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he maternal cortisol awakening response in human
regnancy is associated with the length of gestation

laudia Buss, PhD; Sonja Entringer, PhD; Jonazary F. Reyes, BS; Aleksandra Chicz-DeMet, PhD;
urt A. Sandman, PhD; Feizal Waffarn, MD; Pathik D. Wadhwa, MD, PhD
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BJECTIVE: The purpose of this study was to examine the relationship
etween intraindividual changes in cortisol responsiveness over preg-
ancy and the length of human gestation.

TUDY DESIGN: Pregnancy-related changes in the cortisol awakening
esponse (CAR), which is a measure of hypothalamic-pituitary-adrenal
xis responsiveness, were assessed prospectively in 101 pregnant
omen at 16.8 � 1.4 weeks’ and 31.4 � 1.3 weeks’ (�SD) gestation.
ortisol was measured in saliva that was collected immediately and
30, �45 and �60 minutes after awakening.

ESULTS: The CAR was significant in pregnancy and exhibited pro-
m J Obstet Gynecol 2009;201:398.e1-8.
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ate pregnancy and reduced attenuation of the CAR from early to late
estation were associated significantly with shorter gestational

ength.

ONCLUSION: The findings are the first to suggest that the hormonal
cortisol) response to a naturally occurring challenge (awakening) and
he degree of attenuation of this response over the course of gestation
ay represent a novel biomarker of increased vulnerability for earlier

irth.

ey words: cortisol, gestational length, hypothalamic-pituitary-

ressive attenuation over the course of gestation. A larger CAR in adrenal, pregnancy, stress responsiveness

ite this article as: Buss C, Entringer S, Reyes JF, et al. The maternal cortisol awakening response in human pregnancy is associated with the length of gestation.
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everal lines of evidence converge to
suggest that maternal-placental-fetal

ndocrine processes influence fetal de-
elopment and birth outcomes. It is
ell-established that, toward the end of
estation, the shift from a progesterone-
ominant to an estrogen-dominant mi-

ieu and functional progesterone with-
rawal plays a key role in the sequence of
vents that promote labor.1,2 Earlier in

rom the Departments of Psychiatry and
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estation, hypothalamic-pituitary-adre-
al (HPA) hormones (particularly corti-
ol) are known to regulate fetal growth
nd maturation in mammals3,4 and also
he onset of parturition in sheep5,6; how-
ver, the potential role of cortisol in reg-
lating the length of human gestation is

ess clear.
Maternal cortisol production in-

reases 2- to 4-fold over the course of
ormal human gestation.4,7 Maternal
ortisol acts on the developing fetus di-
ectly by passing through the placenta
the placental enzyme 11�-hydroxy-
teroid dehydrogenase type 2 acts only as
partial barrier) or indirectly through its
ffects on placental corticotrophin-
eleasing hormone (CRH) activity.4 In
umans, some,8,9 but not all studies,10

uggest that variations in maternal corti-
ol concentrations during pregnancy
redict outcomes that are related to the

ength of gestation. Most human studies
f the effects of maternal cortisol in preg-
ancy, however, are limited by several
ethodologic concerns. First, although

ortisol production and release into cir-
ulation follow a diurnal pattern over the
ourse of the day (an average 2-fold dif-
erence between morning and evening
evels),11 this variation is maintained in
e-of-day of sam- l
le collection is either not reported9 or
amples have been collected at different
imes during the day,10 and time of col-
ection has not been taken into consider-
tion in the analyses. Although only 1
tudy assessed cortisol concentrations
epeatedly over the day and related the
iurnal cortisol decline over the day to
ize at birth,14 no study to date has as-
essed the relationship between diurnal
hanges in cortisol production and
ength of gestation. Second, cortisol pro-
uction is known to increase 2- to 4-fold
ver the course of gestation.4,7 Although
ome studies have measured maternal
ortisol concentrations at varying gesta-
ional ages, gestational age at testing is
enerally not taken into account in the
nalyses.9,10 Furthermore, despite this
hange in cortisol production over ges-
ation, no study to date has examined the
ssociation between the rate of change
trajectory) of cortisol production over
he course of pregnancy and birth out-
omes. Third, although most total corti-
ol that is measured in plasma is biolog-
cally inactive because it is bound to
ortisol binding globulin (which is
nown to increase substantially in preg-
ancy),4 all studies that have linked ma-

ernal cortisol concentration to the

ength of gestation have measured only

mailto:pwadhwa@uci.edu
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otal (bound � free) cortisol in the
lood.8-10

