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Adolescence is a period of continuous development, including the maturation of endogenous
rhythms across systems and timescales. Although, these dynamic changes are well-
recognized, their continuous structure and hormonal dependence have not been systematically
characterized. Given the well-established link between core body temperature (CBT) and
reproductive hormones in adults, we hypothesized that high-resolution CBT can be applied
to passively monitor pubertal development and disruption with high fidelity. To examine this
possibility, we used signal processing to investigate the trajectory of CBT rhythms at the
within-day (ultradian), daily (circadian), and ovulatory timescales, their dependence on estradiol
(E2), and the effects of hormonal contraceptives. Puberty onset was marked by arise in fecal
estradiol (fE2), followed by an elevation in CBT and circadian power. This time period marked
the commencement of 4-day rhythmicity in fE2, CBT, and ultradian power marking the onset
of the estrous cycle. The rise in circadian amplitude was accelerated by E2 treatment, indicating
a role for this hormone in rhythmic development. Contraceptive administration in later
adolescence reduced CBT and circadian power and resulted in disruption to 4-day cycles
that persisted after discontinuation. Our data reveal with precise temporal resolution how
biclogical rhythms change across adolescence and demonstrate a role for E2 in the emergence
and preservation of multiscale rhythmicity. These findings also demonstrate how hormones
delivered exogenously in a non-rhythmic pattern can disrupt rhythmic development. These
data lay the groundwork for a future in which temperature metrics provide an inexpensive,
convenient method for monitoring pubertal maturation and support the development of
hormone therapies that better mimic and support human chronobiology.

Keywords: puberty, estrous, birth control, metabolism, signal processing, wavelet analysis

INTRODUCTION

Adolescence is a period of rhythmic reorganization during which physiology transitions from
a non-reproductive juvenile state into reproductive early adulthood (Sisk and Foster, 2004;
Hagenauer et al, 2011; Mohr and Sisk, 2013; Pereira et al., 2019). Historically, researchers
have relied on self-report, Tanner staging, or infrequent salivary or blood hormone samples
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to track milestones of pubertal development. We reasoned that
a time series characterization of continuous core body temperature
(CBT) could reflect rhythmic features of hormonal development
across puberty, as CBT exhibits clear rhythmic patterns that
reflect underlying hormonal changes (Backstrom et al., 1982;
Moenter et al., 1991; Smarr et al., 2016a; Grant et al., 2018,
2020b). If feasible, CBT could become a highly convenient
and more accurate pubertal staging tool with unprecedented
temporal resolution. Its application could also improve our
understanding of the range of typical pubertal trajectories and
factors that drive deviation from these trajectories.

Rhythmic development occurs at multiple timescales, including
within-a-day (ultradian rhythms; URs; Bourguignon, 1988),
daily (circadian rhythms; CRs; MacKinnon et al., 1978; Garcia
etal,, 2001), and multi-day ovulatory cycles in females (ovulatory
rhythms; ORs; Vidal, 2017). These rhythms occur across
physiological systems, serving to increase the efficiency of signal
transduction (Lloyd and Stupfel, 1991; Brodsky and Lloyd,
2008; Walker et al., 2010), temporally segregate incompatible
processes (Panda, 2016), synchronize internal systems to the
environment (Dibner et al., 2010), and maximize reproductive
success (Carlson and Shaw, 2019). Although structure at one
timescale can be modulated by changes at another (Backstrom
et al., 1982; Shechter and Boivin, 2010), distinct mechanisms
underlie each rhythmic frequency. This suggests individual
rhythmic frequencies may each follow distinct developmental
trajectories.

Coordinated URs are observed in hypothalamic-pituitary-
peripheral axes and beyond in adult mammals, with broad
manifestation in systems including cardiovascular outputs,
thermoregulation, and even cognition (reviewed in:
Brandenberger et al, 1987; Shannahoff-Khalsa et al, 1996;
Brodsky, 2014; Grant et al., 2018; Goh et al, 2019). Many
URs, including those in reproductive and growth hormones,
are present early in life (Ojeda et al, 1986) and increase in
amplitude from pre to mid puberty (Dunger et al, 1991a;
Albertsson-Wikland et al., 1997; Apter, 1997). Some URs increase
markedly in frequency and amplitude around puberty onset
[e.g., gonadotropin releasing hormone (GnRH), luteinizing
hormone (LH), and estradiol (E2); Jenner et al, 1972;
Bourguignon, 1988; Dunger et al., 1991a,b; Apter et al., 1994;
Ojeda and Skinner, 2006; Shaw et al, 2012]. In adults, URs
are modulated by time of day (Refinetti, 1994) and phase of
the ovulatory cycle (Backstrom et al., 1982), suggesting that
pubertal modifications at the CR and OR timescales likely
impact UR structure. Although, URs are thought to be centrally
controlled, potentially via interaction of dopaminergic and
hypothalamic circuits (Ootsuka et al, 2009; Merkley et al.,
2012, 2015; Blum et al., 2014; Prendergast and Zucker, 2016;
Goh et al, 2019; Lehman et al, 2019), relatively little is
understood about mechanisms and progression of URs
across adolescence.

Whereas the mechanisms and phenomenology of ultradian
development require much further study, those underlying
circadian rhythms and pubertal changes to CRs are well-
documented. Circadian rhythms are nearly ubiquitous, generated
intracellularly via interlocked transcription-translation feedback

loops, and are governed by a central pacemaker within the
suprachiasmatic nucleus (SCN) of the hypothalamus (Hagenauer
et al.,, 2011; Takahashi, 2017; Hastings et al., 2018). Although
changes in SCN output and connectivity during adolescence
are not well-characterized, integration of new neurons into
the central clock (Mohr et al, 2017) and reproductive
neurocircuitry (Mohr et al., 2019) alongside adolescent increases
in SCN input to the GnRH system (Kriegsfeld et al., 2002)
may contribute to downstream CR changes. For example,
circadian amplitude appears to increase across puberty in many
systems (e.g., cortisol; Duan et al, 2018, activity; Hagenauer
et al, 2011, and potentially temperature; Pronina et al., 2015),
while emerging for the first time in others (e.g., LH; Ojeda
and Skinner, 2006 and FSH; Albertsson-Wikland et al., 1997).
Finally, circadian activity (Hagenauer et al., 2011) and sleep-
wake (Hummer and Lee, 2016) rhythms are phase delayed
during puberty (Hagenauer and Lee, 2012) and are more
vulnerable to disruption by mistimed light and food cues than
in adults (Crowley et al., 2015).

