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A B S T R A C T

The literature on hormone changes in pregnancy has focused largely on cortisol, and changes in sample average
concentrations. Within-person changes and variability in hormone concentrations are less commonly reported,
particularly for sex hormones, and especially measured in hair. Using a prospective sample of pregnant women
and a non-pregnant comparison group, we examined changes in five steroid hormones in hair. Non-pregnant
women were recruited from the same area with parallel procedures and assessment timeline. Participants
include 68 women (34 pregnant, average age ¼ 29.14, and 34 non-pregnant; average age ¼ 27.18) who were
predominately non-Hispanic White (83%), and above the 2020 poverty line (75%). Pregnant women provided 3
cm hair samples and completed questionnaires three times during pregnancy: 1) at 12 weeks, 2) at 26 weeks, and
3) at 38 weeks. Non-pregnant women provided 3 cm hair samples and completed questionnaires three times, at
baseline, 14 weeks later, and 12 weeks after that to mirror the assessment schedule of the pregnant group. There
was clear evidence that progesterone was higher initially and increased dramatically across pregnancy whereas
non-pregnant patterns showed no systematic change. There was suggestive evidence that cortisol and estradiol
increased over pregnancy and in non-pregnant women similarly across the same time course. There was sug-
gestive evidence that DHEA decreased across pregnancy, particularly early in pregnancy, differently from patterns
in non-pregnant women over the same time course. Most importantly, there was substantial variability of hor-
mone concentrations and many different within-person patterns of changes in these hormones over time, with
little evidence of systematic change or stability within-individuals. Moving beyond discussing sample averages to
including within-person and non-linear changes in studies of hormones-behavior associations during pregnancy is
an important future direction for further investigation.
1. Introduction

Pregnancy is an important period of time for understanding the dy-
namics of changing hormone concentrations. In order to understand the
nature of hormone changes across pregnancy, it is critical to ascertain
hormone concentrations in a way that a) reliably maps onto the time-
scale of interest, and b) describes the extent to which there are or are
not individual differences in individuals’ trajectories of change. Hair
hormone concentrations are better suited to the time-scale of pregnancy
than other common biospecimens like saliva or serum because they are
not subject to short-term fluctuations (e.g., minutes, hours, days).
Although there is a growing body of literature examining average
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concentrations of cortisol in hair across trimesters of pregnancy (see
Ref. [1], how sex hormone concentrations in hair change across preg-
nancy has not been adequately documented. Therefore, the present study
examines hormone changes of five steroid hormones in hair: cortisol,
dehydroepiandrosterone (DHEA), testosterone, estradiol, and progester-
one, using a prospectively measured sample of pregnant women and a
comparison sample of non-pregnant women recruited from the same area
with matching procedures and assessed on the same timeline. To our
knowledge, this is one of the first studies in humans that tracks these
hormones prospectively across pregnancy (see Ref. [2,3] for work with
rhesus macaques [4]; and [5] for humans), and is amongst a very small
number of studies that examine these hormones longitudinally in human
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hair (see, for example, [6,7].
Drawing from other biospecimens [8], synthesized reference ranges

for many laboratory values including steroid hormones across normal
pregnancies into a succinct and accessible reference table. The reported
average concentrations of cortisol, testosterone, estradiol and proges-
terone slowly increased across pregnancy from trimester 1 to trimester 3.
Further, the concentrations and ranges (i.e. spread) decreased somewhat
for dehydroepiandrosterone-sulphate (DHEA-S). In all cases, the ranges
were highly overlapping across trimesters, and were typically over-
lapping with the non-pregnant reference groups, with the exception of
progesterone and estradiol. After trimester 2, progesterone and estradiol
were higher in pregnant women than in non-pregnant women. Although
this type of data aggregation effort is commendable, there are also lim-
itations, including that the reported values were taken from multiple
studies analyzed in different laboratories, and laboratory values can vary
widely, presumably due to assay procedure and technology differences
[9]. Further, many key factors such as biospecimen and timing of
assessment are unavailable in these data, and the non-pregnant com-
parisons are from potentially quite different populations.

Several studies have examined hair cortisol concentrations at multi-
ple times over the course of pregnancy, often showing increases in hair
cortisol on average across pregnancy (e.g., Refs. [10,11]). However, the
reported means and standard deviations suggest that there is a greater
degree of variation within any given trimester than there are increases
across trimesters, and some studies did not find this average cortisol
increase (e.g., Ref. [11]; see also [1]). Overall, sample average patterns of
change have been reported for sex hormones across pregnancy as well. In
serum, testosterone and progesterone concentrations increased over
pregnancy, estradiol concentrations increased particularly in the first
trimester, and DHEA-S decreased over the three trimesters [12].
Cross-sectionally, in serum, DHEA also decreased across pregnancy [13].
Testosterone in saliva was also found to increase on average across
pregnancy, but the reported ranges were highly variable [14]. Estradiol
and progesterone has also been shown to increase in saliva across preg-
nancy, again with the pattern of widening variability across pregnancy
[15]. This widening variability underscores the importance of consid-
ering individual trajectories to better understand hormone changes
across pregnancy. Critically, sample average trajectories do not neces-
sarily reflect the patterns of change that would be observed within in-
dividuals in the sample – that is, an increase across trimesters in terms of
the sample average concentration does not mean that every individual
experiences, or even most individuals experience an increase over
pregnancy. Higher variability in concentrations within trimesters than
across trimesters in these studies indicates that many individual patterns
of change are likely, and focusing solely on the sample average can miss
critical individual differences in hormone trajectories that may prove
important for behavior or development. A novel contribution of this
study is the characterization of multiple patterns of within-person
changes in multiple hormones across pregnancy and in a non-pregnant
comparison group.

Moreover, by examining a biospecimen that is relatively robust
against momentary fluctuations, we are in a position to estimate the true
magnitude of within-individual change across three-month durations of
time. Specifically, a substantive limitation of the work assessing sex
hormones across pregnancy is that hormone concentrations were assayed
in serum or saliva, and these biospecimens show substantial variation
due to specific environments and cyclic variation on several timescales.
Thus, any single assessment is unlikely to provide a reliable snapshot of
hormone concentrations at that time, and is not ideal for tracking longer-
term changes [16]. Hair hormone concentrations are better measures of
basal levels than single-assessments of saliva or serum, as they are not
subject to short-term fluctuations. While hair has emerged as a common
biospecimen for cortisol, less work has investigated hair androgens such
as testosterone and DHEA [17,18]. Further, estradiol and progesterone
remain critically understudied [6,19,20], particularly over time.
Describing concentrations and changes in a range of steroid hormones in
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hair is an important contribution of this study which few prior studies
have accomplished in humans [4,5].

The purpose of the present study was 1) to present within-person
patterns of change in five hormones in hair over the course of preg-
nancy, and 2) to compare the concentration, pattern and magnitude of
within-person changes between a sample of pregnant and non-pregnant
women. Strengths of the design include repeated prospective assess-
ments, one per trimester, in a sample of pregnant women and in a sample
of non-pregnant women assessed by the same team on the same assess-
ment schedule. Thus, we are able not only to compare concentrations
across pregnant and non-pregnant participants, but also to compare
within-person changes across groups.

