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Abstract

The present study systematically reviewed 56 articles that assessed hair cortisol concentrations
during pregnancy collected from PubMed, Scopus, and Web of Science on 8/9/19 and updated

on 6/29/20. Our goals were to establish reference ranges by trimester based on published studies.
The majority of any given sample (e.g., 70%, the range of —1SD to +1SD) is expected to fall
between 0 and 34.15 pg/mg in trimester 1 and 2, and between 8.59 and 44 pg/mg in trimester 3,
with very wide ranges (e.g., values of >250 pg/mg) and substantially higher values (e.g., averages
of 200’s-300’s reaching as high as 768 pg/mg) coming out of one specific lab. Delineating a
reference range for hair cortisol concentrations across pregnancy is challenging because of known
factors like differences in values returned by different laboratories and assay types. We observed
inconsistency in descriptions of the data and data preparation steps post-assay. Key findings
include that only half of the studies examining all three trimesters showed a constant increase

in mean levels (most retrospectively assessed via segmenting), with considerable variability in
patterns of change. None of the studies reported individual patterns of change. Examining within-
person changes are an important next step for the field. We conclude that researchers should more
clearly report decisions around outliers, units, and specifics of data transformations in the future in
order to improve our ability to compare findings across studies, to understand differences in HCC
values reported, and potentially to understand differences in reported associations of HCC with
other phenotypes in the literature.
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1. Introduction

The number of studies examining maternal hair cortisol concentrations (HCC) as a marker
of prenatal stress has dramatically increased in recent years. Reference ranges have been
reported in children (Noppe et al., 2014), and healthy adults (Albar et al., 2013) but not
yet in pregnant women. This study conducted a systematic review of studies reporting hair
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cortisol concentrations in pregnant women in order to determine whether there is a robust
reference range and pattern of change across pregnancy, to document norms for collection
and assay, and to propose standards for data preparation and reporting.

HCC is a non-invasive measure of cumulative hormone production. In brief, (see Stalder
and Kirschbaum, 2012 for a more detailed explanation) it is thought that free cortisol is
incorporated into the hair shaft as it grows, primarily through passive diffusion, but also
through sweat and/or sebum secretions, and small amounts of production of cortisol from
the follicle itself. These are presumed mechanisms - the exact mechanisms by which cortisol
is embedded in hair are unknown. Because hair contains free cortisol, the levels should

be comparable to that present in other commonly used biofluids, like saliva, and should
represent bioavailable cortisol. These hypotheses are typically confirmed (e.g., Short et al.,
2016). Since hair grows an average of 1 cm per month (Wenning, 2000), fluctuations in
cortisol at the minutes- and hours- level are controlled through analyzing cortisol from hair
samples. As such, HCC is thought to indicate a stable basal level of cortisol production
rather than stress responsivity. Indeed, HCC levels were not linked to specific reports of
psychosocial stress, but have been associated with chronic and ongoing stress (Stalder et al.,
2017).

1.1 Methodological Considerations

There are several methodological considerations to interpreting HCC values that have been
discussed extensively in the literature. Of particular relevance to pregnancy, the timing and
meaning of hair samples has implications for resulting HCC. The benchmark of 1 cm of
hair corresponding to one month of growth and therefore representing cumulative HCC
exposure over one month has become a nearly ubiquitous rule of thumb. This is despite
wide reported variations (e.g., .5 to 3.6 cm) in rates of growth and cautions against this
metric in the literature (e.g., Loussouarn et al., 2016; Greff et al., 2019; Wennig, 2000).

In pregnancy, there is evidence that a higher percentage of scalp hairs actively grow and
that scalp hair diameter is thicker during pregnancy in comparison to non-pregnant women
(Nissimov & Elchalal, 2003). Hair growth rates change during menopause (Mirmirani et al.,
2010), another time of hormonal change in the lives of women. Further, there is evidence

of seasonal changes in human hair growth (Randall & Ebling, 1991) which could contribute
to fluctuations within individuals in the rate of growth across the 9-month time scale of
pregnancy. Thus, the widespread use of 9 cm of hair to index all of pregnancy, or a 3 cm of
hair to index particular trimesters likely introduces error variability to measures of HCC, and
this error may be increased during pregnancy relative to other life periods.