In contrast to ultradian and circadian rhythms, which are
apparent to variable degrees in juveniles, the female ovulatory,
or estrous, cycle emerges for the first time in adolescence
(Vidal, 2017). Briefly, in spontaneously-ovulating rodents, the
4-5day cycle begins with rising E2 levels that maintain LH
at low concentrations through negative feedback. When E2 is
sufficiently high, and a pool of ovarian follicles has matured,
E2 positive feedback integrates with circadian signaling and
progesterone of neural origin (Kim et al., 2018; Angelopoulou
et al,, 2019; Mohr et al,, 2019) to induce a preovulatory LH
surge that initiates ovulation (Gibson et al, 2008; Williams
et al., 2011; Ginther et al., 2013; Piet et al., 2015; Russo et al.,
2015; Angelopoulou et al.,, 2019). Subsequent formation of the
corpus luteum leads to a brief rise in circulating progesterone
prior to beginning the next cycle. As with URs and CRs, ORs
manifest as changes in thermoregulation with E2 decreasing
temperatures prior to ovulation, and E2 with progesterone
increasing temperature following ovulation (Reviewed in: Webster
and Smarr, 2020). Although it is clear that ORs emerge at
puberty, the continuous patterns of commencement and
stabilization are poorly understood. Pre-pubertal ovarian follicles
typically undergo development and atresia without substantial
release of sex steroids (Apter, 1997). Soon after the emergence
of the first cycle, at menarche in girls (Carlson and Shaw,
2019), cycles have a higher likelihood of anovulation or low
post-ovulatory progesterone compared to adults (Pefa et al,
2018). Although, high temporal resolution patterns are unknown,
large increases in plasma E2 and FSH occur from pre to mid
puberty (Delemarre-Van De Waal et al,, 1991; Dunger et al,
1991a; Ojeda and Skinner, 2006). Given these changes in
hormones across puberty, one aim of the present investigation
was to employ continuous, longitudinal, and high-resolution
CBT monitoring alongside daily E2 measures to characterize
the emergence of the ovulatory cycle in rats.

By characterizing rhythmic outputs that reflect underlying
physiological change across adolescence, a greater understanding
of typical progression can be garnered and the impact of
exogenous hormone manipulation on temporal trajectories can
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be observed. Temporal disruption at all three timescales is
associated with negative health outcomes in adults (Gibson
et al, 2010; Casper and Gladanac, 2014; Gotlieb et al., 2018;
Kalafatakis et al., 2018; Lightman et al,, 2020; Wang et al.,
2020), and adolescence may be a sensitive period, where
disruptions have rapid (Gupta and Khare, 2020) and potentially
long-term health impacts (Carskadon et al, 2002; Crowley
et al, 2015; Logan et al, 2018; Pereira et al,, 2019). Female
hormonal contraception is a common example of such disruption
in adolescence. A growing proportion of teenage girls (estimated
between 22 and 54% across the first two decades of the 21st
century; Birth Control Pill Use-Child Trends, 2018) receive
hormonal contraceptives for a variety of purposes, including
pregnancy prevention (Apter, 2018), treatment of menstrual
symptoms (Adeyemi-Fowode et al., 2017), and acne (Mwanthi
and Zaenglein, 2018). As hormonal contraceptives are delivered
at static or once daily bolus concentrations that differ from
the endogenous, multiscale rhythmic pattern of release (Naqvi
et al., 1984; Zhou et al., 1998; Strom et al., 2010), these drugs
can be considered a form of temporal endocrine disruption
(Landersoe et al., 2020; Lucaccioni et al, 2020). Although
currently considered safe, discontinuation rate is high (Coukell
and Balfour, 1998) and impact on the temporal progression
of development is unclear.

The present study employed continuous CBT to characterize
rhythmic change across adolescent development and examine
the role of pubertal onset of E2 production in guiding the
typical developmental trajectory. Additionally, because late pubertal
contraceptive use might act to disrupt the typical progression
of rhythmic developmental changes, we examined the impact
of a common contraceptive regimen [i.e., ethinyl E2 (EE2) and
levonorgestrel] on endogenous estradiol concentrations and CBT
rhythms. As the pulse amplitude of multiple hormones increases
across adolescence, we hypothesized that the amplitude of CBT
URs would be similarly impacted. We also hypothesized that
CR amplitude and overall body temperature would increase
during adolescence, and that these increases would be influenced
by E2. As changes to rhythmicity have primarily been reported
from early to mid-adolescence, we hypothesized that rhythmic
restructuring would be most pronounced during this period.
Finally, we hypothesized that rhythmic patterns of body
temperature change identified during adolescent development
would be disrupted during and potentially after, the cessation
of contraceptive administration.

MATERIALS AND METHODS

Animals

Female and Male Wistar rats were purchased at 250 and 300g,
respectively, from Charles River and bred in the lab. Pups
were weaned at p21, with a maximum of one pup pair (one
experimental and one partner pup) contributed to each
experimental group per litter. Weanlings were housed in standard
translucent propylene (96 x 54 x40 cm) rodent cages, and provided
ad libitum access to food and water, wood chips for floor
cover, bedding material, and chew toys for the duration of

the study. To minimize social isolation stress, which is known
to affect pubertal development (Bakshi and Geyer, 1999; Boggiano
et al, 2008), animals were housed with a same sex,
non-experimental sibling. Animals were maintained on a 12:12
light dark (LD) cycle; light intensity during the photo- and
scotophases were ~500lux white light and <1lux red light,
respectively, with lights on at 1 AM and off at 1PM (Brainard,
1988; Zhang et al., 2017). Animals were gently handled before
weighing daily to minimize stress. To prevent mixing of feces
used for hormone analysis, cage mates were separated by a
flexible stainless steel lattice that permitted aural, scent, and
touch interaction between siblings. A total of 64 animals were
included in the study: 32 as experimental animals [Intact,
Intact + Contraceptives, Ovariectomized (OVX) and OVX+E2;
n=_8/group], and 32 as social, littermate partners. All procedures
were approved by the Institutional Animal Care and Use
Committee of the University of California, Berkeley.

Core Body Temperature Data Collection
Data were gathered with G2 E-Mitter implants that chronically
record CBT (Starr Life Sciences Co., Oakmont, PA, United States).
At weaning, G2 E-Mitters were implanted in the intraperitoneal
cavity under isoflurane anesthesia with analgesia achieved by
subcutaneous injections of 0.03 mg/kg buprenorphine (Hospira,
Lake Forest, IL, United States) in saline (administered every
12h for 2days after surgery). E-Mitters were sutured to the
ventral muscle wall to maintain consistent core temperature
measurements. Recordings began immediately, but data collected
for the first 4days post-surgery were not included in analyses.
Recordings were continuous and stored in 1-min bins.

Ovariectomy and Silastic Capsule
Replacement

Ovariectomies were performed at weaning (p21) at the same
time as the implantation of the E-Mitter, as previously described
(Russo et al, 2015; Smarr et al, 2017). The E-Mitter surgery
served as a control operation in non-OVX animals. Incisions
were closed using dissolvable sutures and wound clips. At p29,
OVX animals were anesthetized and implanted with silastic
capsules (0.78mm LD., 1.25 O.D,; Dow Corning, Midland, M).
Capsules were implanted subcutaneously and intrascapular. Capsules
were 20mm in length with 5mm silicone sealant (Sigma Aldrich,
St. Louis, MO, United States) at each end and contained either
112 pg (180 pg/ml) 17p estradiol (Fisher Scientific, Hampton, NH)
in sesame oil, or sesame oil alone. E2 treatment results in plasma
E2 concentrations averaging ~5pug/day, beginning in animals of
80-100g (Andrews et al, 1981; Strom et al, 2012). Capsules
were primed for 24h prior to implantation via submersion in
0.9% saline at 25°C in order to avoid delivering a large initial
bolus of E2. As data on temperature following the implant of
the capsule were not analyzed until the wound healing from
the capsule implant had occurred, transient temperature changes
arising from any initial implantation elevation in estradiol would
not have impacted the analyses presented here. Although
these doses have been tested previously, large variability in
serum E2 levels following silastic implant is typically reported
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(Andrews et al, 1981; Clark and Tarttelin, 1982; Day et al,
1986; Strom et al., 2012). Incisions were closed using dissolvable
suture and a wound clip, and buprenorphine was delivered as
above for post-operative analgesia.

