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background: Life history models suggest that biological preparation for current versus longer term reproduction is favored in envir-
onments of adversity. In this context, we present a model of reproductive aging in which environmental adversity is proposed to increase the
number of growing follicles at the cost of hastening the depletion of the ovarian reserve over time. We evaluated this model by examining
psychological stress in relation to reproductive aging indexed by antral follicle count (AFC), a marker of total ovarian reserve. We hypothe-
sized that stress would be related to (i) higher AFC in younger women, reflecting greater reproductive readiness as well as (ii) greater AFC
loss across women, reflecting more accelerated reproductive aging.

methods: In a multi-ethnic, community sample of 979 participants [ages 25–45 (mean (standard deviation) ¼ 35.2 (5.5)); 27.5% Cau-
casian] in the Ovarian Aging study, an investigation of the correlates of reproductive aging, the interaction of age-x-stress was assessed in
relation to AFC to determine whether AFC and AFC loss varied across women experiencing differing levels of stress. Stress was assessed
by the perceived stress scale and AFC was assessed by summing the total number of antral follicles visible by transvaginal ultrasound.

results: In linear regression examining AFC as the dependent variable, covariates (race/ethnicity, socio-economic status, menarcheal age,
hormone-containing medication for birth control, parity, cigarette smoking, body mass index, waist-to-hip ratio) and age were entered on step 1,
stress on step 2 and the interaction term (age-x-stress) on step 3. On step 3, significant main effects showed that older age was related to lower
AFC (b ¼ 20.882, P ¼ 0.000) and greater stress was related to higher AFC (b ¼ 0.545, P ¼ 0.005). Follow-up analyses showed that the main
effect of stress on AFC was present in the younger women only. A significant interaction term (b ¼ 20.036, P ¼ 0.031) showed the relationship
between age and AFC varied as function of stress. When the sample was divided into tertiles of stress, the average follicle loss was 20.781,
20.842 and 20.994 follicles/year in the low-, mid- and high-stress groups, respectively.

conclusions: Psychological stress was related to higher AFC among younger women and greater AFC decline across women, suggesting
that greater stress may enhance reproductive readiness in the short term at the cost of accelerating reproductive aging in the long term. Findings
are preliminary, however, due to the cross-sectional nature of the current study.
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Introduction
Life history theory suggests that rates of female reproductive senes-
cence and the timing of major reproductive events are shaped by
selection pressures to produce the largest number of viable offspring
(Chisholm, 1993; Ellis et al., 2009). In environments with finite
resources, investments in reproduction are proposed to result in
trade-offs, curtailing the potential for investments in other areas of
growth and development. As reviewed in Ellis (2004), several lower
order theoretical models have been developed that apply life history

principles to understanding the specific phenomenon of pubertal
timing. In particular, the psychosocial acceleration hypothesis pro-
poses that environmental cues shape reproductive development by
biasing girls toward greater reproductive readiness when the environ-
ment signals that the risks associated with the delay of reproduction
outweigh the potential costs associated with earlier reproductive
development (Belsky et al., 1991; Ellis, 2004). Empirical support for
the psychosocial acceleration hypothesis is provided by numerous
longitudinal investigations in which girls living in more adverse circum-
stances were found to experience puberty earlier than their more
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advantaged peers (Moffitt et al., 1992; Wierson et al., 1993; Campbell
and Udry, 1995; Graber et al., 1995; Ellis et al., 1999; Ellis and Garber,
2000; Belsky et al., 2007; Ellis and Essex, 2007; Saxbe and Repetti,
2009). The costs of earlier reproductive maturation among these
girls include shorter adulthood height as well as several problematic
reproductive (e.g. teenage pregnancy) and psychosocial (e.g. depres-
sion/anxiety) outcomes (Fisher et al., 1991; Biro et al., 2001; Dear-
dorff et al., 2005; Mendle et al., 2007; Dunbar et al., 2008).

