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Abstract

Peripubertal females are at elevated risk for developing affective illness compared to males,

yet biological mechanisms underlying this sex disparity are poorly understood. Female risk for
depression remains elevated across a woman’s reproductive lifespan, implicating reproductive
hormones. A sensitivity to normal hormone variability during reproductive transition events (e.g.,
perimenopause) precipitates affective disturbances in susceptible women; however, the extent of
hormone variability during the female pubertal transition and whether vulnerability to peripubertal
hormone flux impacts affective state change in peripubertal females has not been studied. 52
healthy peripubertal females (ages 11-14) provided 8 weekly salivary samples and mood ratings.
10 salivary ovarian and adrenal hormones (e.g., estrone, testosterone, dehydroepiandrosterone
(DHEA)) were analyzed weekly for 8 weeks using an ultrasensitive assay to characterize the
female peripubertal hormone environment and its association with affective state. Hormone
variability indices, including standard deviation, mean squared and absolute successive differences
of the 8 weekly measurements were analyzed by menarche status. Within-person partial
correlations were computed to determine the strength of the relationship between weekly change
in hormone level and corresponding mood rating for each participant. As expected, results
indicated that hormone variability was greater for post- relative to pre-menarchal females and
with advancing pubertal development, yet pregnenolone-sulfate and aldosterone did not differ by
menarche status. Mood sensitivity to changes in estrone was exhibited by 57% of participants,
whereas 37% were sensitive to testosterone and 6% were sensitive to DHEA changes. The

present results offer novel evidence that a substantial proportion of peripubertal females appear
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to be mood-sensitive to hormone changes and may inform future investigations on the biological
mechanisms underlying hormone-induced affect dysregulation in peripubertal females.

Graphical Abstract

Method of Characterizing Mood Sensitivity to Hormone Change in Peripubertal Girls
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1. Introduction

The pubertal transition (peripuberty, PT) is characterized by dramatic physical maturation,

refinement of brain morphology, and a rapidly changing reproductive hormone environment.

Peripuberty also marks the beginning of a sex divergence in rates of depression, with
females experiencing over three times more depressive symptoms compared with males

(Angold, 1993; SAMHSA, 2017). Although controlled studies in other reproductive phases,

such as peripartum (Bloch et al., 2000), adult premenstrual phases (Schmidt et al., 2017,

1998) and depression during the menopause transition (perimenopause)(Gordon et al., 2016,

2015) indicate that hormonal flux precipitates affective illness in vulnerable women, the

association of hormone flux and mood has not been studied in the PT. This is in part because

individual differences in the dynamic nature of the hormonal milieu during the PT is yet to
be well characterized.

The PT involves a cascade of hormonal events, beginning with adrenarche (increases
in hypothalamic-pituitary adrenal activity) and production of adrenal androgens (e.g.,
dehydroepiandrosterone (DHEA) and androstenedione (A4)) followed by gonadarche

(reactivation of the hypothalamic-pituitary gonadal axis), which stimulates a rapid increase

in sex steroids (e.g., estradiol (E2) and estrone (E1)) in females and the subsequent
maturation of secondary sex characteristics (Biro et al., 2014). Considerable increases in
average levels of ovarian and adrenal hormones are observed as females progress from

early to mid-puberty and to post-PT, which is ultimately characterized by regular ovulatory

cycling and adult reproductive capacity (Apter, 1980). While adult hormone patterns are
usually evident one year after menarche in Tanner stage 5, post-menarchal females may
have luteal phase insufficiency and lower progesterone than adult women (EImlinger et al.,

2002; Sun et al., 2018; Zhang et al., 2008). That said, a direct relationship between hormone
levels and pubertal stage is elusive, as individual differences in diurnal fluctuation and levels
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necessary to advance pubertal stage make it impossible to identify stage from hormone
levels alone (Fassler et al., 2019). Further, the extent to which these hormones fluctuate
during the PT, and whether peripubertal hormone flux is comparable to what is observed
during other reproductive transitions, has not been elucidated.

Reproductive steroids and their metabolites interact with neurotransmitter systems to
influence the activational and organizational construction of affective neural networks,

thus contributing to emotion and behavior regulation (Schiller et al., 2016; Walker et al.,
2004). The sex disparity in affective illness, first emerging mid-puberty and continuing
throughout the female reproductive lifespan, implicates steroid hormones in vulnerability to
psychopathology (Angold et al., 1999; Schiller et al., 2016). Ovarian hormones (i.e., E2,
E1) have significant regulatory effects on mood, making women more likely to experience
affective symptoms during reproductive events characterized by volatile hormone changes
(Balzer et al., 2015; Schiller et al., 2016).