Thus, in the current study, we ad-
ressed the following issues: (1) cortisol
as measured in saliva, where only the
nbound, biologically active form of the
ormone is present.15 (2) Subjects were

nstructed to collect saliva samples at
xed times during the day, and time of
ay of collection was verified electroni-
ally.16 The exact time of sample collec-
ion was monitored with a Medication
vent Monitoring System (MEMS;
PREX, a division of AARDEX, Union
ity, CA) that time-stamped every open-

ng of the container wherein the swabs
or saliva collection were stored. (3) To
nsure reliable assessment of gestational
ge at assessment, all pregnancies were
ated by early ultrasound. (4) In addi-
ion to the 3 aforementioned consider-
tions, we included an additional mea-
ure, the cortisol awakening response
CAR). This measure represents the re-
ponse of the HPA axis to the naturally
ccurring challenge of awakening from
leep state.17 We included this measure
ecause it is known that early indications
f dysregulation of a physiologic system
an be assessed better by subjecting the
ystem to challenge and assessing its re-
ponse to challenge than by measuring
nly baseline function (eg, glucose levels
fter an oral glucose tolerance test are
ore sensitive for the detection of early
etabolic alterations than baseline glu-

ose concentrations). The CAR has been
ound to be useful in other contexts as a

arker of HPA axis function and a pre-
ictor of adverse health outcomes,18-20

nd it is maintained during preg-
ancy.12,13 Furthermore, because the
tate of pregnancy produces alterations
n responsiveness to challenge that we
nd others have reported to be damp-
ned progressively as gestation ad-
ances,21,22 we included a measure of
egree of attenuation of the CAR over
estation as a marker of underlying HPA
xis physiologic condition.

Thus, using a prospective, longitudi-
al design with serial samples, the objec-

ive of the present study was to assess the
elationships between pregnancy-re-
ated changes in cortisol and cortisol re-

ponsiveness to challenge and the length f
f human gestation. The CAR was as-
essed at 2 time points in the second and
hird trimester of pregnancy. We hy-
othesized that the response to awaken-

ng would be dampened in late preg-
ancy and that a lack of dampening
ould be a marker of aberrant HPA

unction and thus would be associated
ith shorter pregnancy duration.

ATERIALS AND METHODS
articipants
ne hundred eighteen pregnant women
ho received prenatal care at the Univer-

ity of California, Irvine, were recruited
or the study before their 20th week of
estation and provided written, in-
ormed consent. All study participants
ere English-speaking adult women

�18 years of age) with singleton, intra-
terine pregnancies. Exclusion criteria

ncluded tobacco, alcohol, or other drug
se in pregnancy; uterine or cervical ab-
ormalities; or the presence of any con-
ition that could be associated poten-
ially with dysregulated neuroendocrine
unction (such as endocrine, hepatic or
enal disorders, or corticosteroid medi-
ation use). Eligible subjects were re-
ruited consecutively into the study.

omen who delivered by elective cesar-
an section (n � 17) were excluded from
he final sample because their delivery
as not preceded by labor. Thus, the fi-
al sample consisted of 101 subjects.
For all subjects gestational age was de-

ermined by best obstetric estimate with
combination of last menstrual period

nd early uterine size and was confirmed
y obstetric ultrasonographic biometry
ith standard clinical criteria.23 Infor-
ation on birth outcomes was retrieved

rom medical charts after delivery.
ength of gestation was assessed as

quantitative/continuous (completed
eeks’ gestation) variable instead of a

ategoric (preterm/term) variable to as-
ess effects across the entire distribution
nstead of only 1 tail of the distribution.
ecent evidence suggests the effects of

ength of gestation on developmental
nd health outcomes extend continu-
usly across the normal range of preg-
ancy duration instead of merely as a
unction of preterm birth.24 Risk condi- f

OCTOBER 2009 Americ
ions were determined by a medical chart
eview and a medical interview that was
onducted by our research nurse at each
isit. Given our exclusion criteria, the
ast majority of our study sample (83%)
as at low-risk for adverse pregnancy
utcomes. Detailed information on
revalence of obstetric complications
nd sociodemographic characteristics
which included maternal age, race/eth-
icity, income, education, biophysical/
linical characteristics, parity, prepreg-
ancy body mass index, fetal sex, type of

abor onset, and mode of delivery and
irthweight and gestational age at birth)
f our study population are summarized

n Table 1.

tudy protocol
regnant women were invited to attend
office visits, 1 in the second and 1 in the

hird trimester of pregnancy. We ob-
ained data for 79 women in early preg-
ancy (T1: 16.8 � 1.4 weeks’ gestation)
nd in 73 women in late pregnancy (T2:
1.4 � 1.3 weeks’ gestation); 51 women
rovided data at both time points. There
ere no differences in sociodemo-
raphic characteristics or birth out-
omes in those women who provided
ata for both time points during gesta-
ion as opposed to those who provided
ata only once (either at T1 or at T2).