2. Materials and methods

2.1. Participants and procedures

Participants include 68 women (34 pregnant, average age ¼ 29.14,
SD ¼ 5.06 years), and 34 non-pregnant; average age ¼ 27.18, SD ¼ 3.87
years). The sample was predominately (83%) non-Hispanic White, and
(75%) above the poverty line as defined by the 2020 poverty guidelines
[21]; see Table 1 for full demographics). To be eligible for enrollment in
the study, pregnant women had to be less than 12 weeks pregnant
(self-reported) and live within about a 1-h driving radius from Purdue
University. Pregnant women were recruited from July 2017 through
October 2018. Non-pregnant women were recruited from June 2018
through April 2019, from the same catchment areas and age ranges using
the same strategies. Exclusion criteria for both samples included (1)
failing to understand the elements of informed consent, (2) failing to
understand English at an 8th grade level, (3) being a minor (under the
age of 18 years).

Pregnant women were followed longitudinally, and assessed three
times during pregnancy (see Supplemental Fig. S1): 1) at 12 weeks (1st
trimester, n ¼ 34, M ¼ 12.47, SD ¼ 1.21), 2) at 26 weeks (during 2nd
trimester, n¼ 33, M¼ 26.16, SD¼ 1.41), and 3) at 38 weeks (during the
3rd trimester, n¼ 31, M¼ 37.62, SD¼ 1.17). Non-pregnant womenwere
assessed three times, at baseline (n ¼ 34), 14 weeks later (n ¼ 31, MT1-T2
¼ 14.17, SDT1-T2 ¼ 0.52), and 12 weeks later (n ¼ 29, MT2-T3 ¼ 12.23,
SDT2-T3 ¼ 0.54) to mirror the assessment schedule of the pregnant group
(aside from the six-month postpartum follow-up, not presented in this
manuscript; see Supplementary Table S1 for details of assessment time-
lines). Each assessment consisted of hair collection and all assessments
included an online questionnaire (approximately 45min for pregnant
women and 30min for non-pregnant women). A trained research assis-
tant collected hair samples at each visit, either in the participants’ home
or in the lab. Questionnaires included demographic information
described below. In addition, although not analyzed here due to the
scope of this analysis, we also assessed mental health history (assessment
1 only), pregnancy experiences (pregnant sample only), psychological
stress and distress, and life events; questionnaires were completed
independently by participants online at the time and location of their
choosing, within a week of the hair collection. Participants were
compensated with cash ($25 per visit for pregnant women, $20 for non-
pregnant women). The study was approved by the Purdue University IRB
(#1704019124), and all participants provided informed consent. Please
see Appendix 1 Part A "Recruitment, Attrition, and Missing Data" for
further details.

2.2. Hair hormones

2.2.1. Hair collection
Hair samples were collected by a trained research assistant at the end

of each trimester or corresponding time in the non-pregnant sample. The
majority of the non-pregnant sample chose for hair collection to occur in
the lab (79–84% across assessments), whereas the majority of the preg-
nant sample had hair collection occur in the home (58–64% across



Table 1
Sample demographic statistics.

Pregnant Sample Non-Pregnant Sample

Mean(SD) Min-Max Mean(SD) Min-Max

Household Income $65,000
($48,000)

0-$230,000 $55,000
($49,000)

0-$150,000

Age at first visit 29.14 (5.06) 19.55–39.74 27.18
(3.87)

18.13–41.78

Number of Children 1.14 (1.22) 0–4 0.72
(1.67)

0–3

Parity
Number of Births 1.12(1.23) 0–4 0.71

(1.19)
0–5

Previous
Miscarriages

0.82 (1.64)c 0–9 0.31
(0.59)

0–2

Never Pregnant – – 0.59
(0.50)

Financial Need 2.24 (2.03 0–7 2.38
(2.67)

0–11

Financial
Deprivation

2.00 (0.92) 1–4 2.21
(0.80)

1–4.67

Racea N (%) N (%)

White 25 (83.3) 24 (77.4)
Black or African
American

3 (10.0) 1 (3.2)

Asian 1 (3.3) 3 (10.0)
Latinx or Hispanic 1 (3.3) 1 (3.2)
More than one/
Other

0 (0.0) 2 (6.4)

Education
Less than high
school degree

1 (2.9) 0 (0.0)

High School
degree/GED

11 (32.4) 13 (38.2)

2-year college
degree

3 (8.8) 1 (2.9)

4-year college or
university degree

11 (32.4) 15 (44.1)

Graduate Degree 8 (23.5) 5 (14.7)
Employment Status
Unemployed/
Student

12 (35.29) 20
(60.61)

Part Time 5 (14.71) 5 (15.15)
Full Time 17 (50.00) 8 (24.24)

Marital Status
Single, never
married

6 (17.6) 17 (50.0)

Married/
Committed Living
Together

28 (81.4) 14 (41.2)

Separated/
Divorced

0 (0.0) 3 (8.8)

Contraceptionb

Hormonal
Contraception

– – 19 (57.6)

None – – 13 (39.4)

*all contraception was hormonally based, and most was continually taken,
however, one non-pregnant participant took a plan B pill between the second and
third visits. One non-pregnant participant was breastfeeding throughout the
study.

a These are out of 31 because of missing data for race/ethnicity.
b Out of 33 because one participant missing on contraception.
c For the pregnant sample, 10 women experienced 1, 4 experienced 2–3, and

one woman experienced 9 miscarriages (44% experienced at least one). For the
non-pregnant sample, only 25% experienced at least one miscarriage (6 women
experienced 1, two women experienced 2).
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assessments), although this is not expected to affect hormone concen-
tration results based on prior studies [22]. Participants’ hair was parted
horizontally along the posterior vertex (center, back of the head). Hair
bands and clips were used to hold hair away from the part and then the
end of a comb or scissor tips were used to isolate the hair sample. Hair
was cut as close to the scalp as possible without grazing the scalp and
3

then wrapped in a foil sheet, sealed in an envelope and stored in a cool
and dry filing cabinet until ready to be mailed to the Iowa State Stress
Physiology Investigative Team (SPIT) laboratory for assay. Availability of
data on specific hormones varied based on the amount of hair sampled.
Assays were prioritized in the following order: cortisol, DHEA/testos-
terone, estradiol, and progesterone; insufficient hair quantity led to
missingness. See Appendix 1 Part A “Other Missing Data” for details.

