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Abstract

OBJECTIVE—To investigate the relationships between psychological and physiologic measures
of stress, mood and gestational age at delivery and preterm birth (PTB).

METHODS—This prospective cohort study recruited healthy women in the early second
trimester, 18-45 years of age. Validated psychological measures of perceived stress, depressive
symptoms, and anxiety were completed at 16, 22, 28, 34 and 40 weeks of gestation. Cortisol
concentration was measured in maternal hair at 16, 28, and 40 weeks of gestation to approximate
18t 2nd and 3" trimester levels of physiologic stress. Statistical methods included: analyses of
variance (ANOVA), t-tests, Chi-square, Pearson correlations, regression modeling and mediation
analysis as appropriate. Hair cortisol concentrations were natural log transformed to normalize
values.

RESULTS—Eleven (12%) out of 90 included women had a spontaneous preterm birth or preterm
premature rupture of the membranes. Perceived stress at 16 weeks of gestation correlated with
both 2" trimester cortisol concentration (r= 0.28, p=0.007) and earlier gestational age at delivery
(r=-0.30, p< 0.01). Gestational age at delivery was also negatively correlated with cortisol
concentration in the 2" trimester (r= —0.25, p=0.02) and 2" trimester cortisol concentration was
higher in preterm (2.7 £ 0.4 LN pg/mg) vs term (2.0 + 0.7 LN pg/mg, P<0.001) delivered women.
Using mediation statistics, the association between the psychological measure, the physiologic
measure, and gestational age at delivery was mainly driven by increased physiologic stress (hair
cortisol concentration) in the 2" trimester (difference in coefficients (standard error)=
-0.05(0.02)),.
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CONCLUSION—Higher perceived stress in the 2" trimester is associated with both elevated 2nd
trimester hair cortisol concentration and gestational age at delivery. Physiologic measure of stress
in the 2" trimester appears most strongly associated with preterm birth. Identification and
amelioration of early pregnancy stressors may attenuate physiologic stress and ultimately affect
preterm birth.

INTRODUCTION

Chronic psychological stressors during pregnancy have long been associated with adverse
pregnancy outcomes including preterm birth (PTB),12:3 low birth weight (LBW),* maternal
mood disorders® and adverse child neurodevelopment.5:7:8 Yet the mechanism by which
stress influences these outcomes is unclear. Cortisol, the hormonal endpoint of physiologic
stress-related activation of the hypothalamic-pituitary-adrenal axis (HPA), has been
associated with PTB? and is often cited as a potential mediator between stress and
pregnancy outcomes.10 Cortisol fluctuates rapidly in response to even subtle changes in the
environment and single serum and saliva measurements do not reflect chronic levels.
Multiple salivary samples collected across days, as representative of the varied intra-
individual patterns of cortisol, have been utilized to improve stress characterization.11.12.13
While an improvement over single samples, these approaches also have limitations.12 These
limitations likely contribute to the lack of clarity concerning the status of cortisol physiology
in mediating relationships between stress reflected as HPA activity and adverse pregnancy
outcomes such as PTB.

Cortisol is deposited in hairl# and normally increases as gestation progresses.1> Assessment
of the hair cortisol concentration provides a reliable and non-invasive measure of chronic
HPA activity.16.17 Differences have been noted in hair cortisol concentration in relation to
chemical hair processing,8 season of delivery, and hair color at the end of the third
trimester in term pregnancies.16 Taking these data into consideration, the objective of this
study was to determine the relationships between psychological and physiologic measures of
stress, mood, gestational age at delivery and preterm birth (PTB).

MATERIALS AND METHODS

Our study population, a prospective cohort study, consisted of women recruited during
routine scheduled prenatal care visits during the first trimester of pregnancy The patients
were between 18 and 45 years of age and planned to deliver at Denver Health and Hospital
Authority (DHHA), Denver, Colorado. Women were excluded if they had a multiple
gestation, reported daily illicit drug or alcohol abuse, had medical conditions requiring
chronic corticosteroid use (topical, inhaled, or oral), had active infections such as human
immunodeficiency virus, hepatitis, influenza or other clinically significant viral illnesses
during pregnancy,® or used bleach or peroxide products on their hair as these products are
known to affect measured hair cortisol.18 Gestational age was a best clinical estimate based
on a combination of participant-reported last menstrual period and first dating ultrasound.
Hollingshead index was used to characterize socioeconomic status (SES) and is based on
marital status, employment, level of education attained, and occupational prestige.2° Preterm
birth was defined as delivery at less than 37 weeks of gestation and only PTB resulting from
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spontaneous preterm labor or preterm premature rupture of the membranes (PPROM) were
included. This project was approved by the Colorado Multiple Institutional Review Board
and all participants provided informed consent.