ome saliva collection
t each assessment, pregnant women
ollected saliva samples for cortisol as-
ays at 7 time points over the course of
he day: immediately, 30, 45, and 60

inutes after awakening (capturing the
AR) and at 12, 4, and 8 PM (capturing

he diurnal change in cortisol concentra-
ions). Exact time of saliva sampling
as monitored with the use of the
edication Event Monitoring System

APREX). After saliva collection, each
wab was stored in a plastic tube that was
abeled with the designated sampling
ime by the experimenter.

alivary cortisol assay
aliva samples were collected with a
alivette sampling device (Sarstedt,
umbrecht, Germany). Samples were

larified, spun, and stored at –70°C until
ssayed. Thawed samples were centri-

uged at 3000 rpm for 15 minutes before

an Journal of Obstetrics & Gynecology 398.e2
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ssay. Salivary cortisol levels were deter-
ined by a competitive luminescence

mmunoassay (IBL-America, Minneap-
lis, MN) with reported detection limits
f 0.015 �g/dL. The cross reactivity of
he assay was �2.5% with cortisone,
rednisone, and corticosterone and
0.1% with other naturally occurring

teroids. The intra- and interassay coef-
cients of variance are 5.5% and 7.6%,
espectively. Data reduction for the lu-
inescence immunoassay was done by

n automated 4-parameter logistics
omputer program (software Mikro

in 2000; Berthold Microplate Lumi-
ometer; Berthold Technologies, Oak
idge, TN). All samples were assayed in
uplicate and averaged.

tatistical analysis
ssociations between the individual cor-

isol measures from saliva samples that
ere collected in early and late preg-
ancy and length of gestation at birth
ere computed with Pearson product-
oment correlation coefficients. Hier-

rchic linear modeling (HLM) growth
urve analyses25,26 were used to evaluate
he CAR in early and late pregnancy and
he changes in the CAR over gestation
nd their association with gestational age
t birth. HLM, when used with repeated
easures, treats the data in a hierarchic

ashion with observations nested within
ersons. This approach allows variance
o be modeled at multiple levels and pro-
ides several advantages over ordinary
east squares regression26: (1) assessment
f within-person variability over time,
2) estimates of goodness of fit in mod-
ling in which the most reliable data are
iven greater statistical weight, and (3)
obust estimates of missing values for the
epeated dependent measure. Cases with
omplete data are weighted more
eavily, but all cases are included in the
stimation of effects. Finally, HLM al-
ows the use of precise measures of tim-
ng (ie, gestational age at assessment and
ime of day of sample collection) of data
ollection rather than nominal estimates
f assessment intervals. The advantage of
repeated measures approach such as

he 1 used in this study is that the statis-
ical power is bolstered, not only by the

umber of participants, but also by the j

98.e3 American Journal of Obstetrics & Gynecolo
arge number of observations that are
btained for each person.27

A 3-level model was set up to predict
ortisol concentrations with the effects
f time-of-day in reference to awakening
hat was modeled on level 1, the effects of
iming in pregnancy (2nd vs 3rd trimes-
er) on level 2, and length of gestation,
hich presented a stable individual dif-

erence variable modeled on level 3.
The HLM analysis proceeded in 3 ma-

TABLE 1
Sociodemographic characteristics
Variable

Maternal age, ya

...................................................................................................................

Race/ethnicity, %
..........................................................................................................

Non-Hispanic white
..........................................................................................................

Hispanic white
..........................................................................................................

Asian
...................................................................................................................

Education, %
..........................................................................................................

High school or equivalent
..........................................................................................................

College graduate
...................................................................................................................

Prepregnancy body mass index,a kg/m2

...................................................................................................................

Primiparous, %
...................................................................................................................

Fetal sex, %
..........................................................................................................

Male
..........................................................................................................

Female
...................................................................................................................

Obstetric complication,b %
..........................................................................................................

Infection
..........................................................................................................

Preeclampsia/hypertension
..........................................................................................................

Vascular complications
..........................................................................................................

Diabetes mellitus
...................................................................................................................

Type of labor onset, %
..........................................................................................................

Spontaneous
..........................................................................................................

Induced
..........................................................................................................

Augmented
...................................................................................................................

Mode of delivery, %
..........................................................................................................

Spontaneous
..........................................................................................................

Assisted
..........................................................................................................