2.2.2. Assay
Each of the three hair samples was segmented by 3 cm from the scalp

end, each segment to reflect long-term hormone concentrations within
approximately one trimester based on the common rule of thumb of 1 cm
of growth per month [23]. Thus, with three prospective assessments, we
capture hair hormone concentrations across the entire pregnancy. During
hair collection, we also measured the hair growth for a small subset of
individuals. Research assistants used a piece of paper touching the scalp
to mark the length of previously cut hair and later measured the length
from the edge of the paper to the mark using a ruler. Hair growth was
measured in this way for six pregnant women from trimester 1 to 2 (M ¼
3.93 cm, SD ¼ 0.43, range ¼ 3.5 cm to 4.7 cm), and seven pregnant
women from trimester 2 to 3 (M ¼ 3.49 cm, SD ¼ 0.65 cm, range ¼ 2.7
cm to 4.3 cm). Further, we measured the hair growth for 11 non-pregnant
women between assessments (M¼ 4.32 cm, SD¼ 0.32, range¼ 3.8 cm to
4.8 cm). Considering the length of time between assessments (calculated
by subtracting the assessment dates, measured in weeks), we estimated
the rate of growth as cm/month as (cm growth)/(assessment 2 –

assessment 1)/(4.34524 weeks per month). Our estimated rates per
growth in cm/month were 1.30 (SD ¼ 0.23, range ¼ 1.08–1.62) for
pregnant women between trimester 1 and 2, 1.23 (SD ¼ 0.13, range ¼
1.08–1.46) for pregnant women between trimester 2 and 3, and 1.31 (SD
¼ 0.10, range ¼ 1.11–1.46) for non-pregnant women between assess-
ments 1 and 2. These rates of growth on a very small subsample are
consistent with the 1 cm/month rule of thumb albeit with potentially
slightly faster growth indicating slightly larger catchment windows.

See Appendix 1 Part B "Additional Assay Procedural Details" for
specifics on washing, drying, and extraction steps. Segmenting and assays
were performed by the SPIT lab at Iowa State University, in Ames, IA. In
brief, segmented samples were washed in isopropanol with rotation and
then dried. Three 15 mg samples (used to assay cortisol, DHEA and
testosterone together, estradiol) and one 10 mg sample (used to assay
progesterone) were weighed and ground in a ball mill. Powdered hair
was extracted in methanol (except for estradiol which was in ethyl ace-
tate, see Appendix 1 Part B), centrifuged, dried, and then reconstituted
with kit-provided assay diluent and assayed immediately using
commercially available enzyme immune-assay kits (Salimetrics, PA). For
estradiol a double-extraction method was applied, and for progesterone,
a distinct agitation method was conducted for extraction (see Appendix 1
Part B for details).

Our experimental design is aimed at tracking within-person vari-
ability and changes. Thus, all three assessments for any given individual
were assayed on the same tray in order to reduce intra-individual vari-
ability due to assay batch-related error. There were only two instances
where individuals had two assessments assayed on one tray and the third
on another. For all the assays, a tray was considered reliable if the
standard curve had R2 > 0.996. All samples were tested in duplicate and
samples were re-assayed if duplicate test values that varied by more than
7–10% error (CV: 7% for cortisol, DHEA, and progesterone, 10% for
testosterone and estradiol). There were 4 samples reanalyzed for
testosterone, 14 samples reanalyzed for estradiol, and 27 samples rean-
alyzed for progesterone (most due to being above sensitivity rather than
having an intra-assay CV > 10%).

2.3. Covariates

2.3.1. Socio-economic status
Socio-economic status (SES) was conceptualized as a formative latent
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variable, operationalized using principal component analysis in SAS
(PROC FACTOR, extracting exactly 1 factor). Indicators included the
following: Household income was continuously measured in pre-tax Dol-
lars. Employment status at the first visit was scored as 0¼ not employed, 1
¼ employed part time, 2 ¼ employed full time. The highest level of ed-
ucation was coded on a scale of 1 (less than high school) to 7 (graduate
program). These three indicators have been identified as the “big three”
important for measuring SES, however, subjective measures of financial
hardship have also been recommended [24] and were therefore included
here. Participants reported yes (1) or no (0) on a series of 12 questions
with the prompt “During the past 12 months, have you made any of the
following adjustments because of financial need?” (e.g., taken an extra
job to help meet basic living expenses; sold possessions; cashed out a
retirement account), which were summed into a financial need measure
(Chronbach’s alpha ¼ .79; e.g., Ref. [25]). Participants reported on a
scale from 1 (Strongly agree) to 5 (strongly disagree) for 6 items such as
“I have enough money to afford… the place where I want to live”, which
was averaged into a financial deprivation score (Chronbach’s alpha ¼ .91;
e.g., Ref. [25]). There were no differences between the pregnant and
non-pregnant sample on any indicator (data available upon author
request); thus, to improve power and precision, pregnant and
non-pregnant participants were analyzed together to create the SES
variable. The SES factor (Eigenvalue ¼ 2.29) explained 45% of the
variance in these measures and indexed higher SES (factor loadings: in-
come ¼ .79; employment ¼ .22; education ¼ .68; financial need ¼ -.67;
financial deprivation ¼ -.87).

2.3.2. Additional covariates
Additional covariates included pre-pregnancy BMI (or current, for the

non-pregnant sample) assessed at the first visit, calculated from self-
reported height and weight. Self-reported race/ethnicity was a nominal
variable including non-Hispanic White, Latina, Black or African Amer-
ican, Asian, and Other. Season of assessment was a time-varying covar-
iate such that an assessment date occuring in December-February was
coded as “Winter”, March–May was “Spring”, June–August was “Sum-
mer” and September–November was “Fall”. Age was also a time-varying
covariate, calculated from visit dates and reported (mother/participant)
birth dates.

For the non-pregnant sample, hormonal birth control use was also
considered. For the pregnant sample, gestational age at the visit was also
considered as an alternate indicator of time than assessment. Assay batch
was controlled during the data preparation steps (see below).

2.4. Analytic strategy

2.4.1. Data cleaning
Data were examined for outliers, and windsorized at þ3 standard

deviations of the grand mean concentrations (see Appendix 1 Part C
"Additional Data Cleaning Details" for specifics, including decisions for
handling outliers and cut-off values). Next, we removed batch effects by
regressing a nominal variable indicating the tray on which each hormone
was assayed on the hormone concentration and saving the residuals.
Because in the vast majority of cases all assessments per individual were
assayed on the same tray, these batch effects would contribute to
between-person differences rather than within-person variability.1 Batch
effects were present (R2 ranged from .04 to .34 across hormones and
pregnant and non-pregnant samples, see Supplemental Table S2 for re-
sults, and Appendix 1 Part C “Controlling for Batch Effects” for additional
discussion). For all analyses, batch corrected data were used except when
noted explicitly.
1 Except progesterone, because redo trays and one initial tray included both
pregnant and non-pregnant samples.
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2.4.2. Aim 1: description of within-person change over time for pregnant and
non-pregnant samples

We first examined the distributions and plots of individuals’ trajec-
tories over time. Next, we created ‘pattern’ variables to quantify the
number of individuals showing each trajectory of change over time by
creating differences scores from trimester/assessment 1 to trimester/
assessment 2 and trimester/ assessment 2 to trimester/assessment 3 (e.g.,
increasing, increasing; or stable, decreasing; 9 total possible categories).
This allowed us to visually inspect howmany different patterns of change
from trimester/assessment 1 to trimester/assessment 2 and trimester/
assessment 2 to trimester/assessment 3 were present in the data, as well
as visually inspect which patterns of within-person change are most
prevalent (e.g., describe inter-individual differences in intra-individual
change). Stable patterns were identified by samples that were within
the CV range for that hormone to incorporate expected assay error, rather
than only allowing stability to reflect exactly the same values across two
assessments (see Appendix 1 Part C “Quantifying Stability” for further
explanation, logic, and decision-making).