Previous studies have found associations between estrogen (E1, E2) (Balzer et al., 2015),
and, more consistently, testosterone (T) and depression in adolescent females (Copeland et
al., 2019). Further, along with stimulating the development of pubic and armpit hair and skin
changes, DHEA has been shown to associate with anxiety symptoms and the probability

of developing an anxiety disorder in adolescent females (Mulligan et al., 2020). Despite
proposed relationships between mood and peripubertal hormones, these previous reports are
limited by infrequent hormone collections and cross-sectional study designs that prevent

the examination of mood sensitivity to endogenous peripubertal hormone changes. Thus,
characterizing and differentiating ovarian and adrenal hormone variability during the PT will
have significant implications for the design of future research investigating the influence of
the pubertal hormonal milieu in the manifestation of female-dominated affective illness.

The objectives of this study were to 1) for the first time, characterize the extent to which
ovarian and adrenal hormones fluctuate weekly during the pubertal transition, and 2) explore
the association between weekly changes in E1, T and DHEA and mood symptoms in
peripubertal females. It was hypothesized that the degree of ovarian and adrenal fluctuations
would increase with advancing pubertal status. Our secondary hypothesis was that, in a
proportion of adolescent females, there would be evidence of mood sensitivity to hormone
flux, similar to what has been observed in other female reproductive phases (Gordon et al.,
2020).

2. Methods

2.1 Participants

Adolescents ages 11-14 who were assigned female at birth and were undergoing a healthy
PT were recruited from the local community using flyers, mass email and middle school
online parent communication. Participants were self and parent-reported Tanner Stage 3 or
4, reflecting breast development and pubic hair growth underway but not complete, and pre-
or within one-year post-menarche. Non-English speakers or participants with psychotic or
bipolar disorders, or active suicide ideation were excluded from participation. Parental and
self-report did not indicate any use of herbal and hormonal supplements or contraceptives,

Psychoneuroendocrinology. Author manuscript; available in PMC 2023 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Andersen et al.

Page 4

or medications that are known to alter mood and neurological function (e.g., antidepressants,
stimulants).

2.2 Procedure

Following parental screening to evaluate eligibility, an enrollment session was completed
to assess demographics and pubertal development. An abbreviated Structured Clinical
Interview for DSM-V (SCID) was administered to screen for psychasis or bipolar disorder,
along with self-report questionnaires on mood and stress. Height and weight measurements
were collected to calculate age-corrected BMI (per Centers for Disease Control and
Prevention guidelines), as BMI consistently tracks with pubertal maturation (Bini et al.,
2000). Instructions were provided on best practice for self-collecting saliva samples and
participants were given 8 clearly labeled collection vials. Participants and parents gave
written assent and consent to participate, and participants received a $150 Visa gift card for
compliance. The study protocol was approved by the local institutional review board and
strictly adhered to ethical research standards consistent with the Declaration of Helsinki.
After the first 18 participants, the protocol was modified to reduce participant burden,
including implementing weekly rather than daily mood reports, and early morning hormone
collections to capture the expected peak hormone levels (Hucklebridge et al., 2005; Janfaza
et al., 2006; Kuzawa et al., 2016), rather than at-home visits.

2.3 Salivary hormone assessment and analysis.—Participants used unstimulated
passive drool technique to provide 3mL of saliva into cryovials at the same time each

week for 8 weeks. While the timing of saliva collections was consistent within participant,
18 participants completed saliva collection visits in the afternoon (approximately 3 PM),
whereas the remaining 35 participants collected immediately upon awakening. Participants
were instructed to refrain from drinking (water included) and brushing teeth at least 30
minutes prior, eating one hour prior, and to not visit the dentist within 2 days prior to the
sample collection to prevent contamination and dilution. Saliva samples were immediately
placed in the participant’s home freezer, before being transferred to a -80°C laboratory
freezer every 1-3 weeks and later shipped in batches to ZRT Laboratory (Beaverton, OR)
for analysis. Liquid chromatography- tandem mass spectrometry (LC-MS/MS) was utilized
to ensure the most sensitive and accurate quantification of salivary hormones. Average inter-
assay precision was 10.87% for E2, 7.27% for E1, 9.77% for T, 5.53% for androstenedione
(A4), 7.03% for DHEA, 4.83% for DHEA-sulfate (DHEA-S), 12.10% for 7-keto DHEA,
11.20% for 17-hydroxyprogesterone (17-OHP4), 10.70% for pregnenolone sulfate (pregs),
and 12.77% for aldosterone (aldo), with the average intra-assay coefficitents of variance