Maternal hair was cut three times during pregnancy. The first haircut occurred between 16—
18 weeks (16 weeks), the second between 28-30 weeks (28 weeks), and the third between
38-42 weeks (40 weeks) of gestation. As hair provides a retrospective cortisol history and
grows at 0.8 to 1cm/month,2! each 3 cm long segment was used to represent three preceding
months of cumulative physiologic HPA activity, approximating first, second, and third
trimester cumulative cortisol concentrations.

Hair was cut using stylist’s scissors as close to the scalp as possible along a 4cm long by 1-
2mm wide strip at the posterior vertex of the scalp in the same area each time, as previously
described.1® The hair samples were taped with painter’s tape to aluminum foil for protection
and storage?? until all of a participant’s hair samples were available and could be processed
and analyzed within the same assay to limit assay variability. New growth that emerged
between hair collections allowed us to confirm that each participant’s hair growth was
consistent with published rates.2! If a participant delivered at less than 34 weeks of
gestation, her hair was cut on postpartum day 0 to 2 but these cortisol values were not
included in 3rd trimester hair cortisol concentration analyses.

After the hair segments were measured and the proximal 3 cm from the scalp cut, the hair
was placed in a pre-weighed 2 ml cryovial (Wheaton, Millville, NJ, USA) and washed three
times in 100% isopropanol and dried as previously described.1® After washing, drying, and
re-weighing, the hair and tubes were frozen in liquid nitrogen and ground for 4-5 minutes in
the same tube using a ball mill (Retsch, Haan, Germany) with a stainless steel ball bearing
added to the tube. Specially milled aluminum cassettes were designed to hold three of these
cryovials. The powdered hair (5-20 mg) was extracted at room temperature in the same
cryovial in 1000ul HPLC grade methanol overnight. After methanol extraction, the cryovial
was centrifuged and the supernatant was removed, placed into a second microcentrifuge
tube, and dried under a stream of nitrogen. The extracts were reconstituted with assay
diluent based on hair weight. One hair cortisol concentration per trimester per participant
was determined using a commercial high sensitivity EIA kit (Salimetrics LLC, State
College, PA, USA) per manufacturer’s instructions. A pooled control of previously ground
hair was extracted as above and included on each EIA plate in duplicate for determination of
inter-assay coefficients of variation. Inter-assay coefficient of variation (CV) for the control
hair pool was 9.2% and intra-assay CV for duplicates was 2.8%. Hair cortisol concentrations
are reported as pg/mg.

At the five study time points, approximately 16, 22, 28, 34 and 40 weeks of gestation,
pregnant women completed psychological self-report measures that included: a Perceived
Stress Scale (PSS),23 a Center for Epidemiologic Studies-Depression Scale (CES-D),24 and
the State-Trait-Anxiety Inventory, State version (STAI-S).2% The PSS is a 14-question
survey with possible scores ranging from 0-56. The higher the PSS score, the higher the
number and frequency of stressors, irritations, poor coping, anger, and difficulties in the
preceding 4 weeks.23 The CES-D is a 20-question survey with possible scores ranging from
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0-60 on which respondents rate the frequency of 20 depressive symptoms within the last
week. It was designed to screen for major or clinical depression in adolescents and adults.24
The Spielberger State-Trait Anxiety Inventory, State version (STAI-S) is a 20-question self-
report that measures state (short-term, situational) anxiety with scores ranging from 20-802°
and questions are anchored to the past month. All self-report measures have been validated
in multiple languages and multi-cultural populations including pregnancy or the postpartum
period.2627.28 For all self-report measures, the higher the score, the greater the
symptomatology.

Participant characteristics including gravidity, parity, maternal body mass index, gestational
age, birth weight, mode of delivery, antepartum or intrapartum complications, medications
and illicit substances (assessed throughout pregnancy), and major life events were all
recorded.