In the current investigation, principles of life history theory and
specifically the psychosocial acceleration hypothesis were applied to
examine variability in reproductive aging, a process characterized by
ovarian follicle loss leading to the eventual cessation of menses (i.e.
menopause). Notably, indicators of greater environmental adversity
have been linked to younger age at menopause. Epidemiological
studies have found that independently of confounding factors such
as cigarette smoking and body mass index (BMI), aspects of the
physical environment (e.g. crowded living conditions), markers of
socio-economic status (SES) (e.g. lower educational attainment),
family dynamics (e.g. early parental divorce) and psychological well-
being (e.g. feeling overwhelmed or out of control) all predicted
earlier onset menopause (Stanford et al., 1987; Luoto et al., 1994;
Torgerson et al., 1994; Bromberger et al., 1997; Gold et al., 2001;
Wise et al., 2002; Lawlor et al., 2003). If, as the psychosocial acceler-
ation hypothesis suggests, environmental adversity biases women
toward enhanced biological readiness for current versus longer term
reproduction, it is possible that earlier onset menopause reflects a
history of accelerated ovarian follicle loss due to stress-related
increases in the number of dormant follicles leaving the finite pool
of primordial follicles to enter the pool of growing follicles. That is,
we forward a model of reproductive aging in which environmental
adversity is proposed to promote the allocation of resources
toward greater reproductive readiness via increases in the volume of
growing follicles which may enhance fertility in the short term but
hasten depletion of the ovarian reserve in the long term.

The proposed model makes two primary assumptions: (i) first, that
the process of follicle growth (i.e. folliculogenesis) is responsive to
environmental cues and (ii) secondly, that having a greater number
of growing follicles is adaptive in promoting reproduction. With
respect to the first assumption, we suggest that it is biologically plaus-
ible that the processes that regulate the growth of ovarian follicles are
responsive to environmental cues, increasing or decreasing rates of
follicle growth based on environmental demands for reproductive
readiness. During folliculogenesis, dormant primordial follicles enter
the pool of growing follicles, maturing through several stages of devel-
opment until (through follicular atresia) only a single dominant follicle
remains (McGee and Hsueh, 2000). The movement of dormant prim-
ordial follicles into the growing follicle pool, termed initial recruitment
(McGee and Hsueh, 2000), may be regarded as a decision point from
an evolutionary perspective. A ‘decision’ is made to recruit a particular
number of primordial follicles based in part on environmental
demands necessitating the prioritization of current versus longer
term reproduction. A larger number of recruited follicles may
enhance fertility at the cost of increased follicle loss while a smaller
number of recruited follicles may limit depletion of the ovarian
reserve but risk delaying reproduction. With respect to the second
assumption relating follicle number to reproductive capacity, recent
evidence has demonstrated that having a greater number of antral

follicles, the subset of growing follicles rescued during cyclic recruit-
ment, was related to an increased probability of conception in a non-
infertile, community-based sample of women (Rosen et al., 2011).

The examination of variability in reproductive aging has been limited
by the availability of methodological tools to adequately measure
ovarian reserve. Until recently, approaches largely relied on observa-
tions of changes in menstrual cycle and hormonal indicators that are
only evident after a woman has already experienced a significant
decline in her reproductive capacity (Soules et al., 2001). In contrast,
antral follicle count (AFC), defined as the number of follicles (fluid col-
lections between 2 and 10 mm) visible by transvaginal ultrasound
(TVUS), reflects the number of dormant primordial follicles remaining
in the ovary (Hansen et al., 2007, 2008). As such, AFC provides a
marker of total follicular reserve that can be assessed in women of
all ages. AFC has been shown to covary with chronological age
(Reuss et al., 1996a, b; Scheffer et al., 1999; Rosen et al., 2010)
with AFC found to be 60% higher on average among women aged
22 compared with those aged 42 (Reuss et al., 1996a, b). In addition,
AFC predicts ovarian response in treatments using assisted repro-
ductive technologies (Frattarelli et al., 2003; Klinkert et al., 2005; Afla-
toonian et al., 2009), and, in statistical models, predicts menopausal
timing (Broekmans et al., 2004; Giacobbe et al., 2004; Hansen et al.,
2008). While AFC is stable across consecutive menstrual cycles and
across the follicular and luteal phases of the menstrual cycle for an
individual woman (Pache et al., 1990; Scheffer et al., 1999, 2002), it
has been shown to be widely variable between women at any given
age. For example, in a subsample of 33-year old women, the range
in AFC was 7–38 (Rosen et al., 2010).