as follows: 5.03% for E2, 9.47% for E1, 4.20% for T, 4.70% for A4, 7.27% for DHEA,
2.63% for DHEA-S, 7.47% for 7-keto DHEA, 6.40% for 17-OHP4, 4.57% for pregs, and
4.57% for aldo. Minimum detection limits were 0.24 pg/mL for E2, 0.4 pg/mL for E1, 3.2
pg/mL for T, 1.1 pg/mL for A4, 17.1 pg/mL for DHEA, 0.04 ng/mL for DHEA-S, 26 pg/mL
for 7-keto DHEA, 2.3 pg/mL for 17-OHP4, 1.3 pg/mL for pregs and 3.3 pg/mL for aldo.
Measurements that fell below assay sensitivity were assigned a value that was one-half the
limit of detection. One sample of E2 from a pre-menarchal participant was identified as an
outlier (20.4 pg/mL - 4 times greater and 32 standard deviations removed from the second
highest value (5 pg/mL)) and excluded. 5 samples were missing from 3 post-menarchal
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participants. 18% (76/419) of E2 samples, 8% (34/419) of E1, 10% (43/419) of T, 3%
(13/419) of DHEA, and 5% (22/419) of aldosterone samples were below the detection
limit. One pre-menarchal participant was diagnosed with Swyer syndrome three years after
enrollment and was removed from the analyses (7=52).

2.4 Hormone variability indices.—Variability can be defined by the amplitude (i.e.,
magnitude of change), the frequency (i.e., how often changes occur), and the temporal
dependency of measurements (i.e., the sequence or order of collections over time) (Ebner-
Priemer et al., 2007). To characterize within-person week-to-week hormone fluctuation
across the 8 weeks of hormone collections, the following variability estimates were
calculated: 1) within-person variance or standard deviation (SD), 2) the mean absolute
successive difference (MASD), and 3) the mean squared successive difference (MSSD).
While the SD captures the overall dispersion of values and is a common indicator of
perimenopausal E2 variability (Gordon et al., 2016), it does not represent the temporal
instability or the amount of successive change overtime (Jahng et al., 2008). Alternatively,
the MASD and MSSD can account for the magnitude, frequency and temporal dependency
of hormone fluctuations (Ebner-Priemer et al., 2007).

2.5 Self-Report Measures at Enroliment

Pubertal Development Scale (PDS, Petersen et al., 1988). Participants self-reported
menarche status, breast development, pubic hair growth, height or growth spurt, and
appearance of acne based on Tanner Stage criteria using a 4-point scale, ranging from 1) no
development/ no menses, 2) barely begun, 3) definitely underway, to 4) completed/ menses,
with good reliability (Cronbach’s alpha for PDS in the present sample was 0.71). The self-
reported PDS has excellent agreement with a physical examination (85% within 1 Tanner
stage) for female breast and pubic hair development (Schmitz et al., 2004). The category
PDS score corresponds to the sum of the 5 items, as described previously (Carskadon and
Acebo, 1993). Additionally, participants selected line-drawings of models at each Tanner
stage of breast development and pubic hair growth that best matched their own to calculate
an averaged self-rating and pictorial score for breast and pubic hair development (Taylor et
al., 2001).

Mood and Feelings Questionnaire (MFQ, Eg et al., 2018) is a 33-item assessment of
depression that is validated for use with children and adolescents. Participants indicate
whether each statement is not true (0), somewhat true (1) and mostly true (2) for them
over the past 2 weeks, and the total score reflects the sum of the 33 items and ranges from
0 to 68. A larger score reflects greater depressive symptoms, and scores 29 or above are
considered clinically significant (Burleson Daviss et al., 2006). Cronbach’s alpha for MFQ
in the present sample was 0.94.

Child Chronic Strain Questionnaire (CCSQ; Rudolph et al., 2001) assesses seven domains
of adolescent stress on a 5-point scale (1=not at all stressful/irrelevant, to 5=very stressful),
including academic (4 items; e.g., “I got bad grades on tests or report cards;” Cronbach’s
a=.79), peer (11 items, e.g., “It was hard for me to make friends,” “I needed someone to
talk to and didn’t have a friend to listen;” a=.92) , developmental (2 items, e.g., “I started
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my period,” “My body is changing and | am growing up;” a=.76), family (6 items, e.g., “I
got into arguments or fights with my parent(s),” “my parents were too busy to spend time
with me;” a=.92), economic (6 items, e.g., “My family didn’t have enough money to pay the
bills;” a=.69), environment (5 items, e.g., “I felt unsafe walking alone in my neighborhood;”
a=.71) and ethnic (6 items, e.g., “l was treated like | wasn’t smart because of my race or
ethnicity,” “I was treated unfairly because of my race or ethnicity;” a=.59), with higher
scores representing higher levels of chronic strain.