In general, HCC has been found to be less affected by covariates/confounding influences
than cortisol measured in other biospecimens (Stalder and Kirschbaum, 2012). However, a
unique feature of hair cortisol (as opposed to other biospecimens) is the need for washing
samples: Studies have shown that HCC values can be contaminated by cortisol in sweat or
sebum, which could substantially elevate concentrations, and thus washing is considered a
critical step in the pre-processing of hair prior to assay (Stalder and Kirschbaum, 2012).
Accordingly, gently shaking or inverting samples in isopropanol in order to remove cortisol

Psychoneuroendocrinology. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Marceau et al.

Page 3

deposited on the surface of the hair from sweat or sebum has been incorporated into most
hair assay procedures (Meyer et al., 2014).

1.1.1 Covariates.—Hair color and texture have largely not shown systematic differences
in HCC values, nor have smoking status, oral contraceptives, or general medicine use
(Stalder and Kirschbaum, 2012; except a recent study, Fischer et al., 2017, found
associations with anxiolytics/antidepressants). However, body fat and potentially age, sex,
heat-based treatments, season (summer vs. winter months) and frequency of hair washing
are potentially related to HCC levels (Stalder and Kirschbaum, 2012; Stalder et al., 2017).
This may be particularly true for more distal segments, which are particularly common in
the pregnancy literature, although no effects were found in a more recent study (Fischer et
al., 2017). Overall, it is thought that for retrospective assessments, the greater exposure to
damage from the sun, products, or frequent washing in hair further from the scalp could
lead to greater wash-out of cortisol from those hair segments (Stalder and Kirschbaum,
2012; Orta et al., 2018). In addition to these covariates, other studies have shown BMI,
single mother status, medical conditions (e.g., gestational diabetes mellitus), cardiovascular
medications, sample storage, and race have been linked to HCC levels in pregnant and
non-pregnant samples as well (Liu and Doan, 2019). Thus, in this review we cataloged the
use of covariates in studies of hair cortisol during pregnancy.

1.1.2 Assay Procedures.—Other sources of methodological variability in hormone
concentrations may come from assay procedures. There is evidence to suggest that

there is little standardization across methods of extraction and analysis, and kits used
(Albar et al., 2013). In healthy adults, the range of average HCC levels varied from
20pg/mg to 46.1pg/mg, perhaps not as widely as may be expected based on myriad
differences in participant characteristics as well as several key aspects of extraction.
Further, average concentrations differed across four major laboratories that perform hair
cortisol assays (Albar et al., 2013). Although there is evidence of rank-order stability

(i.e., high correlations) across assay manufacturers, HCC values vary widely (Russell

et al., 2015). Differences in extraction and assay included preferred hair mass, washing
method, pulverization method, extraction solvent, duration of extraction and condition (i.e.,
temperature), centrifugation, and evaporation processes, reconstitution, vortexing, and the
assaying technology. In a meta-analysis, Stalder et al., (2017) replicated large lab-based
differences in HCC levels and reported that immunoassay protocols tended to yield higher
HCC levels than Liquid Chromatography (LC)-based methods, with LC-based methods
likely to be less biased, potentially because immunoassays overestimate steroid content due
to antibody cross-reactivity.

1.2 Present study

The present study sought to conduct a review of studies that have assessed HCC during
pregnancy. Our goal was to establish reference ranges based on published studies. As

hair has caught on as a biospecimen in which to measure cortisol during pregnancy,
several differences in studies (e.g., collection timing, assay procedures, covariate usage,
data handling) have begun to emerge. Variability due to error or systematically introduced
by other factors can be particularly problematic in that it can lead to mixed findings in
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associations with phenotypes of interest, as we have learned from the vast literature on
salivary cortisol using similar assay procedures and often identical assay kits (e.g., Jessop et
al., 2008). We were motivated to identify whether there are systematic differences in ranges
recovered from prospective measures vs. retrospective segmentation across studies (e.g.,
Orta et al., 2019), to ascertain the extent to which trajectories of change are assessed at the
sample average vs. individual levels, and to assess the quality of reporting of analytic steps
that could aid in interpretation of HCC values. These features in particular are important

for establishing quality reference ranges, as poor quality reporting or methods would have
downstream ramifications for measurement error and errors in interpretation that could in
turn affect associations of HCC with phenotypes of interest. Thus, in order to understand the
differences in values and ranges across studies in a narrative sense, we assessed details of
the study (e.g., sample information, timing of collection, covariates, exclusion criteria), and
details of the assay (e.g., hair length and treatment, assay type, and assay process). Through
our observations of the literature, we also noted inconsistency in descriptions of the data and
data preparation steps post-assay, and so details of the data cleaning process post-assay (e.g.,
outliers, transformations, covariates) were also documented and summarized.