Cesarean
...................................................................................................................

Gestational age at birth, wka

...................................................................................................................

Birthweight, ga

...................................................................................................................
a Data are give as mean � SD; b Obstetric risk was defined as

the index pregnancy, which included hypertension, preecla
abruptio, anemia, and placentia previa), diabetes mellitus (ges
severe infection during pregnancy (chlamydia, syphilis, toxop

Buss. Maternal cortisol awakening response. Am J Obstet
or steps28: c

gy OCTOBER 2009
Step 1: modeling diurnal cortisol pat-
erns. Level 1 captured parameters that
hange within an individual and within
n assessment period. To model the CAR
4 samples during the first hour after
wakening) in reference to the course of
ortisol changes over the rest of the day
diurnal change: 12, 4, and 8 PM), level 1
ncluded 2 time parameters, 1 for the
AR effect and a second to capture with-

n-the-day changes in cortisol (diurnal

d birth outcomes (n � 101)
Measurement

27.6 � 5.9
..................................................................................................................

..................................................................................................................

38.3
..................................................................................................................

36.2
..................................................................................................................

5.3
..................................................................................................................

..................................................................................................................

94
..................................................................................................................

35
..................................................................................................................

25.02 � 6.05
..................................................................................................................

50
..................................................................................................................

..................................................................................................................

42.0
..................................................................................................................

58.0
..................................................................................................................

..................................................................................................................

7
..................................................................................................................

3
..................................................................................................................

7
..................................................................................................................

2
..................................................................................................................

..................................................................................................................

33
..................................................................................................................

23
..................................................................................................................

44
..................................................................................................................

..................................................................................................................

72
..................................................................................................................

9
..................................................................................................................

19
..................................................................................................................

38.9 � 1.96
..................................................................................................................

3373.96 � 564.9
..................................................................................................................

presence of certain risk factors and medical conditions in
a, vascular risk factors (eg, vascular bleeding, placentia
nal diabetes mellitus, diabetes mellitus types 1 and 2), and
osis, bacterial vaginosis).

col 2009.
an

.........
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.........
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hange). Based on known changes in the
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wakening and daytime pattern of corti-
ol production, for both parameters lin-
ar (CAR, diurnal change) and quadratic
ffects of time were included (CAR2, di-
rnal change2); this proved to be supe-
ior to linear modeling (P � .001). Qua-
ratic modeling represents the initial
ortisol increase and subsequent decline
uring the first hour after awakening
Figure 1). The quadratic solution pro-
uces 3 coefficients for comparison: (1)
he mean level differences or the inter-
epts at awakening, (2) the instanta-
eous rate of change (linear slope) at
wakening, and (3) the overall accelera-
ion (shape) of the curve. Time was cen-
ered at awakening so that the model
ntercept represents the mean log trans-
ormed cortisol levels at awakening. The
time parameters and the intercept were

ncluded as random factors because they
re known to have substantial variability
cross individuals.

FIGURE 1
Cortisol awakening response durin

redicted log-transformed cortisol concentration
ate pregnancy in women with A, shorter and B,
ions were predicted for women who delivered a
0 weeks of gestation, based on the applied hier
f sampling in reference to awakening, gestation
uss. Maternal cortisol awakening response. Am J Obstet Gyn

TABLE 2
Mean cortisol concentrations at ea

Gestational
age, wk

Cortisol concentration, nm

Awakening �30 m

17 19.53 � 8.28 27.08
...................................................................................................................

31 25.32 � 10.74 29.59
...................................................................................................................

Data are given as mean � SD.
Buss. Maternal cortisol awakening response. Am J Obstet Gyne
Step 2: associations between gestational
tage and awakening time on cortisol con-
entrations. Level 2 captured potential
hanges in HPA physiologic condition
rom 1 assessment period to the next. Ex-
ct gestational age at each assessment
as modeled (centered at mean gesta-

ional age at first visit) to capture change
n HPA physiologic condition across
regnancy. Not all participants awoke at
he same time at each assessment period.
o control for fluctuations in wake-up

imeateachassessment, timeofawakening
lso was entered at level 2. Thus, on level 2
nteractions between gestational age at as-
essment and the level 1 �-coefficients and
etween time of awakening and the level 1
-coefficients were assessed.
Step 3: association between length of

estation and cortisol concentrations. Per-
on-level factors, which are variables that
id not change from 1 assessment to the
ext, were introduced at level 3. These

estation

ring the first hour after awakening in early and
er pregnancy duration. The cortisol concentra-
weeks of gestation vs women who delivered at
ic linear model and were controlled for the time
ge at assessment, and awakening time.
2009.

assessment during pregnancy
L

�45 min �60 min

0.86 24.84 � 9.61 22.31 � 8.39
..................................................................................................................