Analyses of variance (ANOVA) and Chi-square analyses were used to compare groups on
demographic and study characteristics including: race-ethnicity, socioeconomic status,??
level of education, marital status, tobacco use, hair cortisol concentration in the first, second
and third trimesters, gestational age at delivery, birthweight, and PSS, CES-D, and STAI-S
scores. Hair cortisol concentrations were natural log (LN, base e) transformed to normalize
values. Pearson correlation analyses were used to examine cross-sectional associations
between hair cortisol concentrations, PSS scores, CES-D scores, STAI-S scores, gestational
age at delivery, and birthweight. Comparisons of hair cortisol concentration across
trimesters were compared for the same subjects using repeated measures ANOVA and t-
tests. Regression modeling was used to assess the relationship between gestational age at
delivery and hair cortisol concentration in each trimester, controlling for race—ethnicity and
any tobacco use.

To test our hypothesis that psychological stress affects physiologic stress and that both are
associated with gestational age at delivery, a mediation analysis using the difference in
coefficients approach was used.30 Mediation analyses clarify the relationships between an
independent variable, a dependent variable, and a third explanatory variable, called the
mediator. This approach compared the coefficient of the psychological measure (perceived
stress) on gestational age at delivery both before and after controlling for the coefficient of
the potential mediator, the physiologic measure (hair cortisol concentration). The standard
error for the difference in coefficients was estimated using 5,000 bootstrap samples and used
to estimate the conditional indirect effect. The association between gestational age at
delivery and hair cortisol concentration was modeled using a 3™ degree polynomial. Race-
ethnicity and tobacco use were included as covariates. Based on previously published
studies of hair cortisol concentrations during pregnancy and a preterm birth rate of 12%, we
determined that a sample size of 90 would have 80% power to detect a difference of 30% in
hair cortisol concentration between preterm and term delivered groups. All data were
analyzed using IBM SPSS version 22.0 (Armonk, NY, USA, 2014) and SAS version 9.4
was used for the mediation analysis (SAS Institute Inc.: Cary, NC, 2014).
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RESULTS

A total of 92 women were enrolled. Two outliers were inspected to determine characteristics
that may have contributed to the value. One case of maternal peroxide use (hair color) and
one participant with topical corticosteroid cream was discovered and those participants’ hair
cortisol concentration values were excluded. Both of these participants delivered at term.
Eleven (12%) births resulting from spontaneous preterm labor or preterm premature rupture
of the membranes occurred out of the 90 pregnancies remaining. Women who delivered at
term and preterm are presented in Table 1. Overall, participants were predominantly
multiparous, white Hispanic, non-smokers with a high-school education or less and of lower
socioeconomic status. Women who delivered preterm were older, white non-Hispanic and
African American, more likely to have used tobacco prior to pregnancy, and less likely to be
married or living with a partner. Self-report measures of stress and mood and mean and
standard deviation hair cortisol concentrations in the first, second, and third trimesters are
also presented in Table 1. Women who delivered preterm (n=11) had higher mean second
trimester hair cortisol concentration compared with those who delivered at term (n=79),
Table 1. This difference was not seen between categories of term and preterm for first or
third trimester hair cortisol concentrations

Associations between other demographic factors and hair cortisol concentration were
analyzed including level of education, marital status, SES, mode of delivery, season of hair
collection, and hair color, and the only significant finding was that hair cortisol
concentration in African American participants was higher in the first and second trimesters
(ANOVA: 15t trimester p=<0.01, 2" trimester p= 0.01, 3" trimester p=0.07) than white
non-Hispanic and Hispanic participants.

Over the course of pregnancy hair cortisol concentration rose as expected!® and was
significantly higher in the third trimester compared with the first and second trimester,
Figure 1. Maternal hair cortisol concentration in the first trimester correlated with both the
second and third trimester hair cortisol concentration measurements: first versus second
trimester r=0.42, p<0.01 and first versus third trimester r=0.29, p=0.01.

Average PSS, STAI, and CES-D scores at 16, 22, 28, 34 and 40 weeks of gestation are
presented in Table 1 from both term and preterm delivered participants. There was a
significant difference between PSS score in the term and preterm delivered groups at 16
weeks of gestation (p=0.01). Otherwise, PSS, CES-D, and STAI-S scores did not differ
significantly over time or between groups (all p-values >0.05). Scores on the PSS, CES-D,
and STAI-S were highly correlated across gestation, both within and across measures (all p-
values <0.01). Of correlation analyses for all 15 self-report measures (3 measures at 5 study
time-points) and gestational age at delivery, only perceived stress at 16 weeks of gestation
was correlated with gestational age at delivery, Figure 2: r=-0.30, p<0.01.