2. Materials and Method

2.1 Literature Search

We conducted a systematic review of the literature using PRISMA guidelines (Moher et al.,
2009) in order to collect articles that assess HCC during pregnancy. Our search terms were

as follows (conducted on 8/9/19 with no date restriction, and updated on 6/29/20 restricted

to articles published since 8/9/19):

PubMed. All Fields: ((hair cortisol) AND (pregnan* OR prenatal)) Filters: Humans

Scopus. (TITLE-ABS-KEY (“hair cortisol”) AND TITLE-ABS-KEY (pregnan* OR
prenatal))

Web of Science. TOPIC: (((hair cortisol) AND (pregnan* OR prenatal))) Refined
by: DOCUMENT TYPES: (ARTICLE OR REVIEW OR PROCEEDINGS PAPER)
Timespan: All years. Indexes: SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-
SSH, BKCI-S, BKCI-SSH, ESCI, CCR-EXPANDED, IC.

Citations were downloaded into a reference management software (Endnote X9). First,
duplicate references from the three searches were identified and removed. Next, abstracts
were reviewed, and references were excluded if they were: 1) animal studies, 2) studies that
were not written in English, 3) assessed child but not maternal hair cortisol, 4) assessed
cortisol from a different vehicle, not hair, 5) were reviews, or 6) otherwise did not assess
prenatal maternal hair cortisol concentrations.

2.2. Full Text Review and Recording

Next, full texts were obtained for each of the relevant articles. Full texts were reviewed

and coded for the sample characteristics (N, study name), hair sample information

(weight, segment length, number of segments per sample, timing of collection, location

of collection), analysis, HCC information, and goal of the study. In case-control or multiple-
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group studies, cases and controls/groups were recorded separately. Extraction and assay
procedure steps were recorded, including washing, drying, weighing, grinding, extraction,
incubation, evaporation, reconstitution, and assay kit and timing (Meyer et al., 2014).

3. Results

3.1 Search Results

Figure 1 displays the PRISMA flow chart for article selection. Searches occurred in two
waves. The initial endnote library contained 259 references (PubMed = 67; Scopus = 74;
Web of Science = 118). Removing duplicate records yielded 152 articles. References were
excluded if they were: a) animal studies (n = 41), b) studies that were not written in English
(n = 6), c) assessed child but not maternal hair cortisol (n = 14), d) assessed cortisol from

a different biospecimen, not hair (n = 9), e) were reviews (n = 10), or f) otherwise did

not assess prenatal maternal hair cortisol concentrations (n = 30). This yielded 41 relevant
articles. The updated search yielded 36 additional references after removing duplicates
across platforms and from the prior search (PubMed = 33, Scopus = 33, Web of Science =
33). From these additional references we excluded a) animal studies (n = 5), b) studies that
were not written in English (n = 0), ¢) assessed child but not maternal hair cortisol (n = 9),
d) assessed cortisol from a different vehicle, not hair (n = 1), e) were reviews (n = 1), or

f) otherwise did not assess prenatal maternal hair cortisol concentrations (n = 5), yielding

15 additional articles for inclusion. Together, 56 references were included (see Table 1),
including participants from 15 different countries: United States (n = 16), Germany (n = 13),
Spain (n = 9), Canada, Finland, Peru (n = 3 each), Australia, China, Denmark, Israel, Iran,
Kenya, the Netherlands, Norway, and Sweden (n = 1 each). Supplemental Table A.1 includes
additional sample information including study goals and collection details.

There were a few participant samples duplicated across the studies. To the best of our
knowledge, there were 3 instances of publications coming from the same sample of women -
(Braig et al., 2015 and 2016; Orta et al., 2018 and 2019; Schreier et al., 2016; Schreier

et al., 2015). There were also some closely related participant samples. For example,
Bosquent Enlow et al., 2017 and 2019a and 2019b are from the same overarching study

as the Schreier studies. Further, the Caparros-Gonzalez, Garcia-Leon, and Romero-Gonzalez
studies shared an IRB approval and protocol. Braig et al., 2017 and 2020 are drawn from

the same sample as Braig et al., 2015, 2016. Finally, Mustonen et al, 2019 and Kajanoja

et al., 2020 appear to be drawn from the same participant sample. For these studies, we

note in Tables 1 and A.1-A.4 when the same participant sample or overarching study was
used. However, each manuscript is included in the Tables and narrative review particularly
when reporting standards are discussed, and because not all details were identical (e.g., hair
samples or segments used, covariates included, focus of the paper, exact N used). When
quantifying assay procedures or sample sizes in terms of proportions of the literature, we
use a different 5, noted in the text, based on the 47 unique participant samples. Based on

this n of 47 unique participant samples, studies ranged in sample size from one to 768:

14 studies had fewer than 80 participants, 12 had 80-100 participants, and 21 had more

than 100 participants. There was a wide range in study goals, from establishing assays and
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patterns over pregnancy to establishing associations with various maternal characteristics
(e.g., mental health, preferred delivery mode) and birth and infant outcomes.