.55 28.36 � 9.44 26.52 � 9.02
..................................................................................................................
a
col 2009.

OCTOBER 2009 Americ
ncluded completed weeks of gestation at
elivery centered at the group’s mean
nd covariates of interest. The following
ovariates were tested for their impact on
ortisol concentrations and for their im-
act on pregnancy duration: obstetric risk,
ace/ethnicity, maternal age, prepregnancy
ody mass index, and fetal sex. None of
hese variables had an influence on either
ortisol concentrations over the day or
ortisol changes over gestation and gesta-
ional length (P � .05), and therefore were
ot included in the final model. Thus, on

evel 3, interactions between length of ges-
ation and the level 2 �-coefficients were
ssessed.

To test the association between the CAR
nd pregnancy duration for early and late
regnancy separately, 2 distinct 2-level
odels were computed, 1 model for the

ssessment in early gestation and 1 model
or the assessment in late gestation. On
evel 1, these models captured cortisol
hange within an individual within an as-
essment period, and all time invariant
ariables were included on level 2: preg-
ancy duration, time of awakening, and
estational age at testing.

ESULTS

he mean cortisol concentrations at the
assessment time points are depicted in
able 2. All cortisol values were log-

ransformed by the following equation
o yield an unskewed response variable:
nCort � ln(Cort � 1).
Most of our study participants (83%)

ad no obstetric risk conditions. In this
ample, obstetric risk was not associated
ith any of the cortisol measures. There-

ore, the reported findings are not medi-
ted by obstetric risk conditions in this
opulation. As previously mentioned,
elivery was preceded by labor in all sub-

ects in the final study sample (Table 1).
he mean pregnancy duration (length of
estation) was 38.9 � 1.96 (SD) weeks
range, 27.5– 41.2 weeks), with 7 women
elivering preterm (�37 completed
eeks’ gestation).
None of the individual cortisol mea-

ures at either of the 2 study assessment
eriods was associated with gestational
g g

s du
long
t 37
arch
al a
ecol
ch
ol/

in

� 1
.........

� 9
.........
ge at birth (all P � .35).

an Journal of Obstetrics & Gynecology 398.e4
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HLM estimates for salivary cortisol
oncentrations (log-transformed) dur-
ng the first hour after awakening and the
ffects of gestational age at testing and
regnancy duration are depicted in Ta-
le 3. The main effect for “time” reflects
hanges in cortisol concentrations dur-
ng the first hour after awakening at 17
nd 31 weeks’ gestation. At both study
ssessments during pregnancy, there is a
ignificant increase and subsequent de-
line in cortisol concentrations in re-
ponse to awakening, as indicated by the
ignificant linear and quadratic time
lopes (P � .001). Therefore, the results

TABLE 3
Hierarchic linear model estimates
Cortisol response to awakening

At 17 weeks’ gestation (T1)
..........................................................................................................

T1 intercept
..........................................................................................................

T1 time
..........................................................................................................

T1 time2

...................................................................................................................

At 31 weeks’ gestation (T2)
..........................................................................................................

T2 intercept
..........................................................................................................

T2 time
..........................................................................................................

T2 time2

...................................................................................................................

Association between CAR at 17 weeks’ gestat
of gestation

..........................................................................................................

T1 intercept � length of gestation
..........................................................................................................

T1 time � length of gestation
..........................................................................................................

T1 time2 � length of gestation
...................................................................................................................

Association between CAR at 31 weeks’ gestat
of gestation

..........................................................................................................

T2 intercept � length of gestation
..........................................................................................................

T2 time � length of gestation
..........................................................................................................

T2 time2 � length of gestation
...................................................................................................................

Change in CAR from 17 (T1) to 31 (T2) weeks
..........................................................................................................

Intercept � gestational age (T1, T2)
..........................................................................................................

Time � gestational age (T1, T2)
..........................................................................................................

Time2 � gestational age (T1, T2)
...................................................................................................................

Association between change in CAR from T1-
gestation

..........................................................................................................

Intercept � gestational age (T1, T2) � len
..........................................................................................................

Time � gestational age (T1, T2) � length
..........................................................................................................

Time2 � gestational age (T1, T2) � lengt
...................................................................................................................

CAR, cortisol awakening response; T, time point.