Next, we conducted unconditional multi-level models separately by
group (pregnant vs. not) to quantify the amount of between-person
versus within-person variability in hormone concentrations over time
(intra-class correlations, ICC’s). Then, we conducted multilevel models of
change separately by group with a random intercept and slope in order to
test for linear change over time. Specifically, we entered assessment
coded 0 ¼ trimester/assessment 1, 1 ¼ trimester/assessment 2, 2 ¼
trimester/assessment 3 as a level 1 predictor of the repeated measures of
cortisol, DHEA, testosterone, estradiol, and progesterone – each hormone
in a separate model. We included a random intercept and slope. Percent
reduction in error is presented to quantify the variance explained by the
linear slope as a metric of effect size.

2.4.3. Aim 2: differences in concentrations and within-person changes in
pregnant vs. non-pregnant samples

Because batch effects are confounded with pregnant vs. non-pregnant
status, a four-step approach was taken. The first three steps were a series
of multilevel models of change on the entire sample, with assessment
coded as described above, adding the indicator variable identifying
participants as pregnant or non-pregnant (a level 2, person-level pre-
dictor) as well as the cross-level interaction of assessment and group
(pregnant vs. not) in order to formally test for group differences in slopes.
First, multi-level models of change were run on the raw, windsorized
data, completely ignoring batch effects. Second, multi-level models of
change were run on the raw, windsorized data including both the preg-
nant vs. non-pregnant status indicator and the nominal batch variable
(included as a level 1 predictor). This controlled for batch within preg-
nant and non-pregnant groups, as PROC MIXED solves the equation in
such a way that the variance accounted for by pregnancy was estimated
first and batch effect second (with functionally two reference groups-one
per sub-sample). Third, multi-level models of change were run on the
batch corrected data. Finally, as a more descriptive exercise, change
scores (difference scores) were subjected to t-tests separately for preg-
nant and non-pregnant groups (to judge difference from zero) and in
independent samples t-tests (to judge differences across groups). To
mitigate the limitations in our experimental design, differences in preg-
nant vs. non-pregnant samples were interpreted based on converging and
diverging evidence from these approaches.

2.4.4. Adjusted models
We conducted bivariate correlations of covariates (SES, pre-pregnancy/

visit 1 BMI, race/ethnicity, season, and age; hormonal contraceptive use
for non-pregnant women only, gestational age at visit for pregnant women
only) with levels at each assessment and changes (difference scores) of
each hormone. Any that showed evidence of nominal correlation (i.e., p <
.05) were included in adjusted models in sensitivity analyses for the multi-
level models described for aims 1 and 2 (deviation frommain study results
are noted; full results available upon author request).
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3. Results

3.1. Description of change over time

Raw, windsorized hormone concentrations are presented in Table 2.
Plots of the batch corrected data revealed substantial heterogeneity in
trajectories of change in all hormones (i.e., diverse patterns of change;
see Fig. 1). Pattern variables confirmed heterogeneity in the patterns of
change in all hormones, with very little stability within individuals over
time (see Figs. 2 and 3; Supplemental Table S3). The exception is for
progesterone, which showed relatively more stability in the non-
pregnant sample and homogenous increases in the pregnant sample.
Fisher’s exact tests show no differences (e.g., all p> .05) in proportions in
each pattern category for pregnant vs non-pregnant groups for cortisol,
DHEA, testosterone, or estradiol (although we are underpowered to
detect true but small differences; results available upon author request).
However, there were group (pregnant vs. not) differences in progester-
one both overall and in the piecewise pattern categories,
Table Probability (P)’s < .0007, p’s < .05.

3.1.1. Patterns of change
Patterns of change from trimester (or assessment) 1 to 3 (i.e., skipping

trimester/assessment 2) are presented in Fig. 2, and are referred to in text
as “overall” change. Patterns of change from trimester/assessment 1 to 2
and trimester/assessment 2 to 3 are presented in Fig. 3.

For cortisol, most (pregnant: 71%, non-pregnant: 64%) participants
showed an overall cortisol increase from trimester/assessment 1 to 3, and
the rest showed an overall decrease (pregnant: 29%, non-pregnant: 36%);
there were no stable patterns. Considering all three trimesters/assess-
ments, seven of the nine possible patterns of change were observed for
pregnant and non-pregnant women. The most frequent change patterns
among pregnant women and non-pregnant women was a decrease from
trimester/assessment 1 to 2 and then subsequent increase from
trimester/assessment 2 to 3 (pregnant: 29%, non-pregnant: 32%), an
increase from trimester/assessment 1 to 2 and 2 to 3 (pregnant: 25%,
non-pregnant: 21%), or an increase from trimester/assessment 1 to 2 and
subsequent decrease from 2 to 3 (pregnant: 25%, non-pregnant: 21%).

For DHEA, there was a relatively even split between participants that
showed overall increases (pregnant: 45%, non-pregnant: 52%) vs. overall
decreases (pregnant: 50%, non-pregnant: 44%) from trimester 1 to 3,
with one pregnant woman and one non-pregnant woman showing a
pattern of stability. Considering all three trimesters/assessments, six of
the nine possible patterns of change were observed for pregnant and non-
Table 2
Hormone concentrations.

Cortisol (pg/mg) Pregnant Sample

N Mean (Std. Dev.) Min

Trimester 1 33 9.31 (9.35) 0.60
Trimester 2 32 8.74 (11.70) 1.05
Trimester 3 29 12.80 (15.07) 2.55

DHEA (pg/mg)
Trimester 1 30 14.10 (9.56) 2.65
Trimester 2 26 10.86 (6.45) 1.47
Trimester 3 24 11.53 (4.74) 3.51

Testosterone (pg/mg)
Trimester 1 29 1.88 (1.06) 0.67
Trimester 2 25 1.96 (1.00) 0.21
Trimester 3 24 2.08 (0.89) 0.81

Estradiol (pg/g)
Trimester 1 26 35.12 (18.05) 9.23
Trimester 2 19 43.29 (16.20) 8.93
Trimester 3 17 52.67 (21.39) 16.05

Progesterone (pg/mg)
Trimester 1 12 44.79 (18.70) 19.35
Trimester 2 13 102.82 (49.82) 29.96
Trimester 3 10 189.48 (39.83) 121.18

Note. Raw, windsorized values are presented (prior to removing batch effects).
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pregnant women. The most frequent change patterns among pregnant
women and non-pregnant women was a decrease from trimester/
assessment 1 to 2 and then subsequent increase from trimester/assess-
ment 2 to 3 (pregnant: 32%, non-pregnant: 30%), and a constant increase
from trimester/assessment 1 to 2 and 2 to 3 (pregnant: 21%, non-
pregnant: 22%).

For testosterone, some participants showed overall increases (preg-
nant: 67%, non-pregnant: 52%) and others showed decreases (pregnant:
24%, non-pregnant: 41%) from trimester/assessment 1 to 3, with two
pregnant and two non-pregnant women showing a pattern of stability.
Considering all three trimesters/assessments, five of the nine possible
patterns of change were observed for pregnant women and six for non-
pregnant women. The most frequent change patterns were a decrease
from trimester 1 to 2 and then increase from 2 to 3 for pregnant women
(39%), followed by a constant increase (e.g., from trimester 1 to 2 and 2
to 3; 33%). A constant increase was the most frequent change pattern for
non-pregnant women (33%) followed by a decrease from assessment 1 to
2 and then subsequent increase from assessment 2 to 3 or increase from
assessment 1 to 3 and then subsequent increase from assessment 2 to 3
(22% each).