Considering the manuscripts that had non-identical samples (47), 10 manuscripts (21%)
examined pregnancy as a whole, either by using 9cm of hair at delivery, or by having
variable gestational ages at hair sample collection that covered most of the pregnancy.
Fourteen (30%) examined only trimester 3, whereas two examined trimesters 2 and 3 only
(4%; one with prospectively collected hair samples, and one with retrospective, segmented
hair samples), two (4%) examined trimester 2 only, and three (7%) examined trimester 1
only. Just over a third, 16 (34%), examined all three trimesters: of those, half (8, 17%)
were prospectively collected hair samples and the other half (7, 15%) were retrospectively
segmented (and one was a combination with T1 prospective but T2 retrospective).

3.2 Hair Collection Information

Information on hair collection and storage are also presented in Table A.1. Storage of

hair was typically in aluminum foil at room temperature, but sometimes at —-80°C, —20°C

or in Eppendorff tubes. Few manuscripts (14, though some of these could be inferred

by referenced articles by the same group/protocol) did not report storage conditions. The
location (i.e., hospital, laboratory, home) of collection was rarely reported (data not shown).
The vast majority of manuscripts reported segmenting of the hair sample — when segmenting
was done, it was most often a hair sample that was collected shortly after delivery, which
was segmented into 3x 3cm segments in order to retrospectively represent pregnancy. All but
one manuscript reported the segment length, and this was most typically 3cm (presumably
corresponding to approximately one trimester) ranging as short as 1cm. The timing of
collection was almost always reported, and in many cases (21 studies) a hair sample was
collected shortly after delivery. In 28 manuscripts hair samples were taken at some point
during pregnancy, with only 9 manuscripts using prospectively collected hair samples in
each trimester.

3.3 Extraction and Assay Methods

Information on cortisol extraction, and assay are presented in Supplemental Table A.2. Of
the non-identical samples that reported the assay type (45 studies), LC-based methods (21,
45%) and/or ELISA methods (15, 32%) are most commonly used, with some of the less
precise enzyme immunoassay (7, 15%) and/or radioimmunoassay (RIA) methods (3, 6%).
All but 7 studies reported the kit/manufacturer. One study compared LC-MS and ELISA
assays, and one reported using RIA and ELISA. Three studies did not report the assay
method used.

Hair processing procedures include washing, drying, grinding, extraction (and condition),
evaporation, and reconstitution (Meyer et al., 2014). Ideally, details should be reported for
each step, especially for some important steps such as extraction and reconstitution. There
was a wide variety in reporting. Some groups reported detailed assay procedures in every
study, whereas other reported them once and cited back to the original article; both strategies
are considered high quality reporting. However, some studies failed to report sufficient detail
and cited back to a more general protocol, or a study that contained discussion of multiple
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protocols without specifying which was followed. The most frequently reported assay steps
were washing, grinding, extraction, evaporation, and reconstitution. The least frequently
reported steps were assay timing, drying after washing, weighing (including weight used and
order of weighing in the protocol), incubation, and lab in which the assay was performed.
These are considered lower quality reporting. Only three studies failed to provide most of
the processing procedures. The most frequently used lab was the Kirschbaum laboratory at
the Technical University of Dresden, Germany (15/47), though several studies were assayed
at the University of Granada (9/47); in many cases, a lab was not explicitly named (11/47).

All of the studies that reported washing the hair as part of the assay procedure used
isopropanol, with varying levels of specificity in terms of amount (e.g., 2.5mL of
isopropanol), length of wash time (e.g., two vs. three minutes if specified) and number