2.6 Weekly Mood Assessments

To examine the relationship between weekly hormone variability and mood change, an
abbreviated Daily Record Severity of Problems (DRSP; Endicott et al., 2006) for the

first 18 participants and Center for Epidemiologic Studies Depression Scale for Children
(CESD-DC, Radloff, 1977) for the remaining 35 participants were collected at the time

of saliva collection to assess mood during the previous week. DRSP and CES-DC are
widely used and well-validated questionnaires for the assessment of general dysphoric
mood, with items from both measures mapping onto depression, low positive affect and
interpersonal symptom constructs. Weekly averaged ratings for six items (Depressed,
Anxious, Rejection, Interpersonal Conflict, Anhedonia, and Anger, scored from 1 (not at all)
to 6 (extreme)) were summed to assess weekly changes in mood symptoms. The CES-DC is
a well-validated, highly reliable 20-item self-report inventory to assess child and adolescent
depression. Each item is scored 0 (not at all) to 3 (a lot) with 4 items reverse coded for

a range between 0-60. Standardized z-scores were computed for DRSP and CES-DC to

use in analyses. Because the objective of the analysis was to determine the relationship
between affect and weekly change in hormone level, rather than symptom severity, CES-DC
and DRSP z-scores were used interchangeably to permit the evaluation of within-person
hormone-induced mood change in a larger sample.

2.6 Analytic plan

Hormone variability descriptive analyses.—Analyses were conducted in SAS
University Edition. Hormone fluctuation was indexed using variability indices, including
standard deviation (SD), mean absolute successive difference (MASD) and mean squared
successive difference (MSSD). Full descriptive profiles, including mean, range, variability
indices (SD, MSSD, MASD) were computed for each hormone by menarche status (pre- vs.
post-menarche). Analyses of variance (ANOVAS) were performed to determine differences
in MFQ and CCSQ subscales by menarche status.

Hormone sensitivity profiles.—The strength of each participant’s mood sensitivity to
week-to-week changes in E1, T, and DHEA levels was computed using methods adapted
from Gordon et al. (2020). E1 was selected over E2 because E1 rises before E2 during the
pubertal transition (Biro et al., 2014), E1 was easier to detect, and was highly correlated with
E2 in the current sample (r=0.80, p<.0001). For each participant, a mixed model with week
specified as a repeated statement using a compound symmetry correlation structure was
fitted to quantify weekly mood (CES-DC or DRSP z-score) as a function of week-to-week
change in hormone level (Lipsitz et al., 2001) and the absolute value of week-to-week
hormone change. The solution of fixed effects with estimates  and variances var for each
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model was used to calculate the partial correlation coefficient (5 pcc) using the following
formula:

~ Z [ \m N =
PPCC = ——=——where Z = f [ \var(p)
VA + 22/ m)

where Z is the maximum likelihood Wald statistic, and m (subject) = 1. The resulting

partial correlation coefficients, ranging from —1.0 to +1.0, reflected the degree to which an
individual participant exhibited mood sensitivity to increases or decreases in the hormone
(e.g., E1, T, DHEA), or mood sensitivity to both weekly increases and decreases in hormone
level, as indicated by the absolute hormone change correlation. Sensitivity strength was
estimated as the absolute value of the largest partial correlation coefficient (i.e., hormone
change or absolute hormone change) for a given participant, ranging from 0.0 to +1.0.

This method of assessing the within-person correlation between hormone change and mood
was chosen over Pearson correlations, which were used by Gordon et al., 2020, as it
accounts for the correlation of outcomes from repeated collections within each participant
(Shan et al., 2020). Following the definitions used by Gordon et al., 2020 and in line with
standard definitions of moderate-to-large repeated correlations (Cohen, 1992), a participant
was deemed withdrawal sensitive if the partial correlation was < -0.3, and /ncrease sensitive
if the partial correlation = +0.3. Using the absolute value of hormone change, a partial
correlation of > +0.3 indicated that the participant was hormone-change sensitive and any
previous sensitivity categorization (i.e., withdrawal or increase sensitive) was overridden.
Finally, participants who did not fall in any of the three hormone-change sensitive categories
were considered Aormone-change insensitive. Two participants did not have acceptable
variance in E1 and T (= 6 identical hormone measurements), and one participant missed 3
mood ratings and was not included in the analyses. All remaining participants had 5 or more
hormone-mood pairs.