For estradiol, most participants showed overall increases (pregnant:
88%, non-pregnant: 61%) from trimester/assessment 1 to 3. One preg-
nant woman showed an overall decrease and one a pattern of stability,
whereas 32% of non-pregnant women showed an overall decrease and
two (7%) showed a pattern of stability. Considering all three trimesters/
assessments, only three of the nine possible patterns of change were
observed for pregnant women, whereas six were observed for non-
pregnant women. For non-pregnant women, the most common pattern
of change was a decrease from assessment 1 to 2 and then subsequent
increase from trimester 2 to 3 (32%), followed by a constant increase or
increase from assessment 1 to 2 and subsequent decrease from 2 to 3
(25% each). For pregnant women, the most common change pattern for
estradiol was a constant increase across trimesters 1 to 2 and 2 to 3
(73%).

For progesterone, there were large group differences. More of the
non-pregnant sample decreased (54%) than increased (36%) overall,
with some remaining stable (10%). All of the pregnant sample (100%)
showed overall increases in progesterone. Considering all three tri-
mesters/assessments, only three of the nine possible patterns of change
were observed for pregnant women, whereas eight were observed for
non-pregnant women. For non-pregnant women, there was substantial
heterogeneity in patterns of change, with the most prevalent pattern
(29%) being a decrease from assessment 1 to 2 then increase from
Non-Pregnant Sample

Max N Mean (Std. Dev.) Min Max

39.30 34 8.78 (5.17) 3.90 34.05
68.11 31 10.66 (9.81) 4.05 47.55
68.11 28 10.24 (6.30) 4.80 37.05

32.71 33 22.75 (8.62) 7.13 39.16
23.87 31 24.85 (13.90) 7.51 66.85
21.71 28 26.70 (14.61) 11.36 66.85

4.80 34 1.79 (0.66) 0.82 3.28
4.80 31 1.78 (0.58) 1.04 3.25
4.80 27 1.82 (0.58) 1.10 3.53

80.23 34 44.60 (17.75) 25.52 100.91
81.72 31 46.23 (14.42) 25.88 86.77
100.91 28 51.12 (14.52) 31.90 80.02

74.87 31 6.81 (5.65) 0.23 18.12
217.80 31 5.95 (4.49) 0.21 17.54
228.98 28 5.25 (4.29) 0.44 17.40



Fig. 1. Plots of the batch corrected dataNote
The batch-corrected concentrations unadjusted for other covariates are plotted over time on the same scale for pregnant and non-pregnant participants for each
hormone in order to compare levels across groups. Values are in pg/mg for cortisol, DHEA, testosterone, and progesterone (panels A–C and E), and pg/g for estradiol
(panel D), relative to the assay batch average (i.e., they can be interpreted as within-batch centered values in the original unit). See Supplemental Fig. S2 for a “zoomed
in” plot of progesterone in the non-pregnant sample that offers a clearer illustration of stability and change within that group.

Fig. 2. Within-person Patterns of change from T1 to T3.

Fig. 3. Within-person Patterns of change from T1 to T2 and T2 to T3.
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assessment 2 to 3. However, for the pregnant sample, most women
showed a consistent increasing pattern from trimester 1 to 2 and
trimester 2 to 3 (67%).

3.1.2. Multi-level models of change
Intra-class correlations are presented in Supplemental Table S4. ICC’s

indicated that each hormone showed substantial within-person vari-
ability over time in both samples, as the within-person variability
accounted for more than half (>50%) of the variance in each hormone
within each group (pregnant and non-pregnant), except for cortisol in the
non-pregnant sample cortisol (44% of the variance was within-person)
6

and testosterone in the pregnant sample (28% was within-person).
Table 3 presents multi-level models of change for each hormone in
each group. For cortisol, there was no systematic change in the pregnant
sample, whereas for the non-pregnant sample, there was a positive linear
slope. However, there was significant variance in the linear slope in the
pregnant sample. Adding a linear slope explained 23% of the residual
variance for the pregnant sample (but not for the non-pregnant sample,
PRE ¼ .01). For DHEA and testosterone, there was no systematic change
in the pregnant or non-pregnant sample. However, there was significant
variance in the linear slope in the non-pregnant sample; the linear slope
term explained 26% of the variance in DHEA and 30% of the variance in
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testosterone (but not in the pregnant sample, percent reduction in error
[PRE] ¼ 2% and 0%, respectively). For estradiol and progesterone, there
was an increase in the pregnant but not non-pregnant sample. Addi-
tionally, there was significant variance in the linear slope in the pregnant
sample, which explained 41% of the variance in estradiol and 59% of the
variance in progesterone (but not in the non-pregnant sample, PRE ¼ 1%
and 6%, respectively).

3.1.3. Covariates
Associations with covariates were sparse. Out of 30 correlations (i.e.,

(three change scores þ three samples) x five hormones), SES was nega-
tively related to only trimester/assessment 1 cortisol, r ¼ -.31, p ¼ .014,
and so was included in adjusted models. Out of 30 correlations,
trimester/assessment 1 BMI was positively related to only trimester/
assessment 1 cortisol, r ¼ .32, p ¼ .008, and so was included in adjusted
models. Out of 90 correlations, age at trimester/assessment 3 was related
to a larger increase in estrogen from trimester/assessment 2 to trimester/
assessment 3, r ¼ .34, p ¼ .037, and age at trimester/assessment 1 was
negatively related to trimester/assessment 1 DHEA, r ¼ -.29, p ¼ .023.
Because within-person centered age was correlated with assessment at r
¼ .93, each person’s average age (indexing between-person differences in
age only) was included in adjusted models, as a level 2 covariate. We
began recruitment and assessment of the pregnant sample first, and later
completed the non-pregnant sample; thus the pregnant sample was more
likely to have trimester/assessment 1 assessments in summer/Fall (29/
34), and the non-pregnant sample was more likely to have trimester/
assessment 1 assessments in Winter (25/34). Controlling for assessment
(coded as 0, 1, 2), in a repeated measures ANOVA there were no seasonal
differences hormones except that DHEA was lower in non-pregnant
women in the Fall and Winter than Spring and Summer. Nonetheless,
season was retained as a covariate in sensitivity analyses.

We did not include race/ethnicity in adjusted models because there
were no race/ethnicity differences in change scores or hormone levels.
Table 3
Multi-level models of change.

Pregnant Sample Cortisol DHEA

Est S.E. Est S.E.

Fixed effects
Intercept �1.78 1.26 1.13 1.41 �0
Linear slope 1.8 1.17 �1.16 0.8 0

Random effects: Individual-level
Variance intercept 20.54 16.74 19.73 *** 8.71 0
Variance linear slope 26.45 * 13.31 0 .
Residual variance 65.76 *** 13.22 27.19 *** 5.78 0

Model Fit Statistics
–2LL 700.9 519 19
AIC 706.9 523 20
BIC 707.1 523.2 20
Pseudo R2 0.23 0.02 0

Non-pregnant sample Cortisol DHEA
Est S.E. Est S.E.