of times (e.g., once vs. twice). Drying was reported less frequently, and typically included
drying for at least 12h or overnight, sometimes with more specificity (e.g., covered with
Kim wipes and left on top of a table to dry overnight; at room temperature; under a fume
hood). Weight of hair used for assay (7.5 vs 10-25mg of hair) and when it was weighed
(i.e., before or after washing or grinding if applicable) also were infrequently reported and
varied. Grinding methods were reported in many studies, and included finely mincing with
scissors, pulverized using a ball mill, using liquid nitrogen, using a tissue lyser, or using
whole non-pulverized hair. Extraction typically was done using methanol, with variations in
amount (e.g., ranging from 1mL to 2mL if specified) and grade (e.g., HPLC-grade or not
specified). Incubation ranged in length from 18hr to 72hr, and in specifics (e.g., in the dark,
with constant inversion/rotation or shaking, at room temperature vs. 50 degrees Celsius,
sonicated vs. not). Evaporation was typically under a stream of nitrogen or using a vacuum
evaporator. Rarely, details such as the temperature, amount of supernatant, and amount of
time for evaporation was reported. Reconstitution (i.e., liquid and amount of liquid) varied
with the kit used, often including distilled or double-distilled water, phosphate-buffered
saline, or assay buffer. Few studies reported on assay timing or whether the reconstituted
liquid was frozen (at —20°C if reported) for later assay vs. assayed immediately.

3.4 Data Cleaning Procedures, Covariates, and Exclusions

Available sample and data cleaning details are presented in Supplemental Table A.3.
Generally, the most common pattern was for studies to report log transforming HCC values
but not to mention how outliers were handled or not handled. 37/56 manuscripts (66%)
reported log transforming HCC values. This creates a challenge in observing a reference
range: only 19 of the 37 studies provided the function (e.g., natural log [In, base €] or log10
[base 10]); none of these studies reported whether or not a constant was added prior to log
transforming. With both pieces of information, the arithmetic mean can be calculated (e.g.,
as eX or 10%).

3.4.1 Covariates.—Handling of covariates varied widely by study. Studies often cited
Stalder and Kirschbaum (2012) or other literature as a rationale for the inclusion of

HCC covariates. Due to the wide variability in whether or not and how covariates were
considered, we provide a broad and narrative overview (Supplemental Table A.3). Nine
manuscripts failed to note covariates. Many manuscripts examined bivariate correlations
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between HCC and potential covariates or ran ANOVAs/t-tests and then only included those
that were significantly associated with HCC in finals models. There was a large variety of
covariates investigated across studies depending on the focus of the study (e.g., with HCC as
a predictor or an outcome, see Supplemental Table A.3).

Here, we focus on covariates specifically relevant to HCC, as recommended by Stalder
and Kirschbaum (2012) and those that were otherwise prevalent during our review of

the literature. In line with recommendations by Stalder and Kirschbaum (2012), the most
commonly investigated covariates were body composition variables (e.g. pre-pregnancy
BMI, BMI, waistline size), followed by chemical treatment of hair (e.g., perms, dyes,
bleaching, relaxers, chemical straightening), maternal age, and sex of the fetus. Of note,
two of the manuscripts that investigated fetal sex found higher HCC in mothers gestating
males or an interactive effect at high levels of HCC in mothers gestating males, although
most investigations yielded null effects of sex on maternal HCC. The next most commonly
investigated covariates were maternal education, hair washing frequency, glucocorticoid use,
hair type (e.g. color, “structure™), and previous miscarriage. Less commonly investigated
covariates were season of delivery, batch assay, hair age, ultraviolet ray exposure, and
exercise frequency. The majority of covariates were ultimately excluded from models, and
no systematic patterns emerged in terms of key covariates that were typically ultimately
included.

3.4.2 Exclusion Criteria.—In terms of exclusion criteria, almost half of manuscripts
excluded participants based on glucocorticoid use (25/56). Most made these exclusions from
the recruitment phase of the study although some dropped participants later on who reported
glucocorticoid use. Just under half excluded based on participants having a major chronic
diseases or conditions (24/56) and almost a quarter excluded based on having a psychiatric
condition or who reported heavy drug use (12/56). Many excluded participants who had a
multiple gestation pregnancy (21/56), and some excluded on having severe pregnancy or
fetal complication (16/56). Fewer manuscripts excluded participants based on shift work
(4/56), having bleached hair (3/56), having been induced or delivery by cesarean section
(4/56) or previous miscarriage (2/56).

3.5 Hair Cortisol Concentrations — Is there a reference range?

3.5.1 Quality of the data.—Generally, the reviewed articles reported HCC consistently
in pg/mg units. Typically, authors reported either pg/mg or “log transformed” pg/mg. In
Supplemental Table A.4, we calculated the arithmetic mean assuming no constant was
added, in the cases in which the function was reported. Many manuscripts that included log
transformation also provided the raw mean/standard deviation (SD) or median/inter-quartile-
range (IQR) for comparison across manuscripts - in those cases, the raw values were
recorded in Supplemental Table A.4.