Buss. Maternal cortisol awakening response. Am J Obstet
uggest that, during pregnancy, the cor- .
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isol increase to awakening is main-
ained. Interactions between the CAR
arly and late in pregnancy and length of
estation indicate whether HPA respon-
iveness at either time point is associated
ith length of gestation. The CAR as-

essed at 17 weeks’ gestation was not re-
ated to length of gestation, as indicated
y the nonsignificant linear and qua-
ratic time slopes (P � .3). At 31 weeks
estation, a flatter CAR, which indicates
ess pronounced HPA responsiveness to
wakening, was associated with longer
ength of gestation, as indicated by the
ignificant quadratic time slope (P �

Parameter

.........................................................................................................................

2.932
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2.932
.........................................................................................................................

–0.735
.........................................................................................................................

.........................................................................................................................

3.189
.........................................................................................................................

0.512
.........................................................................................................................

–0.401
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(T1) and length

.........................................................................................................................

–0.027
.........................................................................................................................

–0.043
.........................................................................................................................

0.051
.........................................................................................................................

(T2) and length

.........................................................................................................................

0.008
.........................................................................................................................

–0.113
.........................................................................................................................

0.121
.........................................................................................................................

station
.........................................................................................................................

0.017
.........................................................................................................................

–0.03
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0.023
.........................................................................................................................

nd length of

.........................................................................................................................

of gestation 0.005
.........................................................................................................................

gestation –0.0012
.........................................................................................................................

gestation 0.0097
.........................................................................................................................

col 2009.
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Significant changes in cortisol concen-
rations were observed from 17-31
eeks’ gestation, as indicated by the in-

eractions between time and gestational
ge at testing-related changes in the
AR. Baseline cortisol concentrations

ignificantly increased over the course of
estation (P � .001), whereas the magni-
ude of the CAR decreased as gestation
dvanced (P � .001).

The 3-way interactions among time,
estational age at testing, and length of
estation test whether pregnancy-related
hanges in cortisol concentrations dur-
ng the first hour after awakening are as-

SE P value
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0.044 � .001
..................................................................................................................

0.044 � .001
..................................................................................................................

0.092 � .001
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0.105 � .001
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0.081 � .001
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0.087 .62
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0.055 .36
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0.023 .72
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0.063 .08
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0.053 � .05
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..................................................................................................................

0.004 � .001
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0.011 .01
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0.007 � .01
..................................................................................................................

..................................................................................................................

0.003 .05
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0.007 .11
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icated by the significant quadratic time
lope, the degree of the change in the
AR from early to late gestation
as associated significantly with length
f gestation, such that a larger attenua-
ion of the CAR from early to late gesta-
ion was associated with longer gesta-
ional length, and a smaller attenuation
f the CAR from early to late gestation
as associated with shorter gestational

ength (P � .05; Figure 1). Thus, a more
ronounced dampening of the CAR is
ssociated with longer pregnancy
uration.
To estimate the effect of the size of the

egree of CAR dampening on the length
f gestation, we calculated the percent
ecrease in the CAR by weeks of gesta-
ion. As shown in Table 2, the quadratic
lope of the CAR gets more positive as
estation advances, which indicates a less
ynamic and more dampened response
smaller increase and smaller decrease).
n women delivering at approximately
9 weeks’ gestation (average gestational
ength in this sample), the change in the
uadratic CAR slope from 17-31 weeks’
estation is approximately 45.4% (T1,
0.735; T2, – 0.401), which equates to a
.2% decline per week. A smaller de-
rease in the CAR over gestation was as-
ociated with shorter gestational length,
nd the magnitude of this decrease was
alculated from the coefficients in Table

FIGURE 2

og-transformed cortisol concentrations during
regnancy in women who delivered A, preterm (
eeks of gestation; n � 94). Descriptively, the d
ere predicted by the hierarchic linear model th
ontinuous variable.
uss. Maternal cortisol awakening response. Am J Obstet Gyn
. The model predicted that women who a
eliver at 38 weeks’ gestation show a
3.6% decline in the CAR from 17-31
eeks’ gestation (T1, [– 0.735 to 0.051]

– 0.786; T2, [– 0.401 to 0.121] �
0.522), which equates to a 2.4% de-
rease per week. Therefore, the results
uggest that less dampening of the CAR
ver the course of gestation by approxi-
ately 1% per week are associated with

eduction of pregnancy duration by 1
eek. The modest sample size limited
ur ability to test the predictive ability of
AR dampening to differentiate preterm

rom term births. However, at a descrip-
ive level, the direction of the difference
etween women who delivered preterm
s term is in the hypothesized direction
Figure 2).