Fixed effects
Intercept �0.75 0.92 �1.74 1.65 �0
Linear slope 0.8 * 0.37 1.84 1.36 0

Random effects: Individual-level
Variance intercept 28.41 *** 8.93 40.27 * 20.51 0
Variance linear slope 0 . 24.83 * 13.08 0
Residual variance 21.69 *** 3.97 61.70 *** 14.03 0

Model Fit Statistics
–2LL 596.4 690.2 14
AIC 600.4 696.2 15
BIC 600.5 696.5 15
Psuedo R2 0.01 0.26 0

Note. ***p< .001, **p< .01, *p< .05,þp< .10. Est.¼ Estimate; S.E.¼ Standard Error
that there was insufficient variance in the linear slope for convergence of the estimatio
calculated by subtracting the residual variance of the multilevel models of change fro
variance of the unconditional model [26].
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There were no differences in levels or change scores for non-pregnant
women who used hormonal contraceptives vs. did not. Gestational age
at each visit was correlated with assessment at r ¼ .997, and was
therefore not included as a covariate. These group-specific covariates
were not included in adjusted models.

Because of the sparseness of covariate effects and because missing
data on covariates reduces the sample size using SAS PROC MIXED, the
unadjusted models are preferred and presented. Effects reported in
Table 3 for cortisol, testosterone, estradiol and progesterone were
consistent with adjustment for covariates with one exception: There was
a linear increase in DHEA for non-pregnant women in the adjusted model
that was not found in the unadjusted analysis. Findings for covariates
(available upon author request) included: For pregnant women, lower
SES was associated with higher cortisol. For non-pregnant women, older
age, higher BMI, and season (assessments in spring and summer) were
associated with lower DHEA. For pregnant women, cortisol was rela-
tively lower in summer, estradiol was relatively higher in summer and
fall, and progesterone was relatively lower in spring but higher in sum-
mer. For non-pregnant women, progesterone was relatively lower in fall.
For pregnant women, older age was associated with higher testosterone
levels. For non-pregnant women, older age was associated with lower
testosterone levels.

3.2. Differences in pregnant vs. non-pregnant samples

Across the multilevel models of change, cortisol showed no evidence
of differences in intercept levels, β0s �0.55 to �3.27, S.E.‘s 1.56–2.64, or
change over time across groups, β0s 1.07–1.10, S.E.‘s 1.22–1.25 (Sup-
plementary Table S5). Change scores suggested that cortisol increased
from trimester/assessment 1 to 3 more in pregnant than non-pregnant
women (Mpregnant ¼ 7.42, SD ¼ 16.49; Mnon-pregnant ¼ 1.19, SD ¼ 4.24,
pdifference < .05). This finding was driven by change from trimester/
assessment 2 to 3 (Mpregnant ¼ 7.25, SD ¼ 17.42; Mnon-pregnant ¼ -.53, SD
Testosterone Estradiol Progesterone

Est S.E. Est S.E. Est S.E.

.02 0.2 �5.37 þ 3.09 �54.29 *** 10.26

.05 0.09 5.71 * 2.26 57.84 *** 9.04

.82 0.26 147.24 63.48 39.73 402.78
0 . 33.99 35.2 170.45 284.8

.32 *** 0.07 103.53 ** 40.79 1648.18 ** 560.34

8.4 505 349.4
2.4 511 355.4
2.5 511.4 356.2
.00 0.41 0.59

Testosterone Estradiol Progesterone
Est S.E. Est S.E. Est S.E.

.04 0.1 �2.61 2.62 0.76 0.87

.05 0.07 2.44 1.61 �0.81 þ 0.43

.17 ** 0.07 70.94 * 32.37 9.19 ** 3.18

.04 0.04 0 . 0 .

.13 ** 0.04 150.31 *** 27.59 8.44 *** 1.57

6.5 750 488.6
2.5 754 492.6
2.8 754.2 492.8
.30 0.01 0.06

; DHEA¼ Dehydroepiandrosterone; Variance estimates of 0 with. for S.E. indicate
n of that parameter. Psuedo R2 ¼ Percent Reduction in Error (PRE). The PRE was
m the residual variance of the unconditional model, and dividing by the residual
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¼ 6.15, pdifference < .05); there was no detectable change from trimester/
assessment 1 to 2 (Supplementary Table S6).

For DHEA there was inconsistent evidence of differences in intercept
levels: pregnant women had reduced DHEA compared to non-pregnant
women in models using the raw windsorized data, β0s ¼ �9.57 to
�10.08, S.E.‘s ¼ 2.24–3.46, but differences were not present when using
batch-corrected data, β ¼ 2.85, S.E. ¼ 2.17. There was a suggestive but
not consistently statistically significant difference in change over time
across groups, with linear slopes being more negative for pregnant
women than non-pregnant women (β0s ¼ �2.99 to �3.06, S.E.‘s ¼
1.57–1.61, p < .10 in all three versions; Supplementary Table S7).
Change scores suggested that DHEA decreased from trimester/assess-
ment 1 to 2 in pregnant but not non-pregnant women (Mpregnant¼�5.16,
SD ¼ 7.58; Mnon-pregnant ¼ 2.09, SD ¼ 13.44, pdifference < .05). Neither
group showed change in DHEA from trimester/assessment 2 to 3, or 1 to
3 (Supplementary Table S6).

Across the multilevel models of change, testosterone showed no ev-
idence of differences in intercept levels or change over time, β0s ¼ -.02 to
0.17, S.E.‘s ¼ 0.11–0.25 (Supplementary Table S8). Examining the
change scores, there was evidence of an increase in testosterone from
trimester/assessment 2 to 3 for pregnant but not for non-pregnant
women (Mpregnant ¼ 0.31, SD ¼ 0.53; Mnon-pregnant ¼ 0.05, SD ¼ 0.42,
pdifference < .05; Supplementary Table S6), but no evidence of change in
either group from trimester/assessment 1 to 2 or 1 to 3.

For estradiol, in the first analysis, there was evidence that pregnant
women had lower intercept levels than non-pregnant women, β¼�9.51,
S.E. ¼ 4.09, though this effect was not recovered after controlling for
batch effects or the covariates, β0s ¼ �2.75 to 5.55, S.E.‘s ¼ 4.04–5.18,
suggesting this effect may be driven by batch effects (Supplementary
Table S9). There were no indications of differences in linear slopes for
pregnant vs. non-pregnant women, β0s¼ 0.00 to 4.62, S.E.‘s¼ 0.00–2.87.
There was, however, evidence of increases in estradiol from trimester 1
to 3 based on change scores in pregnant women (Mpregnant ¼ 14.33, SD ¼
15.89; Mnon-pregnant¼ 6.39, SD¼ 18.96), driven by change from trimester
2 to 3 (Mpregnant ¼ 9.79, SD ¼ 8.79; Mnon-pregnant ¼ 5.33, SD ¼ 14.06; but
not 1 to 2; Supplementary Table S6). Notably these changes in pregnant
women did not differ in magnitude from non-pregnant women.