Contraceptive Administration

Ethinyl Estradiol (30 pg/day; Fisher Scientific) and Levonorgestrel
(30 pg/day; Fisher Scientific), a progestin, were dissolved in 0.01ml
of sesame oil and delivered subcutaneously at the nape of the
neck daily for 8days, the approximate duration of two estrous
cycles, during mid to late adolescence (p50-p58), with control
animals receiving vehicle. Although, a wide range of rodent doses
of EE2 and Levonorgestrel have been reported (Santoru et al.,
2014; Prakapenka et al., 2018; Olaniyi and Olatunji, 2019), the
doses chosen here aimed to match those used consistently for
suppressing ovulation and mimicking effects observed in humans,
such as increased blood pressure (Geraghty et al, 1990), and
for comparability to existing rodent literature on subcutaneous
delivery of Levonorgestrel and EE2 (Follesa et al.,, 2002; Simone
etal., 2015). Many doses for orally delivered EE2 and Levonorgestrel
in rats also fall in this range (Nowaczyk-Dura and Czekaj, 1998;
Guerra et al, 2002; Olatunji et al.,, 2017; Olaniyi and Olatunji,
2019). These drugs have been available as human contraceptives
for decades under several brand names in widely varying doses
[JADELLE, n.d.; Levonorgestrel And Ethinyl Estradiol (Oral Route)
Description and Brand Names-Mayo Clinic, n.d.]. We elected
not to standardize dose by body mass to mimic the human
condition, where dose of contraceptive is not standardized by
weight in teens.

Fecal Sample Collection

Fecal E2 (fE2) concentrations were assessed across puberty from
feces generated over 24h periods. Fecal samples provide hormone
concentrations more representative of average daily hormone
concentrations than single timepoint blood samples (Harper and
Austad, 2000; Millspaugh and Washburn, 2003; Touma et al.,
2004; Woodruft et al., 2010; Auer et al,, 2020) and eliminates
associated stress and infeasibility of high-frequency, longitudinal
blood collection. Samples were collected in small airtight bags
at the end of dark phase under dim red light (<5lux) from a
minimum of p25-p37 (pre puberty and first cycle), p45-p51
(mid-puberty), and p55-p65 (late puberty to early adulthood)
in all groups, and additionally to p75 in Intact+C and Intact
groups (adulthood). Samples soiled with urine were discarded,
and all other droppings generated over each 24-h segment were
combined. Within 1h of collection, samples were stored at —20°C
until processed. Sample collection was rapid (~1 min per animal).
Before assessment of hormone concentration, samples were
processed according to manufacturers’ instructions. Briefly, samples
were placed in a tin weigh boat and heated at 65°C for 90 min,
until completely dry. Dry samples were ground to a fine powder
in a coffee grinder, which was wiped down with ethanol and
dried between samples to avoid cross contamination. Powder
was weighed into 0.2 mg aliquots. For hormone extraction, 1.8 ml
of 100% ethanol was added to each test tube, and tubes were
shaken vigorously for 30min. Tubes were then centrifuged at

5,000 RPM for 15min at 4°C. Supernatant was moved to a
new tube and evaporated under 65°C until dry (~90 min). Sample
residue was reconstituted in 100pul of 100% ethanol. Around
25pl of this solution was diluted for use in the assay and
remaining sample was diluted and stored.

ELISA Assays

A commercially available fE2 ELISA kit was used to quantify
E2 in fecal samples (Arbor Assays, Ann Arbor, MI, United States).
These assays have been previously published in species ranging
from rats and mice (Mathew et al., 2017; Lv et al., 2020), to
wolves (Franklin et al., 2020), to humans (Righetti et al., 2020).
ELISAs were conducted according to manufacturer’s instructions.
To ensure each sample contained <5% alcohol, 25ul of
concentrate were vortexed in 475pl assay buffer. All samples
were run in duplicate, and an inter-assay control was run with
each plate. Sensitivity for the assay was 39.6pg/ml and the
limit of detection was 26.5pg/ml. fE2 intra-assay coefficient
of variation (COV) was 5.94% and inter-assay COV was 5.71%.

Data Availability and Analysis

All code and data used in this paper are available at A.G’s and
LJ.K’ Github Repository (azuredominique, 2021; Kriegsfeld-Lab,
2021).! Code was written in MATLAB 2020b with Wavelet
Transform (WT) code modified from the Jlab toolbox and from
Leise (2013, 2015). Briefly, data were imported to MATLAB at
1-min resolution. Any data points outside +4 SDs were set to
the median value of the prior hour, and any points showing near
instantaneous change, as defined by local abs (derivative) >10°
as an arbitrary cutoff, were also set to the median value of the
previous hour. Small data gaps resulting from intermittent data
collection (<10min) were linearly interpolated. Continuous data
from p26 to p74 were divided into three equal-length phases:
early to mid-puberty (p26-p41), mid to late puberty (p42-p58),
and late puberty to early adulthood (p59-p74).

Wavelet Analyses and Statistics of CBT
Data

Wavelet Transformation was used to generate a power estimate,
representing amplitude and stability of oscillation at a given
periodicity, within a signal at each moment in time. Whereas
Fourier transforms allow transformation of a signal into frequency
space without temporal position (i.e., using sine wave components
with infinite length), wavelets are constructed with amplitude
diminishing to 0 in both directions from center. This property
permits frequency strength calculation at a given position. In
the present analyses, we use a Morse wavelet with a low number
of oscillations (defined by =5 and y=3, the frequencies of the
two waves superimposed to create the wavelet; Lilly and Olhede,
2012), similar to wavelets used in many circadian and ultradian
applications (Lilly and Olhede, 2012; Leise, 2013, 2015; Smarr
et al., 2016b, 2017; Grant et al., 2020a). Additional values of
(3-8) and y (2-5) did not alter the findings (data not shown).
As WTs exhibit artifacts at the edges of the data being transformed,

'https://github.com/azuredominique; https://github.com/Kriegsfeld-Lab
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only the WT from p26 to p74 were analyzed further. Periods
of 1-39h were assessed. For quantification of spectral differences,
WT spectra were isolated in bands; circadian periodicity power
was defined as the max power per minute within the 23-25h
band, consistent with previous work establishing that this band
captures the circadian range of all rats of this strain housed in
a light:dark cycle (Hagenauer et al,, 2011; Hagenauer and Lee,
2012); ultradian periodicity power was defined as the max power
per minute in the 1-3h band. The latter band was chosen
because this band corresponded with the daily ultradian peak
power observed in URs across physiological systems in rats
(Kottler et al., 1989; de Kloet and Sarabdjitsingh, 2008; Sanchez-
Alavez et al., 2010; Grant et al.,, 2018).

