

Page 26

Estradiol 0.15+ Word Identification
B B ow
n O High - E @D ] High
P4
z 0.054 {
g-ﬂ%’mﬂ ? aihd (o]
: i
(s i ik
kel L‘lf- ?; Ll A"'Wdal.] Tge ar®)
Amygdala " gt pge ¢

FIGURE 2. Age-related associations between estradiol, amygdala-frontal structural covariance
and word identification.

Brain figures A (the amygdala is displayed in the dark shaded region) and B (cortical regions
are displayed in dark shaded regions) show the brain regions involved in the significant
‘Estradiol*Amygdala*Age’ interaction, with a focus in this figure on the left pre-
supplementary motor area and frontal eye field (Pre-SMA and FEF). In order to visualize the
interactions between estradiol, age, cortico-amygdalar structural covariance and cognition,
graphs display estradiol and cognitive scores as dichotomous groups and each child’s
longitudinal structural covariance trajectory is not included. Y axis represents residuals for
cortical thickness (averaged over the significant region of the left SMA/FEF). The bars
represent the range of expected cortical thickness residuals for each age bracket (e.g. 7-9
years) based on the parameters obtained from the mixed effect model. Age brackets were
restricted to the ages for which there were the greatest number of data points (approximately
95% of the data were collected between 7-17 years of age, though the full age range of the
sample is 6-22 years old). Note: The data are presented categorically for visualization
purposes, i.e. continuous measures of estradiol, age, cortical thickness, amygdalar volumes,
and cognitive scores were used in all analyses. (Full statistics are provided in the Results,
sections Estradiol-Related Cortico-Amygdalar Structural Covariance and Cortico-
Amygdalar Structural Covariance and Cognition). Data from the left amygdala are shown;
similar results were present for the right amygdala. The lower left panel shows the age-
specific relationship between estradiol and amygdala-frontal structural covariance.
Amygdala-frontal covariance switched from positive to negative with increasing age. Higher
estradiol levels tended to diminish this age effect such that there was a decrease in positive
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covariance in younger children and a decrease in negative covariance in older children. The
lower right panel shows the age-specific relationship between estradiol-related amygdala-
frontal covariance and word identification. The amygdala-frontal covariance related to
higher estradiol levels was associated with higher word identification scores across the age
range examined.
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FIGURE 3. Age-related associations between estradiol, amygdala-posterior cingulate structural
covariance and reading comprehension.

Brain figures A (the amygdala is displayed in the dark shaded region) and B (cortical regions
of interest are displayed in dark shaded regions) show the brain regions involved in the
significant ‘Estradiol*Amygdala*Age’ interaction, with a focus in this figure on the left
posterior cingulate cortex. Similar to Figure 2, modifications were made to the data in order
to visualize the interactions between estradiol, age, cortico-amygdalar covariance and
cognition (see Figure 2 caption for more details). The graph shown in the lower left panel
shows the age-specific relationship between estradiol and amygdala-posterior cingulate
structural covariance. Amygdala-cingulate covariance switched from a positive to a negative
relationship with age (from younger to older children). Higher estradiol levels enhanced this
age effect in younger children, such that there was an increase in positive covariance, and
diminished this effect in older children, with a decrease in negative covariance. The graph
shown in the lower right panel shows the age-specific relationship between estradiol-related
amygdala-posterior cingulate covariance and reading comprehension. The amygdala-
cingulate covariance related to higher estradiol levels was associated with higher reading
comprehension scores in older children, but this effect was reversed in younger children.
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FIGURE 4. Age-related associations between estradiol, amygdala-retrosplenial structural
covariance and spatial working memory.

Brain figures A (the amygdala is displayed in the dark shaded region) and B (cortical regions
of interest are displayed in dark shaded regions) show the brain regions involved in the
significant ‘Estradiol*Amygdala*Age’ interaction, with a focus in this figure on the left
retrosplenial cortex. Similar to Figure 2, modifications were made to the data in order to
visualize the interactions between estradiol, age, cortico-amygdalar covariance and
cognition (see Figure 2 legend for more details). The graph in the lower left panel shows the
age-specific relationship between estradiol and amygdala-retrosplenial structural covariance.
Amygdala-retrosplenial covariance switched from a positive to a negative relationship with
age (from younger to older children). Higher estradiol levels diminished this age effect (such
that there was a decrease in positive covariance in younger children, and a decrease in
negative covariance in older children). The graph in the lower right panel shows the age-
specific relationship between estradiol-related amygdala-retrosplenial covariance and spatial
working memory. The amygdala-retrosplenial covariance related to higher estradiol levels
was associated with higher spatial working memory scores across the age range examined.
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N

Age-related diffferences in
cortico-amygdalar covariance

Age-specific relation between
estradiol & structural covariance structural covariance and cognition
Frontal-AG: b=0.342 SE=0.085 Frontal-AG-Word Identification; b=-0.041 SE=0.018
PCC-AG: b=0.288 SE=0.071 PCC-AG-Reading Comprehension: b=-0.171 SE=0.054
Retrosplenial-AG: b=0.309 SE=0.073 Retrosplenial-AG-Spatial Working Memory: b=-0.012 SE=0.014

Age-specific relation between

Estradiol ce=ecccccccccccaccnaagp Cognition

Sobel-Goodman (formal mediation)

Mediation tests: Age interactions test-statistic | p-value
Estradiol, amygdala-frontal covariance, word identification -2.407 0.016
Estradiol, amygdala-posterior cingulate covariance, reading comprehension -2.619 0.008
Estradiol, amygdala-retrosplenial covariance, spatial working memory 2578 0.009

FIGURE 5. Age-related differencesin cortico-amygdalar structural covariance mediate the
developmental relationship between estradiol and cognition.