There were five manuscripts reporting units other than pg/mg. One manuscript reported

in pmol/g and another in nmol/g. The molar mass of cortisol is 362.46 g/mol, so unit
conversions were used such that 1 nmol/g = 362.46 pg/mg, and .001 pmol/g = 362.46 pg/mg.
One manuscript reported ng/g which is equivalent to pg/mg. Another reported mg, which we
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presume may be a typo that should have been pg/mg, and three others were ng/ml, pg/mL,
and nmol/L. We exclude these four from further discussion. Six of the manuscripts failed
to provide the units in which they measured cortisol, but based on the other work from
those labs, the units are likely pg/mg or log-transformed pg/mg. In terms of metrics for
HCC values, most reported mean and SD, some only reported the range, and some reported
the median and IQR. Few manuscripts provided multiple metrics to better define sample
distributions.

3.5.2 HCC reference ranges.—Due to the wide variation in the quality of reporting,
establishing a reference range is challenging. In Supplemental Table A.4, we present the
reported mean or median HCC value, unit, and either a calculated value for -1 SD and

+1 SD or the reported IQR. If range data were presented this was also recorded (i.e., in

the notes column E of Supplemental Table A.4). Finally, another source of error in this
qualitative review is that several manuscripts did not provide descriptive data in numerical
format, and thus the first author judged the approximate levels from the included Figures by
eye (in 7 studies, noted in the notes column E of Supplemental Table A.4).

Ten manuscripts, including 17 subsamples —i.e., HCC presented for mothers who had
pre-term births vs. term births separately, reported HCC for the entire pregnancy. The
(sub)sample averages were between 6.6 and 190.6 pg/mg. In the manuscript reporting an
average of 6.6 pg/mg, a high cortisol outlier of 67.7 pg/mg was removed prior to calculating
the mean. The range where approximately 70% of the sample is expected to fall (+/-1 SD)
varied between 2.1 pg/mg and 289.6 pg/mg across the studies.

Among trimester 1 (sub)samples, the sample averages ranged from 1.88 (a calculated
arithmetic mean, the lowest reported value in pg/mg was 3) to 601.86 pg/mg. Samples from
the University of Granada research group tended to be high, with sample averages ranging
from 289.69 — 601.86 pg/mg with majority sample (i.e., +/-1SD) ranges from 0-948.89
pg/mg. Two of the four very low estimates of 3 and 4 pg/mg were estimated by eye from
the case studies. The remaining samples had averages ranging from 5.1 to 27 pg/mg, with
reported ranges between 0 and 123.7 pg/mg, and +/-1 SD calculations indicating that the
majority (i.e., 70%) of individuals are expected to fall in the 0 to 34.15 pg/mg range. This
pattern was entirely consistent when examining trimester 2, except that the highest +1SD
value increased to 1135.42 pg/mg in one study from the University of Granada.

Among trimester 3 samples, as noted in the previous trimesters, the assays from the
University of Granada had higher reported concentrations, with sample averages ranging
from 267.06 — 482.69 pg/mg, and +/-1SD ranges of 0 to 768.66 pg/mg. One other sample
reported a high range — a sample of women with opioid use disorder (average 131.8

pg/mg, +/-1SD range = 7.1-256.5 pg/mg). The case studies reported an (eyeballed) 5-6
pg/mg. Three samples reported median values of 2.8 to 86.6 pg/mg (interquartile ranges
encompassing 2.6 to 169.2 pg/mg); the other studies reported mean estimates between 8.59
and 44 pg/mg and +/- 1SD ranges from 0 to 93.4 pg/mg.

3.5.3 Change across pregnancy.—Prospectively collected data (8 manuscripts)
showed little average change (e.g., T1: 5.78, T2: 5.76, T3: 5.76 for logarithmized
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(pg/mg) means in Romero-Gonzalez et al., 2018). Retrospectively segmented samples (7
manuscripts) included more (6) instances of increases across trimesters (e.g., T1: .72, T2:
.74, T3: .92 for logarithmized (pg/mg) means in Bosquet Enlow et al., 2019; T1: 15, T2:
20, T3: 44 pg/mg for Kirschbaum et al., 2009), which is likely evidence of wash-out
effects in longer (e.g., 9cm) hair samples particularly using ELISA assays (Orta et al.,
2018). Examining the studies that had values reported for all 3 trimesters regardless of
units, overall HCC estimates, or collection/assay procedures, there were multiple average
patterns of change. Nine studies reported the often cited increase over time, although it
should be noted that these were very small increases relative to the +/- 1SD ranges reported
at each trimester. For example, the group of women who delivered at term in Hoffman

et al., 2016 had average HCC in log(pg/mg) of 1.8, 2, and 2.4 in respect to trimester,

with the +/- 1SD range spanning 1.1-2.5 log(pg/mg) in trimester 1 increasing to 1.7 to