For statistical comparisons of any two groups, Mann Whitney
U (MW) rank sum tests were used to avoid assumptions of
normality for any distribution. Non-parametric Kruskal-Wallis
(KW) tests were used instead of ANOVAs for the same reason;
for all tests, y* and p values are listed. In cases of repeated
measures within an individual over adolescence, Friedman’s
tests were used. Data from each estrous cycle were treated as
independent. We chose to treat estrous cycles as independent
for three reasons: (1) the estrous cycle is the longest periodicity
rhythm within the study, (2) the adolescent estrous cycle
develops rapidly from one iteration to the next in rats, and
(3) because the interventions of ovariectomy and birth control
administration exert their effects by removal or modification
of estrous cycles. Dunn’s test was used for multiple comparisons.
Mann Kendall (MK) tests were used to assess trends over
time in wavelet power and linear CBT over three equally sized
temporal windows described above. For short term (<3days
of data) statistical comparisons, 1 data point per hour was
used; for longer term (>3 days of data) statistical comparisons,
1 data point per day was used. Continuous wavelet power
data were smoothed with a 24h window using the MATLAB
function “movmean” Violin plots, which are similar to box
plots with probability density of finding different values
represented by width (Violin Plots 101: Visualizing Distribution
and Probability Density, 2016), were calculated using the
MATLAB function “violin” Median daily circadian power was
regressed against each day’s fE2 for each group using a mixed
effects linear regression [MATLAB function “fitlme,” formula:
circadian daily medians~1+E2 values+ (1 +E2|Individual ID)].

Data Alignment and Analysis of fE2
Concentrations and Estrous Cyclicity

As all animals do not begin puberty on the same day of life,
group alignment of estrous cycles was conducted by grouping
cycles since commencement of puberty, for each individual,
as assessed by fE2. Briefly, for each animal, fE2 was assessed
in 4-day blocks. During each block, fE2 rose over 3 subsequent
days with a decrease on the fourth. E2 cycles were aligned
across animals using the peak value on day 3. For example,
if animal one began puberty on p30 and exhibited a 4-day
window peak of fE2 on p33, then that animals “first cycle”
would be displayed and averaged into a group representation
of first cycle as p31, p32, p33, and p34. This strategy enabled

group assessment of a pre-pubertal 4-day window, as well as
an early, mid, and late pubertal cycle, and an early adulthood
cycle for Intact and Intact+C animals.

The day of fE2 rise before cycling began was defined as the
first day fE2 level rose >2 SDs above its starting value at p25.
The initial rise in fE2 was used as an alignment point for CBT,
ultradian power, and Z-Score (CBT) - Z-Score (UR power)
group averages. Group differences in fE2 area under the curve
by cycle were assessed using the MATLAB function “trapz” and
KW tests with Dunn’s post hoc correction. As estrous cycles
are not all aligned in time or by age, samples were aligned
with the highest value in a collection period (e.g., mid puberty),
where a “fall” was observed 3 days later. Fast Fourier Transforms
(FFT) were used to assess the presence or absence of 4-5day
power in CBT in each individual from the period of fE2 rise
until p50 (when Intact+C animals started receiving daily
contraceptive injections), and from p50 to p74. In order to
further assess commencement and stability of estrous cycling
after first rise in fE2, as well as any potential perturbation during
and after contraceptive administration, metrics were divided into
4day blocks, with each day labeled 1, 2, 3, and 4: repeating
for subsequent cycle lengths. Groups for statistical comparison
were constructed from all data corresponding to 1%, 2%, 3s,
and 4%s. Friedmans tests with Dunn’s correction for multiple
comparisons were used to determine if values associated with
each day of cycle (e.g., all day 1%) varied significantly from
other days of the cycle by group.

RESULTS

Impact of Hormonal Status on Estradiol
Concentrations and Weight Gain Across
Adolescence

Frequent fE2 measurements were collected to assess if hormonal
status affected the level or temporal patterning of fE2 across
puberty. FE2 concentrations did not differ between groups
from p25 to p31, a baseline period prior to puberty onset
(r’=4.48, p=0.214; Figure 1A). Vaginal opening occurred
between p31 and p33 in Intact rats, and fE2 rose 2 SDs above
its p25 starting value between p31 and p36.

During this window, Intact and Intact+C animals fE2
concentrations exceeded that of OVX animals (y*=15.9, p=0.001;
p=0.0134 and p=0.003, respectively; Figure 1B). This difference
was maintained at mid puberty (cycles aligned from p40 to p47;
1*=13.7, p=0.003; p=0.003 and 0.032, respectively) and early
adulthood (cycles aligned from p55 to p6l; y*=17.1, p=0.001;
p=0.001 and 0.009, respectively; Figures 1C,D). OVX+E2 animals
were not different from other groups at any timepoint, with
intermediate values between Intact and OVX groups (p>0.05 in
all cases). Unlike Intact animals, Intact+C animals did not exhibit
days of elevated fE2 every 4th day (See Supplementary Figure 1).
However, fE2 concentrations did not differ between Intact and
Intact+C groups approximately 4-5cycles after contraceptive
administration ceased, between p69 and p75 (y*=1.62, p=0.203).
See section “Materials and Methods” for details of within-
cycle alignment.
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FIGURE 1 | High frequency fecal estradiol (fE2) enables monitoring of estrous cycle emergence, sex steroid manipulation, and ovarian status during adolescence.
Group mean (+SEM) fE2 concentrations of Intact (light blue), Intact + short-term pubertal contraceptives (Intact +C; dark blue), Ovariectomized (OVX; gray), and
OVX+E2 (orange) groups did not significantly differ prior to puberty (p24-p30; A). Fecal estradiol in Intact and Intact+ C groups increased over that of OVX animals
beginning at the first cycle following vaginal opening or relative to the time of silastic implant in OVX+E2 animals (p30-p37; B) and remained significantly elevated
thereafter at mid puberty (p43-p49; C) and during late puberty (p55-p61; D). Dark horizontal bar in D indicates Intact+ C data were gathered during contraceptive
administration. Color of letters at the top of B,C, and D indicate experimental group; letters indicate statistical differences, with groups not sharing the same letter
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Additionally, daily weights were measured to recapitulate
known effects of E2 on pubertal growth trajectory, and to
assess if contraceptive administration modulated weight gain.
Intact animals gained weight consistently across puberty.
Pre-pubertal OVX was associated with increased body weight
at mid puberty, with OVX animals weighing more than
animals from all other groups, and OVX + E2 animals weighing
more than Intact or Intact+ C groups (y*=57.9, p=1.65*10""%
p<0.05 for all individual comparisons). By early adulthood,
both OVX and OVX+E2 groups weighed significantly more
than Intact or Intact+C groups and did not differ from
one another (y*=76.1, p=2.08%10""% p=0.99 for OVX vs.
OVX+E2; p<0.05 for all other comparisons). Eight days
of contraceptive administration did not significantly impact
weight relative to Intact animals (y*=0.28, p=0.594; See
Supplementary Figure 2).