In the current study, the proposed model was tested by examining
women’s reports of psychological stress in relation to reproductive
aging in a multi-ethnic sample of 979 women ages 25–45 derived
from the Ovarian Aging (OVA) study. We predicted that greater per-
ceptions of stress would relate to greater reproductive readiness as
indexed by higher AFCs among younger women as well as more accel-
erated reproductive aging as indexed by higher rates of AFC loss
across women. Hypotheses were tested cross-sectionally by exam-
ining the interaction of age and self-reported perceptions of stress
to determine whether AFC and AFC decline would vary significantly
across women experiencing differing levels of stress. All analyses
included statistical adjustment for potential confounding factors,
including race/ethnicity, SES, menarcheal age, use of hormone-
containing medication for birth control, parity, cigarette smoking,
BMI and waist-to-hip ratio.

Materials and Methods

Participants
The current sample was derived from the OVA study, a community-based
investigation of reproductive aging, which includes women belonging to
Kaiser Permanente (KP) of Northern California, a large, integrated health-
care delivery system that provides medical care to approximately one-third
of the population of Northern California. Comparison of the KP member-
ship with the population of Northern California indicates that the KP
membership is generally representative in its socio-demographic and
health-related characteristics, particularly if the comparison is limited to
those with health insurance (Gordon 2006). Selection criteria for the
OVA study were that participants be between ages 25 and 45, have
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regular menses and have their uterus and both ovaries intact. All partici-
pants were required to self-identify as one of five race/ethnicities: Cauca-
sian, African-American, Latina, Chinese or Filipina and speak/read English,
Spanish or Cantonese. Participants were excluded if they reported a major
medical illness, were taking medications affecting the menstrual cycle
within the 3 months prior to study participation or were currently preg-
nant or breastfeeding. The OVA study protocol included an in-person
interview, anthropometric assessment, TVUS and blood draw. Of 1019
women who completed the OVA study protocol, 979 participants (Cauca-
sian: n ¼ 269; African-American: n ¼ 234; Latina: n ¼ 220; Chinese: n ¼
216 and Filipina: n ¼ 40) were retained for inclusion in the current analysis.
Excluded women were those missing TVUS data for the following reasons:
presence of ovarian cyst .30 mm on either ovary invalidating AFC meas-
urement (n ¼ 24); presence of other masses (e.g. fibroid) obstructing view
of either ovary (n ¼ 10); obesity or anatomical anomalies preventing visu-
alization of either ovary (n ¼ 4) and loss of ultrasound images due to tech-
nical error (n ¼ 2). The study protocol was approved by the University of
California San Francisco Committee on Human Research as well as the KP
of Northern California Institutional Review Board. Informed, written
consent was obtained from all study participants.

Measures
Reproductive aging
TVUS assessment of AFC was performed between menstrual cycle days 2
and 4 by one of two reproductive endocrinologists (M.I.C., M.P.R.). The
transverse, longitudinal and anteroposterior diameters of each ovary
were measured with electronic calipers using a Shimadzu SDU-450XL
machine with a variable 4- to 8-mHz vaginal transducer. Follicles
(defined as all echo-free structures in the ovaries) with a mean diameter
across two dimensions of 2–10 mm were counted. Each measurement
was taken twice and the average was taken. The total number of follicles
across both ovaries was summed to calculate AFC. Evaluation of a
sub-sample of 50 OVA study participants showed that inter-rater reliability
between the two reproductive endocrinologists was excellent (r ¼ 0.92)
as was test-retest reliability for each reproductive endocrinologist mea-
sured over 2 consecutive months (average r ¼ 0.91).

Psychological stress
Psychological stress was evaluated using the 4-item perceived stress scale
(PSS), a self-report questionnaire assessing the extent to which individuals
appraise their lives as being stressful over the past month (Cohen et al.,
1983; Cohen and Williamson, 1988). Two positively worded items
(reversed scored) and two negatively worded items are scored on a
5-point scale (0 ¼ never, 1 ¼ almost never, 2 ¼ sometimes, 3 ¼ fairly
often, 4 ¼ very often) and summed to produce a total score. The two posi-
tively worded items are ‘...how often have you felt confident about your
ability to handle your personal problems?’ and ‘. . . how often have you felt
that things were going your way?’ The two negatively worded items are
‘. . . how often have you felt that you were unable to control the important
things in your life?’ and ‘. . . how often have you felt difficulties were piling
up so high that you could not overcome them?’ Higher scores indicate
greater perceived stress. The PSS has been widely used and its internal reli-
ability and construct validity are well established (Cohen et al., 1983; Cohen
and Williamson, 1988; Cohen and Janicki-Deverts, 2012). In the present
sample, internal reliability was adequate according to Cronbach’s coefficient
alpha (a ¼ 0.75). Additionally, principal components analysis showed the
presence of a single factor to account for 57.1% of the total variability in
the individual questionnaire items. Factor loadings for the individual items
were all high, ranging between 0.72 and 0.77.