3.1 log(pg/mg) in trimester 3. This indicates that the sample-level increases are smaller
than the sample-level variation at any given time-point. Three samples showed an average
decline from trimester 1 to 2 with some rebound in trimester 3, to at or near trimester 1
levels. Four samples showed an average decline or stability from trimester 1 to 2, with a
relatively steeper increase to a peak in trimester 3. One sample showed on average decline
across pregnancy. Two samples showed average peak levels in trimester 2. It is important
to note that sample average trajectories are not equivalent to within-person change, as they
confound between and within-person variance over time. None of the manuscripts reported
individual trajectories of change across trimesters. Thus, it is currently as yet unknown what
the predominant trajectory of within-individual change in HCC over pregnancy is, and how
much variability in trajectories exist. It is likely that there is variability in trajectories based
on the available data, and evidence of variability in trajectories from Galbally et al., 2018,
which fit growth curves of HCC from three T3 segments and one 12-months post-partum
sample.

4. Discussion

In an age when open science is increasingly embraced, and scientists and funding agencies
are increasingly concerned about rigor and reproducibility, it is critical to explore the
strengths and limitations of bodies of literature. HCC has generated excitement in the field
for many reasons, notably because hormone concentrations in hair are more stable and

less influenced by time-specific influences at the minutes/hours/days level than many other
common biospecimens. Thus, findings from HCC should be more replicable than findings
in saliva or blood because more of the context-specific fluctuations are controlled by the
nature of the biospecimen itself. We sought to review the literature in hope of understanding
whether there is a general reference range across pregnancy and within trimesters for HCC,
which would allow for comparisons across studies. We found that delineating a reference
range for HCC across pregnancy is challenging, due not only to large differences in values
returned by different laboratories and assay types (Albar et al., 2013), but also incomplete
reporting of data preparation steps (e.g., outliers, units, transformations). Disentangling the
causes of the differences in values is difficult because of the number of variables that differ
in collection, extraction and assay, and data cleaning procedures across studies. Moving
forward, clearer reporting of these factors will improve our ability to compare findings
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across studies, and to understand differences in HCC values recovered, and to potentially
clarify mixed findings across the literature.

4.1 HCC levels across preghancy

The reviewed studies included several retrospectively collected HCC levels, and several
prospectively collected studies. The patterns of findings across these studies calls into
question the ubiquity of increasing cortisol across pregnancy, as relatively few studies
discovered monotonic increases at the sample level. Further, the presence of wider variation
within trimester than increases across trimesters suggests substantial within-person variation
in HCC trajectory. Unfortunately, none of the studies reported on the variations in patterns
of change within individuals. Presumably, within-individual changes are of interest, and
disentangling within and between-person variation and changes are an important avenue

for future research. Therefore, for repeated measures, description of the trajectories is an
important area in which to gain knowledge, along with some metric of individual differences
in trajectories.

4.2 Recommendations

4.2.1 Assay Procedures.—Generally, reporting of assay procedures were detailed and
appropriately referenced the protocols adopted. However, there were some steps of the
process that were not as frequently detailed (e.g., assay timing, lab). Continuing consistent
and detailed reporting of assay procedures are recommended in order to increase our

ability to test whether specific components of assay procedures (i.e., times washed vs.
evaporation time/temperature vs. grinding method) are associated with results (e.g., in future
meta-analyses). Further, many but not all studies reported the ranges of detection for assays;
range of detection is critically important because it indicates whether concentrations are
plausible values and, depending on whether values fall at the highest or lowest ends of the
standard curve, reliability of those concentrations. Researchers should look to other studies
using the same method, and using the same lab for guidance in terms of the plausibility of
specific values.