Circadian, but Not Ultradian, Power of
Body Temperature Increased Across

Pre to Mid Adolescence
As reproductive circadian and ultradian rhythms change
markedly across adolescence and may be coupled to CBT

(Wu et al,, 1996; Shaw et al., 2012; Duan et al., 2018),
we investigated the impact of estradiol status on the timing
and tempo of CBT rhythmicity. All animals exhibited a
significant positive trend in CR power from pre-to-mid
adolescence (p26-p4l; p=0.002, 0.007, 0.029, and 0.04 for
Intact, Intact+ C, OVX, and OVX +E2 animals, respectively).
CR power stabilized thereafter (p>0.05 in all cases;
Figures 2A,B). To examine the relative rate of this increase
across groups, we set a criterion of 2 SDs above the mean.
CR power rose 2 SDs above the mean significantly faster
in OVX+E2 animals compared to Intact or OVX animals
(r*=19.0, p=3%10"% p=0.025 and 0.001, respectively;
Figure 2L).

Ultradian power did not show a significant upward or
downward trend across the study period in any group (p>0.05
for all groups at all time windows; Figures 2A-D). Although
directionality of CR power change across adolescence was
similar (i.e., an early increase followed by a plateau) in all
individuals, magnitude of circadian power differed among
groups. Specifically, circadian power for OVX animals was
depressed compared to all other groups from pre to mid
adolescence (y*=125, p=4.02*10"%, p<0.02 for OVX vs. all
other groups; Figure 2E). From mid to late adolescence
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FIGURE 2 | Level and rate of early adolescent rise in core body temperature (CBT) circadian power are tied to fecal estradiol (fE2). Circadian, but not
ultradian power rises across early adolescence (A-D). Linear plots of group mean (+SD) of CBT circadian (solid) and ultradian (dashed) power in Intact

(light blue, A), Intact+C (dark blue, B), OVX (gray, C), and OVX+E2 (orange, D) animals. * indicates significant trend over time for the bracketed time region
(p<0.05). Phase of adolescent time periods (pre to mid, mid to late, and late to adult) are indicated by black dividers in the colored x-axis at p42 and p58.
Although, CBT circadian power rises over early adolescence in all groups, estradiol increases the rate of this rise (L). Violin plots (E-G) of circadian power in
each group analyzed by segment of life: pre to mid adolescence from p26 to p41 (E), mid to late adolescence from p42 to p57 (F), and late adolescence
through early adulthood from p58 to p73 (G) illustrate that circadian rhythm (CR) power is highest in Intact animals, with a reduction following hormonal
contraceptive administration and OVX, and a partial rescue in OVX+ E2 animals. Black lines indicate mean and red lines indicate median of each plot.
Scatters of fE2 level by CR power indicate that hormonal manipulation reduces or eliminates the correlation between CR power and fE2 concentrations
(H-K). Note that each individual within a group is plotted in a unique color. CR power and fE2 are significantly correlated in Intact (light blue, H), Intact+C
animals prior to contraceptive administration (dark blue, I), with inset depicting abolished correlation during and after contraceptive administration. CR power
and fE2 are weakly correlated in OVX+E2 (orange, K) but not OVX animals (J). * indicates significant positive correlation between fE2 and CR power.

AIC indicates relative performance of the mixed effects model. Color of letters at the top in E=G and L indicate experimental group; letters indicate statistical
differences, with groups not sharing the same letter being significantly different (p <0.03).

(p42-p58), CR OVX power remained depressed and OVX+E2  (p59-p74), following contraceptive administration, the CR
trended toward lower power (y*=112, p=2.82¥10"%; p<0.01  power for Intact+C was depressed compared to Intact rats
Intact and Intact+ C vs. OVX; Figure 2F). In early adulthood  (3*=37.9, p=2.93*10"%, p=0.04; Figure 2G).
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Body Temperature Circadian Power Was
Most Correlated to Fecal Estradiol Level in
Unmanipulated Animals

Temperature level, UR power, and E2 exhibited coupled
patterning, and appeared to change markedly during adolescence.
However, it was unclear if CBT circadian rhythmicity was
coupled to estradiol, if such a relationship existed during
adolescence, and if the relationship could be modified by
hormonal state. FE2 and normalized circadian power were
strongly correlated in Intact (R*=0.226, p=2.90*10"*) and
Intact+ C rats prior to p50 when contraceptive administration
began (R*=0.166, p=0.025), and weakly correlated in OVX +E2
animals (R*=0.062, p=0.001; Figures 2H-K). This positive
correlation was abolished during and after hormonal contraceptive
administration in the Intact+C group (R*=1.06¥10", p=0.58;
Figure 2I, inset). Circadian power and fE2 was not significantly
correlated in OVX animals (R*=0.013, p=0.06; Figure 2J).

Ovulatory Rhythms in CBT and
Perturbations During and After
Contraceptive Administration

We next investigated the relationship between ORs and cycles
in body temperature. Our goal was to determine if interactions
at this timescale (a) could be observed in continuous body
temperature in adolescents, (b) if previously described hormonal
UR modulations by phase of cycle (Gabriel et al., 1992; Hoeger
et al., 1999) translates to ovulatory cycles in CBT URs, and
(c) if exogenous hormone administration disrupts these
continuous dynamics. In intact rats, we observed a significant
4-day modulation of combined CBT and UR power corresponding
to the estrous cycle (Intact y*=59.1, p=9.26*10"", Intact+C
group prior to BC administration y*=13.7, p=0.003;
Figures 3A,B, 4A,B). This 4-day pattern commenced in Intact
and Intact + C rats (prior to treatment) with a significant increase
in mean daily CBT following the first rise in fE2 above 2
SDs (p=0.03 in each case). Intact and Intact+C (prior to
treatment) animals also exhibited a 4-day pattern of UR power
modulation. This modulation manifested as a significant trough
of UR power within 4 days of the first rise of fE2, as previously
reported in adult rodents (Sanchez-Alavez et al., 2011; Prendergast
et al, 2012; Smarr et al, 2016b, 2017; p=0.04, p=0.03,
respectively). The combination of UR power and linear
temperature yielded a more easily separable metric, which rose
significantly the day after first rise of fE2 in Intact and Intact+C
(p=0.01, p=0.02, respectively; Figures 3A,B; For individual
metric comparisons see Supplementary Figure 3).

We noted an absence of significant 4-day differences in
combined CBT and UR power in the Intact+C group during
hormonal contraceptive administration, even following 4 cycle-
lengths of recovery (Intact+C group y*=7.2, p=0.07; Intact
group over same time period y*=58.9, p=1.00*10""?). A FFT
of data in Intact and Intact+C animals prior to contraceptive
administration revealed comparable AUCs for 4-5 day oscillations
(no group difference; y*=0.54, p=0.46; Figures 3C,D, Inset).
However, after hormonal contraceptive administration, AUC
for Intact animals was significantly greater for 4-5 day oscillations

than in Intact+C animals (y*=3.98, p=0.046; Figures 3E-T;
Supplementary Figure 4). As expected, a 4-day pattern was
also absent in OVX and OVX+E2 animals (p>0.05 in both
cases). Note that 5-daycycles occurred rarely in Intact rats
and using 5-day bins rather than 4-day bins abolished significant
differences by day of cycle for all groups (data not shown).