OMMENT
ur findings replicate earlier observa-

ions that suggested that the circadian
hythmicity of cortisol secretion is main-
ained during human pregnancy.12,13

urthermore, our findings demonstrate
hat systematic changes occur in the
AR during pregnancy that are charac-

erized by progressively increasing base-
ine levels and reduced reactivity in re-
ponse to awakening. Moreover, our
ndings suggest that the cortisol increase

n response to awakening in the third tri-
ester of pregnancy and the degree of

first hour after awakening in early and late
7 weeks of gestation; n � 7) vs B, term (�37
are in line with the cortisol concentrations that

was based on length of gestation entered as a

2009.
ttenuation of the CAR over the course i

OCTOBER 2009 Americ
f gestation are associated with gesta-
ional age at birth, such that a higher cor-
isol increase to awakening in late preg-
ancy and a less pronounced dampening
f the CAR from early to late pregnancy
re associated with a shorter pregnancy
uration and earlier birth. There was an
pproximate 12% reduction in the
ampening of the CAR response from
7-31 weeks for each week of shorter
regnancy duration.
Consistent with our hypothesis, al-

hough individual cortisol measures in
regnancy were not predictive of out-
omes that were related to the length of
estation, measures of HPA response to
hallenge over gestation were associated
ignificantly with gestational length.

omen who preserve high HPA respon-
iveness in late gestation and show a less
ronounced dampening of the CAR over
estation were more likely to deliver ear-
ier than women whose condition is
haracterized by lower HPA responsive-
ess in later pregnancy and more pro-
ounced dampening of the CAR over
estation.
Our findings of the association of the

ack of dampening of physiologic respon-
iveness in later pregnancy with shorter
regnancy duration are in line with find-

ngs that suggest that the lack of psycho-
ogic stress dampening over the course of
estation is associated with adverse birth
utcomes.29 The attenuation of the physi-
logic response to challenge in pregnancy
ay serve as a beneficial adaptation for
aternal and fetal/newborn infant health

nd well-being.22 The findings of the cur-
ent study also may represent the underly-
ng biologic basis for earlier findings of the
ssociation between psychologic stress
esponsiveness and pregnancy out-
omes,29-31 because pregnancy-related
hanges in psychologic stress responses
nd perceived stress during human preg-
ancy may reflect changes in the biologic
esponsiveness of stress systems in preg-
ant woman.
The maternal endocrine milieu reflects,

n the 1 hand, conditions in the maternal
nvironment (eg, stress, infection); on the
ther hand, it also reflects processes inside
he fetal compartment. Changes in neu-
oendocrine and HPA axis function dur-
the
�3
ata
at

ecol
ng human pregnancy are triggered, in

an Journal of Obstetrics & Gynecology 398.e6
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art, by an exponential increase in the ex-
ression of CRH in the placenta, which is
n organ of fetal origin. Placental CRH is
eleased into both the maternal and fetal
ompartment. This results in a progressive
ise in maternal adrenocorticotropic hor-
one and cortisol levels over the course of

estation, with total and free plasma corti-
ol levels peaking during the third trimes-
er at approximately 2-3 times that of non-
regnant values.4 The consequence of the
levated baseline levels in adrenocortico-
ropic hormone and cortisol is a reduced
esponsiveness when the system is under
hallenge. For instance, a CRH stimulation
est in pregnant women did not evoke a
ignificant pituitary or adrenal response in
ate pregnancy,32,33 although it did earlier
n gestation.33

Our results suggest that deviations from
his normal, expected attenuation of phys-
ologic responses to challenge (ie, less at-
enuation of the CAR over the course of
estation) may represent an early and
ore subtle marker of dysregulation.
ampened stress responsiveness may

erve a biologic purpose to allow fetal
rowth and maturation without increased
aternal susceptibility to exogenous stres-

ors. Those women who do not show this
otentially adaptive decrease in stress re-
ponsiveness may be at greater risk of de-
ivering earlier, and their fetuses may not
e as efficiently protected from maternal
tress-induced physiologic changes, possi-
ly resulting in developmental disrup-
ions. The degree of dampening may be in-
uenced by processes that are driving fetal
rowth and maturation, thereby providing
marker of underlying vulnerability or

isease for adverse pregnancy and birth
utcomes.
In the current study, we used a stan-

ardized measure of HPA axis function.
ubjects were instructed to collect saliva
t fixed time intervals after awakening,
nd the exact time of awakening was
ontrolled for in the statistical data anal-
ses. Furthermore, subjects were in-
tructed to refrain from eating and
rinking during the first hour after
wakening so that sampling conditions
etween subjects would be comparable.
uch standardized cortisol assessment
as several advantages over taking ran-