Correlation analyses were done for all relationships at all five study time points between
PSS score, CES-D score, and STAI-S score and hair cortisol concentration in the first,
second and third trimesters, Table 2. The only significant relationships with first trimester
hair cortisol concentration were PSS and CES-D at the 40 week study visit. In the second
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trimester, hair cortisol concentration was correlated with all three psychological measures at
16 weeks and CES-D and STAI-S at 28 weeks. Similar associations were noted between
third trimester hair cortisol concentration and 16 and 28 week CES-D and STAIS.

Correlation analyses assessing the relationships between hair cortisol concentration and
gestational age at delivery were not significant in the first (r=—0.16, p=0.15) or third (r=0.13,
p=0.25) trimesters. However, second trimester hair cortisol concentration was significantly
correlated with gestational age at delivery, Figure 3: r=-0.25, p=0.02. All women who had
a preterm birth <37 weeks had a second trimester hair cortisol concentration above the
median, 2.3 pg/mg.

After taking into consideration the preceding analyses, which included a significant
association between 16 week PSS and gestational age at delivery (Figure 3), a significant
association between 16 week PSS and second trimester hair cortisol concentration (r= 0.28,
p=0.007) and a significant association between the hair cortisol concentration and
gestational age at delivery (Figure 2), we used mediation analyses to assess whether
gestational age at delivery was more strongly associated with the physiologic measure
(second trimester hair cortisol concentration) or the psychological measure (PSS at 16
weeks). Race-ethnicity and tobacco use were included as covariates in the analyses.
Gestational age at delivery was more strongly associated with second trimester hair cortisol
concentration than 16 week perceived stress and the correlation between perceived stress
and gestational age at delivery was no longer significant after including the mediator (hair
cortisol concentration), using the difference in coefficients (indirect effect and bootstrapped
standard error of —0.05(0.02), p=0.04). This indicates that hair cortisol concentration meets
criteria for a mediator of the relationship between 16-week perceived stress and gestational
age at delivery.

DISCUSSION

The prematurity rate in this cohort was consistent with state and national norms3! and hair
cortisol levels rose across pregnancy similar to what has been published previously.1®
Women who delivered preterm had a higher mean second-trimester hair cortisol
concentration than those who delivered at term. Psychological measures of stressors and
mood were highly correlated both across measures and across gestation. Our findings of a
relationship between second, but not third, trimester psychological and physiologic stress
and gestational age at delivery are congruent with previous reports indicating a relationship
between second-trimester plasma cortisol and gestational age at delivery.432 However, this
is the first report of a marker of chronic HPA physiology replicating these data and also of
testing hair cortisol concentration as a statistical mediator of these relationships.

In the second trimester, but not the first or third, hair cortisol mediates the relationship
between perceived stress and gestational age at delivery. Early in the first trimester, the
embryo may be relatively protected from the maternal psychobiologic environment,
including the influence of the maternal HPA, due to a small placental volume, low maternal
blood flow to the placenta, and low oxygen tension within the fetoplacental unit.33
Conversely, in the third-trimester maternal cortisol levels are significantly increased but
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levels of the cortisol metabolizing enzyme, 11p3-hydroxysteroid dehydrogenase type 2 are
concomitantly increased and there is an overall blunted maternal response to late-pregnancy
cortisol in preparation for delivery,15:34.35

Sandman et al reported higher plasma cortisol levels at 15 weeks of gestation in women who
delivered preterm compared with those who delivered at term.® The elevation seen in plasma
cortisol at 15 weeks of gestation predicted elevated placental corticotrophin-releasing
hormone in the third trimester, suggesting a stressor signaling pattern initiated during the
second trimester that might influence earlier delivery.® This cortisol pattern is also observed
in second trimester hair cortisol concentration in our present study.