For progesterone, across multilevel models, there was evidence that
pregnant women had higher intercept levels of progesterone, β0s ¼
30.80–32.37, S.E.‘s¼ 7.39–9.38, and steeper increases over time relative
to non-pregnant women, β0s ¼ 58.61–74.85, S.E.‘s ¼ 5.12–9.05 (Sup-
plementary Table S10). Change scores also showed evidence of increases
from trimester/assessment 1 to 3 (Mpregnant ¼ 145.79, SD ¼ 39.88; Mnon-

pregnant ¼ �0.96, SD ¼ 28.62, pdifference < .05), as well as trimester/
assessment 2 to 3 (Mpregnant ¼ 91.00, SD ¼ 43.93; Mnon-pregnant ¼ �2.46,
SD ¼ 20.94, pdifference < .05) and 1 to 2 (Mpregnant ¼ 57.78, SD ¼ 40.22;
Mnon-pregnant ¼ 1.516, SD ¼ 20.97, pdifference < .05; Supplementary
Table S6). Each difference score indicated larger increases in pregnant
relative to non-pregnant women.

In summary, there was clear evidence that progesterone is higher
initially and increases dramatically across pregnancy in a way that is very
distinct from non-pregnant patterns. There was suggestive evidence that
cortisol and estradiol increase over pregnancy, but the magnitude of the
changes were not likely different than changes noted in non-pregnant
women over the same time course. There was suggestive evidence that
DHEA decreases across pregnancy, particularly early in pregnancy,
differently from patterns in non-pregnant women over the same time
course. There was little evidence of change in testosterone.

4. Discussion

We used a prospective longitudinal study with a control group of non-
pregnant women recruited with the same strategies from the same
catchment area and age ranges to assess changes in five hair hormones
across pregnancy. To our knowledge, this is one of the first studies to
examine these five hair steroids in pregnant humans [4,5] and the only
8

study to do so with a non-pregnant control group. It is innovative to
examine a suite of steroid hormones in a relatively novel biospecimen
[18,27], as hair is suited to capturing changes on the months-long time
scale of pregnancy and, as we illustrate here, longitudinal hormone
changes are not limited to cortisol only. Further innovations of our study
include a focus on within-person changes and variability which we
illustrate despite the stability of this biospecimens [18]. We showed that
there is substantial heterogeneity in individual trajectories of change in
cortisol, DHEA, testosterone, and estradiol in hair across pregnancy, and
that for these four hormones, concentrations are similar in pregnant and
non-pregnant participants (except perhaps for DHEA which appears
suppressed during early-to-mid pregnancy). The increase in progesterone
during pregnancy expected based on prior findings in biofluids including
saliva [8,15] was very strong and consistently increasing; in contrast,
findings involving estradiol were weaker than expected based on findings
in biofluids [8,15]. We found no evidence of increases in hair testos-
terone across pregnancy that have been found previously in biofluids
including saliva [8,14].

Our findings suggest that the often-referenced increase in cortisol
across pregnancy is observed in the sample average, but that cortisol is
unlikely to increase linearly for most women. Cortisol is by far the best-
studied hormone in pregnancy, including in hair, and our findings fit well
within the literature on hair cortisol concentrations during pregnancy. A
recent systematic review of hair cortisol concentrations across pregnancy
found that across nine samples, there were increasing sample average
values across trimesters, although these tended to be retrospectively
measured [1], with potential for washout effects in distal segments of
hair collected further from the scalp [10]. In contrast, seven samples
showed an average decline or stability in the first two trimesters but
rebound in the third trimester either back to trimester 1 levels (in three
studies), or to higher levels at trimester 3 (in four studies), and an
additional three samples showed declines or trimester 2 peaks in sample
average hair cortisol levels [1]. It is important to note that the reviewed
findings pertain to sample average levels of hair cortisol and not the
within-person trajectories of change assessed here. Here, beyond repli-
cating the majority of studies that found increases in hair cortisol across
pregnancy, we found specifically that cortisol increases more during the
latter part of pregnancy for many pregnant women and that the most
prevalent pattern of within-person change was non-linear.

We also highlighted the heterogeneity in patterns of change across
pregnancy, and that the frequently cited sample average linear increase
across trimesters in multiple hormones in pregnant women applied to a
low proportion of the sample. Across models, there was most support for
a sample-average linear increase in cortisol for both pregnant and non-
pregnant samples. This was reflected in 71% of pregnant women and
64% of non-pregnant women having higher concentrations at the third
visit than the first, although only 25% and 21% respectively showed the
constant (e.g., trimester 1 to 2 and trimester 2 to 3) increase produced by
the linear model. In the pregnant sample, 50% showed an overall
decrease in DHEA, with ~46% showing either decreasing and then stable
or decrease and then increasing patterns that matched the average
change scores. In contrast, there was little heterogeneity in patterns of
change in progesterone for the pregnant sample, with 100% showing an
overall increase, and 2/3 showing a constant (e.g., trimester 1 to 2 and
trimester 2 to 3) increasing pattern. In addition to the lack of linear
change at the sample average in the majority of hormones across tri-
mesters, there was also very little evidence of stability. This substantial
diversity in the pattern and magnitude of within-person changes high-
lights a need for future studies to assess within-person hormone trajec-
tories and to consider non-linearity when establishing associations of
hormone changes with phenotypes of interest (e.g., perceived stress and
cortisol changes, for example).

Our use of hair to prospectively measure changes in hormone levels
was a strength, as the specific levels at each assessment index cumulative
hormone levels rather than other biospecimens that are potentially
highly influenced by shorter-term fluctuations (e.g., stressor-specific,
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diurnal, menstrual for the non-pregnant sample). While hair cortisol has
been increasingly popular to track pregnancy-related hormone changes
[1], we are one of the first to measure estradiol, progesterone, DHEA, and
testosterone in hair (see also [2,4]). And, to our knowledge, we are the
first to repeatedly and prospectively measure these steroids in pregnant
women with a non-pregnant comparison group.

Given the novelty of the sex hormone assays in hair, in particular, it is
important to consider whether comparable concentration levels and
ranges of hormone values are being returned across studies. For estradiol
and progesterone, this entailed establishing comparable units of mea-
surement by converting results from pmol/gr to pg/mg reported in a pre-
menopausal sample of women similar in age and BMI to our non-
pregnant sample [19]. They found, using immunoassays, average estra-
diol levels of 36,149.20 pg/g (whereas we found sample averages in the
range of 45–51 pg/g) and average progesterone values of .029 pg/mg
(whereas we found sample averages in the range of 5–7 pg/mg). How-
ever, in another sample of slightly older women (mean age 41y), hair
progesterone measured by via liquid chromatography tandem mass
spectrometry (LC-MS/MS) was 5.94 pg/mg [20], very similar to the
non-pregnant sample here. In a sample of rural Indian women (mean age
39y, 1.6% pregnant) assessed via LC–MS/MS, average DHEA concen-
trations were 5.81 pg/mg (whereas we recovered values in the range of
22–27 pg/mg for non-pregnant women), progesterone was 6.03 pg/mg
(similar to our non-pregnant sample), and testosterone was 0.40 pg/mg
(whereas we recovered values in the range of 1.5–2 pg/mg) [28]. Finally,
in a subsample of pregnant participants without post-partum depression,
third trimester levels (measured by LC-MS/MS, which we converted from
nmol/L using information provided in the manuscript) were reported of
327.06 pg/mg for cortisol (much higher than our average of 12 pg/mg),
7.15 pg/mg for testosterone (higher than our average of 2 pg/mg), and
1826.97 pg/mg for progesterone (much higher than our average of 190
pg/mg), and 61.21 pg/mg for DHEA (much higher than our average of
11.5 pg/mg) [4]. It is critical to note that these comparison values vary
widely from each other, which has been documented in the cortisol
literature [1,9]. In sum, our cortisol assay results fit within the observed
range in the broader literature. Our testosterone and DHEA results were
higher than one comparison sample but lower than the other. Our
estradiol results were higher than the other available comparison sample.
Our progesterone assay results were consistent with two of the four
comparison studies, lower than one and higher than one. It is likely, as in
the cortisol literature, that the laboratory and specific assay procedures
cloud the comparability of these results [1,9,27].