om samples throughout the day be- p

98.e7 American Journal of Obstetrics & Gynecolo
ause cortisol concentrations vary not
nly by time of day but also are influ-
nced by other factors/processes like
hysical activity and food intake.
There are some limitations of the cur-

ent study. The sample size is relatively
odest and therefore limited our ability

o test the predictive ability of CAR
ampening to differentiate preterm

rom term births. However, at a descrip-
ive level, we note that the direction of
he difference between women who de-
ivered preterm vs term is in the hypoth-
sized direction. Moreover, our study
ample did not contain African Ameri-
an women. Racial/ethnic differences in
ndocrine characteristics during preg-
ancy have been reported previously,34

nd a larger study is required to examine
acial/ethnic differences in trajectories of
tress responsiveness and whether these

ay account, in part, for the observed
acial/ethnic disparities in adverse birth
utcomes. Despite these limitations, to
he best of our knowledge this is the first
tudy to show in a prospective, longitu-
inal design that the magnitude in
hange of stress responsiveness over the
ourse of gestation is associated with
irth outcomes.
Our results therefore, may have impli-

ations for developing better risk assess-
ent strategies for adverse birth out-

omes and for a better understanding of
he processes underlying the develop-

ental programming of health and dis-
ase. Maternal stress may have more se-
ere consequences in women who do
ot exhibit the expected physiologic
ampening of the HPA axis in late
estation. f
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PPENDIX
tatistical analysis: hierarchic

inear modeling equations
tep 1: modeling diurnal
ortisol patterns
evel 1 captured parameters that change
ithin an individual and within an assess-
ent period. To model the cortisol-awak-

ning response (CAR; 4 samples during
he first hour after awakening) in reference
o the course of cortisol changes over the
est of the day (diurnal change at 12, and 8
M), level 1 included 2 time parameters (1
or the CAR effect and 1 to capture within-
he-day changes in cortisol [diurnal
hange]). Based on known changes in the
wakening and daytime pattern of cortisol
roduction, both parameters (linear [CAR
nd diurnal change] and quadratic effects
f time) were included (CAR2, diurnal
hange2). The level 1 model predicted cor-
isol activity (where i represents the indi-
idual and j represents the repeated assess-
ents over gestation and k represents the

epeated sampling over the day):

ogCortisolijk � �0

� �1 � diurnal changeijk � �2 � CARijk

� �3 � diurnal changeijk
2

� �4 � CARijk � eijk

tep 2: associations between
estational stage and awakening time
n cortisol concentrations
evel 2 captured potential changes in hy-
othalamic-pituitary-adrenal hormone
hysiologic condition from 1 assessment
eriod to the next. Exact gestational age
GA) at each assessment was modeled
centered at mean gestational age at first
isit). To control for fluctuations in
ake-up time at each assessment, time of

wakening (awak) also was entered at level
. Thus, level 2 interactions between gesta-
ional age at assessment and the level 1
-coefficients and between time of awak-

ning and the level 1 �-coefficients were
ssessed with the following level 2 model:

0 � �00 � �01 � (GAij)
� �02 � (awakij) � r0ij

OCTOBER 2009 Americ
1 � �10 � �11 � (GAij)

� �12 � (awakij) � r1ij

2 � �20 � �21 � (GAij)

� �22 � (awakij) � r2ij

3 � �30 � �31 � (GAij)

� �32 � (awakij) � r3ij

4 � �40 � �41 � (GAij)

� �42 � (awakij) � r4ij

tep 3: association between length of
estation and cortisol concentrations
erson-level factors, which are variables

hat did not change from 1 assessment to
he next, were introduced at level 3. These
ncluded completed weeks of gestation at
elivery centered at the group’s mean and
ovariates of interest. Thus, on level 3, in-
eractions between length of gestation and
he level 2 �-coefficients were assessed and
esulted in the following level 3 model:

00 � 	000 � 	001(length of gestationi)

� �00

�01 � 	010 � 	011(length of gestationi)

�02 � 	020 � 	021(length of gestationi)

10 � 	100 � 	101(length of gestationi)

� �10

�11 � 	110 � 	111(length of gestationi)

�12 � 	120 � 	121(length of gestationi)

20 � 	200 � 	201(length of gestationi)

� �20

�21 � 	210 � 	211(length of gestationi)

�22 � 	220 � 	221(length of gestationi)

30 � 	300 � 	301(length of gestationi)

� �30

�31 � 	310 � 	311(length of gestationi)

�32 � 	320 � 	321(length of gestationi)

40 � 	400 � 	401(length of gestationi)

� �40

�41 � 	410 � 	411(length of gestationi)
�42 � 	420 � 	421(length of gestationi)
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