Power Calculation.—G-power was used for power calculations. With a sample size of
=53, the current study had 90% power with a=0.05 to detect small effects (#~=0.15) of
within-person weekly hormone and mood associations (8 repeated measures with 0.50
correlation). This sample size was sufficient considering the much larger effects found in
our previous studies of natural ovarian hormone changes on daily mood symptoms (average
7=0.69; d'= 1.38) (Eisenlohr-Moul et al., 2016).

3. Results

3.1 Demographic and mood characteristics.

Demographic and mood characteristics are presented in Table 1. 28 peripubertal females
who were pre-menarche and 24 females who were within 1-year post-menarche were
included in the analysis. The sample was composed of 73% (38/52) White, 2%

Black or African American (1/52), 12% (6/52) Hispanic or Latino, and 13% (7/52)
identified with more than one race. Post-menarchal females were older (F(1,50)=6.05,
p=.017, np2:o.11), having experienced menarche at an average age of 11.79 £1.02,

had a greater BMI (A1,49)=6.37, p=0.015, an:O.lZ), and had more advanced pubertal
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developmental status than pre-menarchal participants, indicated by the category PDS score
(H1,50)=257.19, p<.0001, np2:0.84). MFQ symptoms were marginally higher for post-
menarchal (range=1 to 53) compared with pre-menarchal (range=0 to 35) participants
(A1,50)=3.25, p=.078, an:0.0G). Additionally, post-menarchal participants exhibited
greater peer (A1,50)=5.46, p=.024, an:O.lo), developmental (A1,50)=50.47, p<.0001,
np?=0.50), family (A(1,50)=5.73, p=.020, n?=0.10) and ethnic (A1,50)=6.84, p=.012,
np?=0.12) stress.

3.2 Hormone variability and mood characteristics by menarche status

Mean levels and variability indices (SD, MSSD, MASD) for E1, A4, DHEA, DHEA-S,

and 17-OHP4 were greater for participants who were post-menarche compared with pre-
menarche (Table 2). Further, E2 mean and MASD, T mean, SD, and MASD, and 7-keto
DHEA MSSD and MASD were significantly greater for post-menarchal participants. Pregs
and aldo did not differ between pre-and post-menarchal participants (£5>0.05). E1, T and
DHEA have been previously tied to mood changes during female reproductive events,
(Copeland et al., 2019; Rubinow and Schmidt, 2018; Schweizer-Schubert et al., 2021) and
were therefore chosen to illustrate weekly hormone variability by menarche status in Figure
1.

3.3 Distribution of hormone sensitivity profiles

Individual E1 and mood partial correlations (PCC) ranged from —0.83 to +0.85; absolute
change in E1 and mood PCCs ranged from —-0.92 to +0.95, and E1 sensitivity strength
ranged from 0.01 to +0.95. 57% (28/49) of participants exhibited an increase in mood
symptoms with changes in E1, with 8% (4/49) exhibiting increased sensitivity to E1
withdrawal, 22% (11/49) exhibiting increased sensitivity to E1-increase, 27% (13/49)
exhibiting increased sensitivity to E1-change and 43% (21/49) were insensitive to E1
change. Figure 2a illustrates the relationship between changes in weekly E1 and changes
in dysphoric mood by sensitivity profile (i.e., sensitive to E1 withdrawal, E1 increase,

E1 change in either direction, or insensitive). Pre-menarchal females demonstrated greater
E1 sensitivity strength compared with post-menarchal females (H1,47)=7.240, p=.010,
np2:0.13). Additionally, the distribution of hormone sensitivity profiles differed by
menarche status, with pre-menarchal participants being more likely (18%) to be sensitive
to increases in E1 compared with post-menarchal participants (4%) (X2(3) = 9.37, p=0.025).

Figure 2b depicts the relationship between the weekly change in T and subsequent mood
score by sensitivity profile. T and mood PCCs ranged from —0.66 to +0.72; absolute change
in T and mood PCCs ranged from —0.86 to +0.90, and T sensitivity strength ranged from
0.01 to +0.90. 37% (18/49) were sensitive to changes in T, with 4% (2/49) showing
T-withdrawal sensitivity, 16% (8/49) showing T-increase sensitivity, 16% (8/49) showing
T-change sensitivity, and 63% (31/49) were insensitive to T change. T sensitivity strength
did not differ by menarche status (>.20).

DHEA and mood PCCs ranged from -0.21 to +0.30; absolute change in DHEA and mood
PCCs ranged from —0.40 to +0.37, and DHEA sensitivity strength ranged from 0.00 to
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+0.37. 6% (3/53) of participants were sensitive to changes in DHEA. DHEA sensitivity
strength did not differ by menarche status (>.20).