CBT Increased in Pre-to-Mid

Adolescence

As growth and metabolic rate increase in adolescence,
we hypothesized that CBT would also increase during the period
of most rapid growth, pre to mid puberty. Pre to mid puberty
(p26-p41) was associated with a significant positive trend in
CBT in Intact (p=5.75*10"°) and Intact+C animals prior to
contraceptive administration (p=1.20*10"* Figures 4A,B). Notably,
implantation of the silastic capsule in OVX and OVX+E2 animals
resulted in a transient (1day) increase in CBT (OVX p=0.01,
OVX+E2 p=0.03; Figures 4C,D; Supplementary Figure 5).
This surgical-recovery-associated rise was highly variable and
did not differ between OVX and OVX+E2 animals (p=0.65;
Supplementary Figure 5). Interestingly, the early pubertal CBT
increase did not require E2, as OVX animals also exhibited a
significant positive trend (p=0.034; Figures 4C,E). For a summary
guide to CBT features that may be useful for Intact pubertal
staging, see Supplementary Figure 6.

CBT Maintenance in Late Adolescence to
Adulthood Required Estradiol

Complex interactions exist between metabolism, growth, and
E2 level during adolescence. As estrogen deficiency in puberty
is associated with weight gain and reduced metabolic rate,
we investigated if maintenance of elevated temperature would
be impacted by hormonal status. The maintenance of increased
temperature in late puberty and adulthood was E2-dependent,
with OVX animals exhibiting a significant downward trend
in CBT from mid to late puberty (p58-p74; p=0.01) relative
to Intact and OVX+E2 animals (p>0.05 in each case;
Figures 4C,D). E2 treatment in the OVX+E2 group prevented
intra-individual CBT decline in late puberty; correspondingly,
temperatures in the OVX but not OVX+E2 groups were lower
than that of Intact animals (late puberty to early adulthood
=628, p=1.46*10"", p=4*10~* for Intact vs. OVX, p=0.16
for Intact vs. OVX + E2; Figures 4F,G; Supplementary Figure 5).

Contraceptive Administration
Longitudinally Depressed CBT

Core body temperature power did not exhibit a positive or
negative trend from mid puberty through early adulthood
(p42-p58) in Intact animals (p=0.12), but exhibited a significant
downward trend in Intact+C animals during the period of
contraceptive administration (p=0.028; Figures 4A,B),
resulting in a trend toward depressed temperatures following
administration in mid to late adolescence (y*=21.84,
p=7.04*10"", p=0.1 for Intact vs. Intact+C) that persisted
into early adulthood (y*=62.83, p=1.46%10"", p=0.1 for Intact
vs. Intact+C; Figures 4B,F,G).
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FIGURE 3 | along the x-axis for Intact + C animals indicate average time of contraceptive administration relative to fE2 rise. * indicates regions of

time over which every 4th day’s CBT values are significantly elevated compared to other days of cycle (p <0.0083). Twenty-four hour smoothed average

plots of normalized linear CBT in Intact (C) and Intact + C (D) individuals from the time of contraceptive administration illustrate a reduction in regularity of
4-day oscillations. Insets show FFT centered at 4-5days. * indicates significantly higher AUCs in the 4-5day range for Intact (panel C) compared to
Intact + C rats (panel D). Individual animals (E=T) comprising Intact (light blue) and Intact + C (dark blue) groups prior to and following hormonal contraceptive
administration. Dark bars along horizontal axes indicate time of contraceptive administration; administration days differ based on an individual’s day of

fE2 rise.
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DISCUSSION

Adolescent Development and Estradiol
Dependence of CBT Rhythmicity

The present findings reveal that female adolescence is
characterized by stereotyped development of CBT rhythms at
the wultradian, circadian, and ovulatory timescales. Early
adolescence in the female rat is marked by rising CBT and
CBT circadian power, and commencement of 4-day cycling
in CBT and CBT URs. These early circadian and ultradian
changes likely reflect maturation of the reproductive axis, as
(1) the rate of CR power rise was hastened by estradiol, (2)
the commencement of 4-day temperature cycling was preceded
by a rise in fE2, and (3) CBT CR power was correlated with
fE2 concentration (Delemarre-Van De Waal et al., 1991; Apter
et al, 1993). These observations confirm and extend reports
of early pubertal development of ultradian-circadian-ovulatory
interactions within the hypothalamus (Mohr et al., 2017, 2019),
and suggest that reproductive-thermoregulatory coupling may
develop prior to, or in tandem with, pubertal onset.

Adolescent increases in UR amplitude for many endocrine
outputs have been reported at discreet points in time (e.g.,
Tanner Stage 1 vs. 2), but continuous changes to UR structure
across all of puberty, or in peripheral markers, are not well-
mapped (Delemarre-Van De Waal et al., 1991; Dunger et al.,
1991a). We found that, from the time of rise in fE2 (a defining
marker of pubertal onset), CBT UR power retained the same
mean value but commenced a 4-day, ovulatory cycle-associated
pattern. Four day cycles in URs are consistent with data collected
on URs in adult rodents (Sanchez-Alavez et al., 2011; Prendergast
et al,, 2012; Smarr et al,, 2017) and in women (at a longer
time scale; Grant et al,, 2020a). Four-day patterning was not
present in ovariectomized or E2-replaced animals, consistent
with dependence on the ovarian cycle. These results reveal
that URs in CBT achieve adult amplitude and stability early
in life, prior to maturity of CRs (Tenreiro et al., 1991; Menna-
Barreto et al., 1993; Bueno and Menna-Barreto, 2016), and
that interactions among thermoregulatory and reproductive
circuits permitting rapid ultradian coupling are established well
before pubertal onset.

Additionally, the present findings suggest that some dynamics
of CBT development require specific patterns of E2 rather
than simply concentrations above a particular threshold.
Ovariectomy eliminated ORs, increased weight, reduced CR
power, rate of CR power rise, and correlation between CR
power and fE2, and overall temperature (Wegorzewska et al.,
2008; Curtis et al., 2018). E2 replacement partially rescued
circadian metrics and reduced weight but did not recapitulate
ORs. Short-term exposure to contraceptives in late adolescence
longitudinally altered CBT metrics by reducing temperature
and CR power, and abolishing ORs in CBT and UR power.
Despite the apparently early maturation of substrate for
thermoregulatory and reproductive coupling, the impact of E2
replacement and the enduring effects of short-term contraceptives
suggest that these systems are sensitive to both level and
patterning of reproductive hormones across the adolescent
period.