What has been proposed but has never been directly tested is how physiologic stress relates
to psychological stress and, in combination, how these two measures correlate with
gestational age at delivery and preterm birth. This study is unique in that a longitudinal
study design was used providing repeated measures at multiple time points, allowing
sufficient data to perform a mediation analysis. The strengths of this study are prospectively
collected psychological and physiologic data, multiple time points of assessment over the
course of pregnancy, and a non-invasive biomarker of long-term retrospective HPA status
collected to represent a single trimester of maternal HPA activity. Limitations of this study
include a relative lack of racial diversity, collection from a single study site and, as just
recently published, an inability to account for the impact of childhood trauma on maternal
hair cortisol concentrations.36

In summary, early pregnancy physiologic stress is associated with psychological stress and
both are correlated with gestational age at delivery. These findings have biological
plausibility and are consistent with health disparities data that relate chronic stress,
dysregulated HPA function, and adverse mental and physical health outcomes including
preterm birth.37:38:39 This information advances our understanding of HPA function in the
presence of second trimester perceived stress, elucidating one plausible contributor to
preterm birth. As stress remains a significant risk factor for preterm birth, its recognition and
amelioration during early pregnancy deserves further attention and investigation.
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Hair cortisol concentration
(LN pg/mg)

First Second Third
trimester trimester trimester

Figure 1.
Maternal hair cortisol concentration (natural log (LN) transformed pg/mg) in the first,

second, and third trimesters of pregnancy. Data presented are mean and standard deviation
for the term delivered participants. Brackets and P values in figure represent paired t-tests.
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Figure 2.

Perceived stress scale score at 16 weeks of gestation and gestational age at delivery (weeks).
Pearson r=-0.30, P<.01.
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Second-trimester maternal hair cortisol concentration (natural log (LN) transformed pg/mg)

and gestational age at delivery (weeks) Pearson r=—0.25, P=.02.
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Table 1
Participant Characteristics

Term Preterm P-value

N=79 N=11
Maternal Age (years) mean + std 28.2+6.1 32.4+58 0.04
Gravidity n(%) 0.002
1 15 (19) 1(9)
2-3 47 (60) 1(9)
4-5 12 (15) 4(37)
=6 5 (6) 5 (45)
Parity n(%) 0.07
0 32 (41) 1(9)
1-2 37 (46) 8(72)
34 10 (13) 2 (18)
Mode of Delivery n(%) 0.06
Vaginal delivery 56 (71) 6 (55)
Caesarean delivery 23 (29) 5 (45)
Prepregnancy Body Mass Index (kg/m?) mean =+ std | 26.8+6.4 253+55 0.29
Gestational Age at delivery (weeks) mean = std 395+1.2 32.6+3.9 0.001
Birthweight (grams) mean + std 3289 +£423 | 1967 +805 | 0.01
Female fetus n(%) 36 (46) 7 (64) 0.05
Race and ethnicity n(%) 0.03
White Hispanic 29 (37) 2 (18)
White non-Hispanic 30 (38) 4 (36)
African American 6(8) 4 (36)
Native American 9 (11) 1(9)
Other 5 (6) 0--
Years education n(%) 0.001
Less than high school diploma 13 (17) 0--
High school diploma/G.E.D 35 (44) 8(72)
Associates or certificate 8 (10) 1(9)
Bachelors 13 (16) 0--
>Masters 10 (13) 2 (18)
Hollingshead Index 1295+48 | 129+27 0.78
Marital status n(%6) 0.01
Single/divorced 3(4) 4 (36)
Lives with partner 29 (37) 3(27)
Married 47 (59) 4 (36)
Tobacco Use n(%0) 0.05
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Term Preterm P-value

N=79 N=11
None 53 (67) 6 (54)
Prior to Pregnancy 23 (29) 5 (46)
During Pregnancy 3(4) 0--
Self-report measures Perceived Stress Scale (PSS)
mean * std
16 weeks 21+8 26+6 0.01
22 weeks 21+8 24+6 0.32
28 weeks 22+9 22+4 0.58
34 weeks™ ™ 22+8 23+8 0.73
40 weeks 19+7 | -
Center for Epidemiologic Studies-Depression Scale (CES-D)
mean * std
16 weeks 13+9 15+10 0.47
22 weeks 12+9 12+12 0.86
28 weeks 13+10 14+11 0.42
34 weeks™* 13+10 16 15 0.42
40 weeks 107 | -
State Trait Anxiety Inventory, State version (STAI-S)
mean * std
16 weeks 34+10 34+10 0.88
22 weeks 34+11 34 +13 0.80
28 weeks 36+11 379 0.75
34 weeks™* 37+12 34 +17 0.72
40 weeks 34+£10 | -
Hair cortisol concentrations (natural log (LN) transformed pg/mg)
mean * std
First trimester 1.8+0.7 23+07 0.10
Second trimester 20+0.7 27+04 0.001
Third trimester 2407 2307 0.72

Significant comparisons in bold.

*%

Indicates n=>5 for this group as remainder of preterm participants had already delivered.
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