4. Discussion

For the first time, the present study employed weekly measurements of ovarian and adrenal
hormones to characterize the hormone milieu (particularly hormone variability) in females
during this critical window of vulnerability for the emergence of mood and behavioral
disturbances. We found that relative to pre-menarche, post-menarche was associated with

an abrupt enhancement of ovarian and adrenal hormone variability for all hormones studied
except aldosterone and pregnenolone-sulfate. Additionally, there were significant individual
differences in hormone variability post-menarche, with some participants exhibiting minimal
or extreme week-to-week changes in hormone levels. In accordance with previous reports,
aldosterone levels (and variability) were independent of menarche or pubertal status (Mahler
et al., 2015). However, contrary to previous examinations (Granger et al., 2003), T was
highly correlated with pubertal development. Differences in the frequency of collection and
method of analysis may account for this discrepancy.

The narrow window of puberty assessed in the current study (Tanner stage 3-4) is associated
with increased risk for mood and behavioral disturbances, especially for adolescent females
(Angold et al., 1999). The profound post-menarchal endogenous hormone variability
observed in the present study is comparable to perimenopausal hormone flux (O’Connor

et al., 2001), which has been associated with affective illness (Gordon et al., 2020, 2016). As
such, results from the present study may provide a foundation for understanding fluctuations
in hormones as potential biological mechanisms relevant to the development of affective
vulnerability that emerges during the PT.

Our results offer novel evidence of a relationship between hormone change and affect state
change in peripubertal females, with a significant proportion of participants showing mood
sensitivity to endogenous changes in estrone, an even greater proportion than the 39% of
perimenopausal women who reported mood sensitivity to changes in estrone-3-glucuronide,
a urinary metabolite of estradiol (Gordon et al., 2020). While speculative, it is possible that
peripubertal females are more sensitive to changing hormones than perimenopausal women
because the abrupt exposure to hormone flux occurs during a sensitive developmental
window of dramatic neuromaturation, and dynamic expression and regulation of estrogen
receptors (McEwen, 1992; Spear, 2000). Interestingly, though, the proportion of hormone-
sensitive participants falling within the withdrawal versus increase versus change sensitive
profiles are remarkably similar to those observed by Gordon et al., 2020. While the majority
of participants were sensitive to substantial E1 changes in either direction, participants also
exhibited mood sensitivity to weekly increases or decreases in hormone level. A smaller
proportion of participants were also sensitive to weekly increases and high-magnitude
changes in T. Yet only 3 participants showed increased mood symptoms with changes in
DHEA. As such, the distribution of hormone sensitivity profiles identified in the present
study appears to reflect robust individual differences in mood sensitivity to hormone flux
during a vulnerable developmental period when menstrual cycles are still irregular, and

is consistent with the affective disturbances triggered by reproductive events characterized
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by both dramatic hormone withdrawal (i.e., peripartum symptoms) (Bloch et al., 2000)

and hormone increases (i.e., lutealphase exaggeration of affective symptoms in menstrually-
related mood disorders) (Schmidt et al., 2017). Further, our findings may provide partial
explanation for the inconsistent reports in adolescent research linking ovarian and adrenal
hormone mean levels and affective symptoms, or the failure to identify mood-hormone
relationships, as the erratic variability in hormones may be more etiologically relevant to
depression than are absolute levels in peripubertal females.

Despite the current evidence that peripubertal females may experience at least a moderate
degree of mood sensitivity to endogenous hormone flux, the neurophysiological mechanisms
underlying the differential sensitivity to ovarian and adrenal hormone flux and its role

in affective disturbances is poorly understood and has not been studied in the PT. The

PT is a critical developmental window for frontal brain development, making the frontal
cortex and associated processes (e.g., social cognition, emotion regulation) particularly
vulnerable to the deleterious effects of stress exposure during the PT (Blakemore, 2012;
Crone and Konijn, 2018; Crone and Steinbeis, 2017; Zhang et al., 2016, Giedd et al.,
2006; Lupien et al., 2009). Given the essential influence of ovarian and adrenal hormones
in regulating the HPA axis response to stress, and frontal and limbic affect networks that
are implicated in the susceptibility to stress in affective illness, (Goel et al., 2014; Kamin
and Kertes, 2017; Vamvakopoulos and Chrousos, 1993;Parker et al., 2003; Spielberg et
al., 2019) hormone variability may serve as a diathesis for affective dysregulation during
the PT. This is particularly noteworthy given the increase in most measures of stress
experienced by the post-menarchal participants in the present study. Moreover, hormone
derived organizational effects have been shown to reemerge with subsequent hormone
flux, supporting the importance of the PT for establishing neurodevelopmental trajectories
(Blakemore, 2008; Schulz and Sisk, 2016).