The beta coefficients and standard errors are displayed on the left, for the age-specific
relationships between estradiol and cortico-amygdalar covariance, and on the right, for the
age-specific relationship between cortico-amygdalar covariance and cognition. Test statistics
and p-values for the formal Sobel-Goodman mediation tests are displayed in the bottom
right table. Data from the left amygdala are shown; similar results were present for the right
amygdala. AG: Amygdala
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Table 1.
Sample characteristics at each visit.
Visit 1 Visit 2 Visit 3
(n=81, 51M, 30F) (n=64, 36M, 28F) (n=58, 38M, 20F)
M+-SD [freq] (range) M+-SD M+-SD
[freq] [freq]

Age (yrs)

Testosterone (pg/mL)
Estradiol (pg/mL)
DHEA (pg/mL)

Season of sampling
Collection Time (min after midnight)
Pubertal stage
Handedness

Total brain volume (cmd)
Left amygdala (mm3)
Right amygdala (mm3)

11.91+3.13 (6.09-18.13)
97.39£78.90
10.5345.51
93.68+105.82

[10 summer; 71 fall]
670.47+131.89
2.01+1.20
[L=6,R=75]
1309.78+112.79
1087.11+132.73
1102.82+121.23

12.27+3.40 (6.80-19.48)
76.55+51.69
11.35+6.06
157.68+ 149.93
[63 fall, 1 winter]
705.00+121.29
2.31+1.19
[L=6,R=58]
1316.37£118.42
1089.76+134.99
1115.94+123.64

13.99+3.93 (9.09-22.10)
112.92+ 119.91
16.01+10.10
162.37+£139.65
[3 fall, 55 winter]
708.05+113.50
2.57+1.244
[L=6,R=52]
1319.38+137.18
1124.09+135.24
1149.87+132.07

Page 31

Note. Total number of scans=203 (78 females). 109 participants (54 females) were scanned only once, 35 (9 females) were scanned twice, and 8 (2
female) were scanned 3 times. Season of sampling was coded as Spring, Summer, Fall, or Winter. L: left; R: right. DHEA: dehydroepiandrosterone.

J Neuroendocrinol. Author manuscript; available in PMC 2020 April 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Nguyen et al. Page 32

Table 2:
Description of statistical models

M ethods section Statistical model
251 (1) Whole-brain CTh =1 + Estradiol*Amygdala + Estradiol+Amygdala + Collection Time + Age + Sex + Scanner +
Estradiol & Handedness + Total Brain Volume + random (id) + |
Cortico-Amygdalar (2) Whole-brain CTh =1 + Estradiol*Amygdala*Sex + Estradiol*Amygdala + Amygdala*Sex + Estradiol*Sex +
Structural Estradiol +Amygdala + Sex + Collection Time + Age + Scanner + Handedness + Total Brain Volume + random (id) +
Covariance |

(3) Whole-brain CTh = 1 + Estradiol*Amygdala*Age + Estradiol*Amygdala + Amygdala*Age + Estradiol*Age +
Estradiol +Amygdala + Age + Collection Time + Sex + Scanner + Handedness + Total Brain Volume + random (id) +
|

(4) Whole-brain CTh = 1 + Estradiol*Amygdala*Puberty + Estradiol*Amygdala + Amygdala*Puberty +
Estradiol*Puberty + Estradiol +Amygdala + Puberty + Collection Time + Sex + Scanner + Handedness + Total Brain
Volume + random (id) + |

(5) Note that in order to limit the number of control variables per model: models (1), (2), (3) and (4) were retested
while including testosterone, DHEA, pubertal stage, body mass index, or season of sampling as additional covariates
(one at a time, in separate models)

(6) Quadruple interactions were also tested, with terms of interest listed below: ‘Estradiol*Amygdala*Age*Sex’;
‘Estradiol* Amygdala*Puberty*Sex’

252 (1) Given significant results with the ‘Estradiol*Amygdala*Age’ term in section 2.5.2:

Cortico-Amygdalar Cognitive Scores = 1 + CTh*Amygaala*Age + CTh*Amygdala + Amygdala*Age + CTh*Age + CTh + Amygdala +
Structural Age + Sex + Scanner + Handedness + Total Brain Volume + random (id) + 1

Covariance & (2) Model (1) was also retested while including socioeconomic

Cognitive Tests status as an additional covariate

253 (1) Beta coefficients and p-values extracted from section 2.5.1

Mediation (2) Beta coefficients and p-values extracted from section 2.5.2

(3) Beta coefficients and p-values from (1), (2) and (3) were extracted from existing analyses, and entered in the
Sobel-Goodman test calculator to formally test mediation effects of scans per participant (see ‘Methods”)

The specific statistical term of interest is underlined in each model; the rest of the terms represent control variables.

‘id” refers to a specific participant’s identification number: this term is included in order to identify and link all longitudinal data from the same
participant

‘I’ to the identity matrix of the mixed effects model

‘CTh’ in section 2.5.2 refers to average cortical thickness of the brain regions found to be significant in section 2.5.1
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