Our novel findings regarding heterogeneity in levels and both the
pattern and magnitude of within-person changes, and non-systematic
fluctuations in particular are important for advancing our understand-
ing of hair as a biospecimen for hormone research. Presuming that hair is
the gold standard for basal, stable levels of any hormone is likely too
simplistic, and a continued discussion of how hair hormone concentra-
tions can be leveraged vs. limited is important. While the time-scale for
hair hormone concentrations may be more stable than many bio-
specimens, the concentrations nonetheless do fluctuate over time. For
example, hair may be a particularly useful biospecimen for understand-
ing the importance of seasonal effects and moderately-chronic stressors
(e.g., pandemic-related stress) that unfold across months. Similar to other
biospecimens (e.g., saliva), a single assessment of two or three cm of hair
may suffer severe limitations when attempting to assess basal levels –

namely an inadequate number of assessments to arrive at a stable average
for an individual. Alternatively, fluctuations over time within hair hor-
mone concentrations may also point to the endocrine system as a system
that fundamentally shows variability over time and is responsive to social
contextual influences on a wide variety of time-scales, with hair excelling
at longer, slower influences than other biospecimens. This potential
strength is not without unique limitations, which can be mitigated
through the use of key covariates that may contribute to fluctuations, but
more work is needed to identify the critical covariates for specifically hair
as a biospecimen. Acknowledging fluctuations and heterogeneity in
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patterns of within-person change of hair hormone concentrations, which
we found across an approximately nine-month timeframe that is consis-
tent in pregnant and non-pregnant women, is important in that it may
shift the focus of future research using hair hormone concentrations to
individual differences in the dynamics of change rather than descriptions
of sample-level averages.

This study has limitations which are important to acknowledge, such
as a small sample size, worsened by insufficient quantity of hair for sex
hormones in the pregnant sample. The use of p < .05 may be overly
restrictive for this small sample size, due to limited power in some in-
stances. We were unable to assess non-linear change in growth models
due to our assessment schedule (i.e., only 3 timepoints). Further, we
relied on the common benchmark of 1 cm of hair corresponding to 1
month of growth, on average, despite known wide ranges in rates of
growth across individuals and warnings that blind following of this rule
of thumb will increase measurement error and cloud interpretation (e.g.,
Refs. [23,29]). Our small sub-sample measurement suggested that the
rates of growth were consistent with this estimate, although perhaps
slightly faster. Further, we did see variability in the growth rate in our
small sub-sample, introducing noise into the trimester distinctions, as
expected. Thus although we interpret our measures as cumulative hair
hormone concentrations in each trimester, there may be a wider varia-
tion in the amount of time actually captured that could explain some of
the heterogeneity in patterns of change [30]. Further, it is likely that
there are fluctuations within individuals in the rate of growth across this
9-month time scale, given evidence of seasonal changes in human hair
growth [31] and in growth rates during pregnancy, given differences in
scalp hair diameter during pregnancy [32], and in hair growth rates
surrounding reproductive transitions [33]. Diminishing this limitation,
our findings did not suggest large differences in average growth rates
from trimester/assessment 1 to 2 vs. 2 to 3 in pregnant women, or in
pregnant and non-pregnant women. However, these findings should be
interpreted with caution given the tiny sample for which hair growth was
measured in this study (e.g., underpowered to detect any true, small
differences). In the future, directly measuring the rate of growth from the
repeated samples could greatly improve the accuracy of interpretation
and timing of hair hormone dynamics.

We showed substantial batch effects. It should be noted that batch is
infrequently controlled for in hormone data – or at least rarely reported,
because researchers in the field of behavioral endocrinology have largely
assumed such effects to be nominal based on CV % indicating high-
quality assay. However, there is wide recognition of this source of vari-
ation among laboratories conducting the assays and among groups
assaying other specimens (e.g., epigenome wide association studies,
[34]). Here, batch effects contribute to between-person differences
because of our experimental design. Unfortunately, batch effects
contribute to group differences in this study as well, since group was a
between-person variable that was completely confounded with batch.
This is a limitation of comparing across groups in this study, such that we
cannot tell whether group differences that are found in the raw, wind-
sorized data but not the cleaned data represent true group differences or
error related to batch effects. A stronger experimental design would have
been to include both pregnant and non-pregnant participants on the same
trays. By treating assays as an experiment, and taking care to counter
balance participants and samples on trays, effects of covariates can be
minimized through design as well as by covariate adjustment. Careful
experimental assay design then also allows for statistical control of batch
effects unconfounded with other study features (i.e., in this case, sea-
sonality and pregnant/non-pregnant status). Despite imperfect experi-
mental design, we did design our trays to include all assessments for an
individual on the same tray to minimize the role that batch effects could
play on our key focus: within-individual changes over time. This adds
strength to our conclusions that heterogeneity, or individual differences
in concentrations and patterns and magnitudes of changes in concen-
trations over time within individuals is a real phenomenon, and not a
statistical artifact. Thus, we show that controlling for batch effects and
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considering experimental assay design even with high quality assays is
critically important for researchers in this field to consider.

5. Conclusions

Hair is a viable biospecimen for assessing multiple steroid hormones.
Our examination of hair testosterone, DHEA, estradiol, and progesterone
adds to a small but growing literature, and reporting hair concentrations
of these hormones at multiple times in pregnant and non-pregnant
women is particularly novel. Our extraction techniques for estradiol
and progesterone allowed for the ascertainment of even very low con-
centrations without sacrificing reliability. Using a rigorous experimental
and analytic design, we recovered the strong expected pattern of pro-
gesterone being higher in the first trimester and further increasing
dramatically across pregnancy. However, we found weaker evidence that
cortisol and estradiol increases over pregnancy and in non-pregnant
women over the same time course. There was suggestive evidence that
DHEA decreases across pregnancy, particularly early in pregnancy,
differently from patterns in non-pregnant women over the same time
course. Most importantly, there was very great degrees of heterogeneity
of concentrations and changes in these hormones over time – in both
pregnant and non-pregnant participants. Although hair hormone con-
centrations are touted as a relatively stable biospecimen, these results
highlight that there are fluctuations in all five hormones on this relatively
longer time-scale. It is critical for future research to gain insights into the
processes that this time-scale so that we can better understand how hair
hormone concentrations can be leveraged and limited. Moving beyond
discussing sample averages to including within-person and non-linear
changes in studies of hormones-behavior associations during pregnancy
is an important future direction for further investigation.
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