While there are significant strengths of the present study, including frequent sampling of
10 hormones during a narrow pubertal window in female adolescents, there are several
limitations that should be considered. First, self-reported pubertal stage simply assesses
external secondary sex characteristics, and further, has not consistently shown more

than moderate agreement with physical examination (Shirtcliff et al., 2009). However,
self-reported puberty indices permit a less-invasive assessment of pubertal development,
and allow for the integration of pubertal assessment in nonclinical settings (Morris and
Udry, 1980; Shirtcliff et al., 2009). Advancing our understanding of peripubertal hormone
fluctuations may inform more sensitive and comprehensive methods of defining pubertal
timing and maturation. Additionally, despite the use of an ultrasensitive assay method
(LC-MS/MS) in the current study, analyses may have been limited by the number of
samples that were below the limit of detection (i.e., 18% of E2 samples). Moreover, saliva
was chosen over other collection mediums (particularly plasma/serum) because it offers

a non-invasive, less stressful method than venous blood samples, and was therefore more
feasible for frequent sampling in adolescents. Although plasma is considered the “gold-
standard” for hormone measurement, steroid hormones in saliva represent free plasma levels
in blood, and therefore may be more relevant to understanding the effect of biologically
available hormone activity on behavioral outcomes. As such, previous research identified
a strong correlation between salivary hormones and behavior indices, more so than blood
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spot analyses (Edler et al., 2007). Nonetheless, salivary measures of some hormones are
complicated by intraglandular metabolism (e.g., progesterone, testosterone), and the rapid
fluctuations of salivary measures (e.g., estradiol, testosterone) suggest that multiple samples
over a short period are required for optimal hormonal assessment (Chatterton et al., 2005;
Wood, 2009).

Certainly, the precision of the present study’s results is limited by the reliance on only

8 weekly hormone and mood measurements. However, the degree of bias that can be
expected from such a small sample is relatively modest (correlation coefficient inflated <
0.14)(Bishara and Hittner, 2015). Further, because of the substantial irregularity of menstrual
cycles within 1-year post-menarche and the 8-week study duration, cycle phase was not
accounted for in the current analyses. Results should be interpreted in light of the fact that
“mood” was not assessed with the same self-report measure for all participants; however,
the standardized scores for the measures were used in the present analyses, which focused
on the relationship between week-to-week changes in hormone and subsequent dysphoric
mood, rather than the severity or clinical significance of mood symptoms. Nevertheless, the
current method of quantifying an individual’s mood sensitivity to hormone change could

be applied to predict the emergence of clinically significant depressive symptoms over

an extended assessment period, consistent with what has been found in the menopause
transition (Gordon et al., 2020). Accordingly, this method of characterizing mood sensitivity
to hormone flux has considerable clinical implications. Additional examination of hormone-
induced changes in distinct symptom domains (anxiety, irritability etc.) is warranted,
particularly to examine the previously proposed relationship between anxiety symptoms

and DHEA (Mulligan et al., 2020).

5. Conclusion

In conclusion, our study provides novel evidence that a substantial proportion of peripubertal
females appear to be mood-sensitive to hormone changes. The present results represent a
first step in establishing a relationship between hormone change and affective symptoms
and provides a foundation for moving forward with future investigations of mechanisms
underlying differential hormone sensitivity and affective dysregulation during the PT. Our
results also suggest that an alternative, within-person methodological approach may be
sensitive to capturing individual differences in the coupling of hormone and affective state
changes.
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Highlights
. Weekly salivary hormone levels used to capture variability in peripubertal
females
. Ovarian and adrenal hormone variability increase with advancing pubertal
status
. Peripubertal females show weekly mood changes tied to estrone and

testosterone flux
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Figure 1. Pre-and post-menarchal hormone variability.
Weekly measurements of estrone (E1, pg/mL), testosterone (T, pg/mL) and

dehydroepiandrosterone (DHEA, pg/mL) are presented for pre- (7=29) and post-menarchal
(r=24) participants.
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Figure 2. Weekly hormone change and mood relationships by sensitivity profile.
Model-based estimates of the relationships between weekly mood rating (z-score) and

change in A) estrone (pg/mL) and B) testosterone (pg/mL) for each hormone-sensitivity
group.
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Table 1.