Together, temperature amplitude and oscillation stability at
the UR, CR, and OR timescales in the present study are
modulated across the adolescent transition and are influenced
by endogenous and exogenous E2. CBT URs mature to their
adult amplitude and stability prior to CRs, with the dominant
early pubertal change manifesting as a modulation of amplitude
and stability by ovulatory phase in intact animals (See
Supplementary Figure 6). Conversely, CRs increase in magnitude
and stability in early adolescence, are not significantly impacted
by the phase of OR, and are impacted by ovariectomy. These
results support the notion that ultradian and ovulatory systems
are tightly coupled and reflected in CBT, and that circadian
effects on the ovulatory cycle may be unidirectional (Shechter
and Boivin, 2010; Grant et al, 2020a). Ovariectomy, E2
replacement, and pubertal contraceptive administration have
a number of effects on rhythmic dynamics at each timescale,
overall indicating that “intact” dynamics are not easily
recapitulated and that exogenous sex steroids can have enduring
impact (See Supplementary Figure 7).

Limitations

The ovulatory cycle of the female rat differs from that of
humans, in that rats do not exhibit prolonged elevation of
progesterone in the absence of pregnancy or pseudopregnancy
(Paccola et al., 2013). This lack of a true luteal phase means
that post-ovulatory temperature elevation in the rat follows a
more compressed trajectory than in humans (Marrone et al.,
1976). Therefore, exposure to estrogen and progesterone analogs
in rats for prolonged periods may be associated with a different
phenotype in rats than in humans (Liechty et al., 2015).
Additionally, the present study focused on CBT, as opposed
to locomotor activity (LA). LA is known to exhibit rhythms
closely related to those of CBT during the active phase, and
LA CRs are known exhibit analogous increases in amplitude
and regularity from pre to mid puberty in intact males (Hagenauer
et al, 2011). Finally, the laboratory environment imposes
artificially stable environmental conditions on animals;
recapitulation of these patterns under naturalistic conditions
in future experiments will strengthen the translational potential
of this work.

Considerations of Rhythmicity
Perturbation Through Adolescent
Contraceptive Use

Although rats cannot fully model human biology, it was notable
that contraceptive administration imposed lasting structural changes
on CBT rhythmicity and its relationship with E2. Levonorgestrel
and EE2 administration abolished the 4-day modulation of fE2,
UR power, and temperature level, eliminated the correlation between
CR power and fE2, and significantly depressed CR power. As
these changes required continuous monitoring to detect and
occurred in the absence of significant group changes to fE2 level,
it is not unreasonable to speculate that studies of less frequently
timed samples, or samples averaged across individuals, could make
similar disruptions in humans difficult to detect. Whether or not
contraceptive administration at other times of adolescence, or in
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adulthood, would generate a different phenotype than that observed
here represents an important area of further inquiry.

Perturbation of body temperature rhythms is associated with
diverse health insults across species, both reflecting perturbation
in underlying systems and potentially acting as a causative agent.
Circadian disruption to CBT rhythms occurs in, and is proportional
to, severity of jetlag (Ariznavarreta et al, 2002), depression
(Polugrudov et al,, 2016), sepsis severity (Drewry et al, 2013;
Granger et al,, 2013), post-traumatic injury (Culver et al., 2020),
cognitive decline (Sharma et al., 2021), and has even been proposed
as a root cause of disease dubbed “Circadian Syndrome” (Zimmet
et al,, 2019). Disruption to ovulatory temperature rhythms occurs
in anovulatory and atypical luteal phase cycles (Akin and Elstein,
1975; Bopp and Shoupe, 1993; He, 1993), including those arising
from polycystic ovarian syndrome (PCOS; Mitwally et al.,, 1999).
The impact of ultradian rhythmic disruption of the reproductive
axis requires additional study (Veldhuis et al., 1988; Sir-Petermann
et al., 1999; Herbison, 2018), but existing work in other hormonal
systems suggests that preservation of pulsatility in drug delivery
(e.g., of cortisol in Addisons disease or insulin in diabetes) can
lead to better patient outcomes when compared to conventional
non-rhythmic treatment (Lightman and Terry, 2014; Smarr et al.,
2016a; Choi et al., 2018; Kalafatakis et al.,, 2018; Lightman et al,,
2020). It is likely that disruption of URs may result in negative
impact analogous to disruption at longer timescales. It may appear
counter-intuitive that thermoregulation could be both a reporter
for such diverse maladies and a potential mediator for disease
progression. However, temperature rhythm disruption is associated
with a wide range of temporal, inflammatory, and endocrine
insults, in part, because thermoregulatory circuits are directly
impacted by the master clock, and modulated by inflammatory
factors, autonomic status, and a variety of endocrine factors
including estradiol (Williams et al., 2010; Marui et al., 2016) and
progesterone (Forman et al., 1987). Lastly, CBT itself acts as a
synchronizing cue for peripheral circadian oscillators (Brown et al.,
2002). Further research is needed to disentangle if disruption of
CBT rhythmicity itself causes harm, or if CBT rhythms are merely
reporting perturbations in underlying systems (e.g., sex hormones
or metabolic factors).

Our observations suggest that contraceptive administration that
results in a non-physiological temporal endocrine pattern may
act as “hormonal jetlag” This evidence is consistent with previous
evidence that hormonal contraceptive use is associated with elevated
body temperature (Baker et al, 2001), decoupling of follicular
maturation cycles within the ovary (Obruca et al., 2001; Landersoe
et al, 2020), weight change (Lopez et al, 2016; Okunola et al,
2019), mental health risks (Skovlund et al., 2016, 2018; Fruzzetti
and Fidecicchi, 2020), lasting luteal phase deficiency (Gnoth et al,
2002), and a variety of other off target effects (Barr, 2010; Benagiano
et al, 2019). Furthermore, women under 21 are more likely to
exhibit anovulatory cycles following birth control cessation than
are older individuals (Pinkerton and Carey, 1976), suggesting that
contraceptives taken
during late adolescence may be more disruptive than in adulthood.

The degree of lasting impact to other systems that rely on
temperature as an entraining stimulus, or disrupted systems reported
indirectly by temperature (e.g., SCN, endocrine, and autonomic)

remain to be assessed. Furthermore, the extent to which such
disruptive effects differ among species (Liechty et al, 2015),
contraceptive agents, administration methods, or between adolescent
populations and adults requires further investigation. Encouragingly,
the observation that rodents and humans exhibit similar CBT
patterning during the peri-ovulatory period (Sanchez-Alavez et al.,
2010; Smarr et al,, 2017; Grant et al., 2020a) points to potential
translational relevance.