4.2.2 Data cleaning and reporting.—It is imperative for studies to report units for
HCC levels. Most, but not all did. Although it is common to transform data prior to analysis
in order to improve the distribution, the untransformed data should also be presented for
interpretability, at minimum in an online supplement. Ideally, when reporting hormone
levels, measures of sample dispersion should also be reported (e.g., standard deviation
and/or interquartile range, and total range). Our review of the literature found that although
many aspects of collection and assay are frequently reported, decisions around cleaning

the data are far less frequently reported despite the fact that such data treatments are

highly impactful for rigor and reproducibility. As one example, managing outliers and
influential observations is reasonable even within small samples, but the concentrations of
outlying values could be within a normal range in a broader population and thus should be
reported. Further, some high outliers, particularly in small samples, may represent a group
of individuals with extremely high cortisol after multiple assays — a phenomenon that has
been noted across several labs although infrequently reported in manuscripts. With clearer
communication of outliers, phenomena like these that could represent mechanistic issues in
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hair cortisol assays or real phenotypic variation could be investigated and better understood.
Omission of information about data cleaning procedures could indicate that word count
limitations preclude the details, or that researchers are not systematic in cleaning the data.
Regardless, decisions about how outliers are defined and treated should be reported so that
the field can establish standards for data cleaning procedures.

We propose that the best practices for outliers include a) examining the distributions of the
sample for natural cut-offs, b) examining the 3SD cut point of the data, c) leveraging results
reported from other, ideally larger samples in the literature, and in discussion with the lab
completing the assay, and d) understanding the detection limits of the assay. Using these
pieces of information together, a reasonable value for outliers can be arrived at and justified
in the publication. Sensitivity analyses that probe whether decisions to remove, windsorize,
or include outliers substantially change the pattern of findings are also recommended to
ensure that the most robust results are reported. Further, specificity in the transformation is
required for comparisons across samples, including what transformation was applied, as well
as whether a constant was applied.

4.2.3 Covariates.—Several publications provide guidelines for reporting covariates (e.g.,
Stadler et al., 2017). We recommend that studies continue to engage in the process most
common in this literature: to examine bivariate associations of covariates with HCC levels,
and include those that matter for the sample. Attention to effect sizes, particularly in small
samples, may be more important than using a p<.05 threshold for inclusion. Clear reporting
of the covariates examined in this way, as well as those that mattered and were included is
critical information for streamlining the recommended covariates in the future.

Two covariates that stood out as receiving relatively little attention despite clear and often
large effects and ease of measurement are season and assay batch. Seasonality is important
not only for differences in hormone concentrations (e.g., Hadlow et al., 2014), but also due
to sources of error variation specific to hair samples (e.g., sunlight exposure). Batch effects
are controlled for in the quality control pipelines for other biological data (e.g., genetic and
epigenetic analyses), and are typically found in the few hormone studies accounting for
batch. Controlling for assay batch could improve the quality of hormone data in the future.

5. Conclusion

The present study sought to review the literature on HCC during pregnancy. Considering
pregnancy as a whole, across samples, 70% of the sample is expected to fall between 2.1 and
289.6 pg/mg; trimester 1 and 2 HCC is mainly in the 0-34.15 pg/mg range, and trimester 3
between 8.59 and 44 pg/mg, with substantially higher values (e.g., 200-768 pg/mg) coming
out of the University of Granada samples assayed using ELISA. Further, only half of the
studies examining all three trimesters showed a constant increase in mean levels. Even based
on sample averages, there was considerable variability in patterns of change, and none of
the studies reported individual patterns of change. Examining within-person changes are an
important next step for the field.
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Although our goal at the outset was to delineate a reference range for HCC across
pregnancy, known factors like differences in values returned by different laboratories and
assay types and due to incomplete reporting of data preparation steps made such an endeavor
problematic (Albar et al., 2013). Researchers should more clearly report decisions around
outliers, units, and specifics of data transformations in the future. Doing so will improve our
ability to compare findings across studies in the future, to understand the sources whether
real or methodological, of differences in HCC values reported, and potentially to understand
differences in reported associations of HCC with important biobehavioral phenotypes.
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Figurel.
PRISMA Flow Diagram
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Records excluded
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Studies included in
qualitative synthesis
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Full-text articles excluded,
with reasons
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Note. Searches included PubMed: All Fields: ((hair cortisol) AND (pregnan* OR

prenatal)) Filters: Human; Scopus: (TITLE-ABS-KEY (“hair cortisol”) AND TITLE-ABS-
KEY (pregnan* OR prenatal)); and Web of Science: TOPIC: (((hair cortisol) AND
(pregnan® OR prenatal))) Refined by: DOCUMENT TYPES: (ARTICLE OR REVIEW OR
PROCEEDINGS PAPER) Timespan: All years. Indexes: SCI-EXPANDED, SSCI, A&HCI,

CPCI-S, CPCI-SSH, BKCI-S, BKCI-SSH, ESCI, CCR-EXPANDED, IC.
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