Demographic and Mood Characteristics

Pre-menarche  Post-menarche

(n=28) (n=24) F Statistic
Age (years) 1216 £095  12.80 +0.89 6.05"
BMI (z-score) -0.26 +0.81 0.30+0.76 6.37"
Category PDS score 6.30 +0.93 1042+092 257197
Breast Dev. 2.73+0.54 3.17 +0.48 9.33™"
Pubic Hair Dev. 257+057 3.25+057 18197
Mood & Feelings Questionnaire 11.04 +8.22 16.79 + 14.40 3.25
Child Chronic Strain
Academic ~ 1.84+0.79 2.16+1.03 157
Peer  1.38 £057 1.88 +0.97 546"
Development ~ 1.43 +0.33 2.75+£0.92 50.47
Family — 1.27+0.39 1.82+1.13 573"
Economical 1.08 £0.21 1.19+0.44 1.45
Environmental 1.34+0.60 1.33+0.59 0.01
Ethnic  1.03+0.11 1.22£0.36 6.84"

Note. Means are presented + standard deviation.

*
p<0.05

Aok

p<.01

Aok

*
p<.0001.
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Table 2.

Ovarian and Adrenal Hormone Milieu Pre- and Post-Menarche

Statistic

Hormone Mean Std.Dev. MASD MSSD MIN  MAX

E2 pg/mL(n=52)
pre-menarchal 0.37 0.35 0.22 2.03 0.15 1.10
post-menarchal 0.63 0.48 0.54 0.84 0.15 5.00

F statistics 477% 0.22 512% 0.30

E1 pg/mL (n=52)
pre-menarchal 0.84 0.26 0.27 0.14 0.20 2.50
post-menarchal 1.48 0.80 0.92 2.07 0.20 7.50

Fstatistics 3857 2863 3253 11.31™

T pg/mL (n=52)
pre-menarchal 5.21 1.44 1.50 7.54 150 23.00
post-menarchal 7.78 2.76 2.95 19.30 1.50 30.00
Fstatistics  g20™  1014™ 1278™ 385

A4 pg/mL (n=52)
pre-menarchal 65.32 14.28 15.07 390.65 6.00 167.00
post-menarchal 9491 26.79 29.49 1708.49 17.00 287.00

Fstatistics 737" 1880 1910 1550

DHEA pg/mL (n=52)
pre-menarchal 56.66 15.16 15.97 437.30 850 152.00
post-menarchal 92.98 30.01 33.06 2439.23 850 319.00

Fstatistics 1560 995" 1601 9207

DHEA-S ng/mL (n=35)
pre-menarchal 1.63 0.54 0.65 1.07 0.20 6.80
post-menarchal 3.67 1.43 1.63 7.03 0.30 19.40

Fstatistics g 32 7337 657" 425%

7-keto DHEA pg/mL (n=52)

pre-menarchal 74.95 14.76 14.95 449.50 13.00 181.00
post-menarchal 91.58 19.23 22.33 841.84 13.00 262.00
F statistics 2.78 3.69 7.927* 4137

17-OHP4 pg/mL (n=52)

pre-menarchal 12.02 4.70 5.27 66.15 1.00 52.00
post-menarchal 22.62 9.31 10.05 268.14 1.00 133.00
Fstatistics 774 869  6.66" 543"

Pregs pg/mL (n=35)

pre-menarchal 50.46 19.35 20.80 1582.33 8.00 366.00
post-menarchal 73.24 30.95 35.97 5309.13 14.00 592.00
F statistics 1.98 1.04 1.32 0.94
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Statistic
Hormone Mean Std.Dev. = MASD MSSD MIN  MAX
Aldo pg/mL (n=52)
pre-menarchal 29.28 21.84 23.93 1643.24 1.50 271.00
post-menarchal 27.54 21.51 24.19 1298.81 150 158.00
F statistics 0.19 0.01 0.00 0.18

Note. Estradiol (E2; limit of detection (LoD)=0.24 pg/mL), Estrone (E1; LoD=0.4 pg/mL), Testosterone (T; LoD=3.2 pg/mL), Androstenedione
(A4; 1.1 pg/mL), Dehydroepiandrosterone (DHEA; LoD=17.1 pg/mL), Dehydroepiandrosterone-Sulfate (DHEA-S; LoD=0.04 ng/mL),7-keto
Dehydroepiandrosterone (7k-DHEA; LoD=26 pg/mL) 17-hydroxyprogesterone (17-OHP4; LoD=2.3 pg/mL), Pregnenlone-Sulfate (pregs;
LoD=1.3 pg/mL), Aldosterone (aldo; LoD=3.3 pg/mL). Standard deviation (sd), mean absolute successive difference (MASD), mean squared
successive difference (MSSD).

*
p<0.05

Aok

p<.01

*ok

*
p<.0001.
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