Together, despite established societal benefits of widely available
hormonal contraception (Peachman, 2018), especially in individuals
experiencing hormonal irregularities (Bahamondes et al, 2015),
the present findings suggest that administration of exogenous
estrogens and progestins during adolescence leads to persistent
rhythmic disruption across timescales. Future research is needed
to determine if rhythmic patterns of sex steroid administration
more closely mimicking endogenous release, analogous to those
implemented in cortisol (Kalafatakis et al., 2018) and closed loop
insulin therapy (Lewis, 2019), can minimize rhythmic disruption.
Conversely, future studies that validate an “updated” symptom-
thermal method using signal processing of continuous CBT data
may provide feasible, non-disruptive alternatives for contraception
(Aptekar et al, 2016; Shilaih et al, 2017; Grant et al, 2020a;
Webster and Smarr, 2020). Contraceptive administration to
adolescent girls is on the rise (Birth Control Pill Use-Child Trends,
2018), and there are a paucity of data on the impact of chronic
hormonal perturbation on endogenous rhythmicity, or if such
disruptions during the sensitive window of adolescence have lasting
effects (Pinkerton and Carey, 1976; Skovlund et al.,, 2016, 2018;
Morch et al,, 2017; Westhoff and Pike, 2018). Further research
is needed to characterize the impact of adolescent hormonal
contraceptive use so that further improvements can be made,
individuals at-risk for side effects can be identified, and informed
decisions about family planning can be made.

Utility of CBT for Monitoring Pubertal
Development in Rodents and Potential
Translational Relevance
Continuous monitoring of CBT may have great utility for passive
detection of pubertal milestones in rodents in preclinical research.
Existing methods for pubertal staging in rodents carry considerable
downsides: frequent blood sampling and vaginal lavage (McLean
et al,, 2012) are repeatedly invasive, and fecal hormone analysis
is time consuming and costly (Chelini et al, 2005 Woodruff
et al, 2010). Moreover, our results indicate that individual rats
do not traverse identical pubertal trajectories by day of life, and
that this assumption could lead to considerable errors in staging.
Conversely, signal processing of passively collected CBT can add
temporal resolution, greater quantitative power, and limit repeated
invasive procedures for staging puberty (van der Vinne et al., 2020).
In human subjects, continuous temperature monitoring
via wearables may similarly facilitate the study of pubertal
development. The signal characteristics of rat CBT exhibit
remarkable similarities to human peripheral temperature
(See: Sanchez-Alavez et al., 2011; Shechter et al., 2011; Grant
et al., 2020b). Monitoring human peripheral temperature
during adolescence could serve broad purposes - from
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personalizing health education based on self-collected data
(Eschler et al., 2019; Fowler et al., 2020), to adapting teaching
style to an individual’s developmental phase (Davidow et al.,
2016; DePasque and Galvan, 2017; Piekarski et al., 2017;
Master et al.,, 2020), to enabling research into the impact
of teen contraceptive use (Martinez, 2015; Patseadou and
Michala, 2017) or the process of gender transition (Castilla-
Pedn, 2018; Strittmatter and Holtmann, 2020). Together,
pubertal monitoring via continuous body temperature is
worthy of further investigation in both animal models and
human subject populations for its potential utility to
individuals, researchers, families, and clinicians.

CONCLUSION

In conclusion, body temperature monitoring provides a window
into the development of biological rhythms in puberty over
multiple timescales. These rhythms may serve as convenient
and high temporal resolution indicators of developmental stage
and trajectory for application in research and clinical studies.
Our study of body temperature also reveals unintended side
effects of tonic hormonal manipulations. We anticipate that
these findings will inform creative improvements to female
reproductive research and healthcare.
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Supplementary Figure 1 | Fecal estradiol (fE2) group averages from pre-puberty
to adulthood post-contraception: contraceptives longitudinally alter the pattern but
not level of fecal estradiol (fE2). Pre-puberty (p24-p30), early puberty (030-p37), mid
puberty (p43-p49), late puberty (p55-p61), and early adulthood (p69—p76) in Intact
(A), Intact+C (B), OVX (C), and OVX+E2 (D). Early adulthood post-contraceptive
administration, captured only in Intact and Intact+C animals, are overlaid in (E),
illustrating persistent perturbation of estrous-cycle fE2 patterning. Dark bar indicates
samples were collected during contraceptive administration in Intact+C animals.

* indicates significant elevation of day 3 compared to day 1 (p<0.05).

Supplementary Figure 2 | Ovariectomized (OVX) and OVX+E2 are heavier
than Intact animals in mid puberty and early adulthood. Prepubertal OVX did not
significantly impact weight gain before mid-puberty. OVX animals (gray) are
significantly heavier than all other groups at pre to mid-puberty. OVX animals
remain significantly heavier into adulthood. In early adulthood, OVX+E2 animals
(orange) are not different from OVX animals and are significantly heavier than
either Intact (light blue) or Intact+ C animals (dark blue). Colors of * indicate
groups that are significantly heavier (p<0.05).

Supplementary Figure 3 | Day of first estradiol rise occurs near vaginal opening
and coincides with markers of estrus: subsequent drop in ultradian rhythm (UR)
power and rise in core body temperature (CBT). Estradiol has a unique day in
proximity to, but distinct from, vaginal opening, during which fE2 rises >2 SDs within
an individual (A,B). Alignment to this day as a proxy for puberty onset provides a
convenient point from which to average across animals to permit easy visualization of
the estrous cycle. Daily mean UR power decreases significantly following this day (C),
and daily mean CBT rises significantly following this day (D). The difference between
these two metrics exaggerates the difference and the differences across subsequent
cycles (E). After this point, all three metrics commence the 4-day estrous pattern.

* indicates significant difference from all other time periods.

Supplementary Figure 4 | Fast Fourier Transform (FFT) power of Intact
temperature across life peaks unique at 4 days and is disrupted during and after
contraceptive administration. Fast Fourier Transform of each individual’s CBT log in
Intact (light blue) and Intact+BC (dark blue) prior to contraceptive administration
(left), and during and after contraceptive administration (right). * indicates significant
difference for AUC between the groups in 4-5 day periodicity.

Supplementary Figure 5 | Estradiol administration in ovariectomized animals is
associated with lower temperatures across adolescence. Core CBT linear group
means (+SD) in OVX (gray) and OVX+E2 animals from p28 to p72. Box plots indicate
values used in Kruskal-Wallis (KW) comparisons between groups during silastic implant
recovery (left) and across adolescence (right) with independent y-axes. * indicates
significant difference between groups during the marked time period (p<0.03).

Supplementary Figure 6 | Summary of CBT feature use for pubertal staging in
an Intact female. Features of CBT and CBT rhythmicity can be used to
complement and extend hormonal and external markers of adolescence. Here,
we illustrate derived features on an example Intact female from p26 to p74, with
fE2 rise and vaginal opening occurring on p31 and p32, respectively. Dots
indicate vaginal opening and “e” indicates first rise of fE2 >2 SDs. Rising CBT,
emergence of ovulatory rhythms (ORs) in UR power, and rising circadian rhythm
(CR) power can be used to characterize pubertal onset. Mid to late adolescence
is characterized by a plateau of CR power, as well as the emergence of ORs in
raw CBT their persistence in UR power. Post-natal day 60 did not correspond
with any overt transitions in CBT or CBT metrics.

Supplementary Figure 7 | Examples of individual fE2 and CBT. Representative
individual plots of fE2 (top) and CBT (bottom) from Intact (A), Intact+C (B), OVX
(C), and OVX+E2 animals. Gray bars indicate windows of time during which fE2
was not collected. Horizontal bar in B indicates days during which hormonal
contraception was administered.
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