Although the PSS asks respondents to reference the past month in
reporting their perceptions of stress, an abundant literature suggests

that PSS scores may reflect stress experienced more chronically, support-
ing the validity of its examination in relation to reproductive aging in the
present study. Stress, as measured by the PSS, has been related to a
variety of health outcomes (e.g. health behaviors, risk factors for cardio-
vascular disease, infectious diseases and mortality; Cohen et al., 1999;
Ng and Jeffery, 2003; Fredman et al., 2010; Yu et al., 2010) as well as
biological processes underlying risk for disease (e.g. cellular aging, anti-
body responses to vaccination, wound-healing and chronic inflammation;
Glaser et al., 1999; Epel et al., 2004; Moynihan et al., 2004; McDade
et al., 2006; Li et al., 2007; Parks et al., 2009). In addition, the PSS is
commonly used to monitor changes in stress levels in response to stress-
reduction programs (Kirby et al., 2006; Lane et al., 2007), with some of
these interventions designed to specifically target reductions in stress as
a way of improving parameters of health and long-term prognoses for
illness (Cruess et al., 1999; Michalsen et al., 2005).

Statistical analyses
In cross-sectional analyses, hierarchical linear regression was performed to
test the interaction of age and stress in predicting AFC. The use of linear
regression was justified on the basis of an earlier report showing rates of
AFC loss to be linear (Rosen et al., 2010). Covariates as well as age were
entered on the first step, stress was entered on the second step and the
interaction term (age-x-stress) was entered on the third step of the regres-
sion equation. Variables included in the interaction term were centered
(Aiken and West, 1991). Age was centered at age 25 and stress was cen-
tered at its mean, enabling, in the context of a significant interaction term,
the examination of the effect of age on AFC at the mean level of stress and
the effect of stress on AFC at age 25. Age 25 was selected in accordance
with the hypothesis that stress would be related to higher AFC among
younger women. In addition, in the case of a significant interaction term,
custom contrasts were planned to aid interpretation by estimating the
effects of stress on AFC at pre-specified ages across the full age range
(25, 30, 35, 40 and 45).

Covariates included race, individual-level SES, menarcheal age (in years),
use of hormone-containing medication for birth control (BC; 0 ¼ no
history of use; 1 ¼ positive history of use), parity (0 ¼ no live births;
1 ¼ 1+ live births), cigarette smoking (0 ¼ never smoked; 1 ¼ current/
past smoking), BMI (weight in kg/height in m2) and waist-to-hip ratio
(WHR). Race/ethnicity was dummy coded (0 versus 1) into four (k–1)
variables using Caucasian as the reference group. Individual-level SES
was computed by adding standardized education and household income
variables. Education was coded 1¼,HS/some HS; 2 ¼ HS grad/GED;
3 ¼ some college/AA/vocational school; 4 ¼ college graduate; 5 ¼
graduate school (PhD, MS); 6 ¼ professional degree (MD, JD, DDS,
MBA). Household income was coded 1¼,$5000; 2 ¼ $5000–$15 999;
3 ¼ $16 000-$24 999; 4 ¼ $25 000-$34 999; 5 ¼ $35 000-$49 999; 6 ¼
$50 000–$74 999; 7 ¼ $75 000–$99 999; 8 ¼ $100 000–$149,999; 9 ¼
$150 000–$199 999; 10 ¼ $200 000+ and divided by the number of indi-
viduals in the household who were dependent on the reported income.
For three individuals who reported not knowing their household income
and two individuals who refused to report their household income, only
education contributed to the individual-level SES composite. BMI was nor-
malized using a logarithmic transformation.

Results

Sample characteristics
In Table I, information pertaining to the socio-demographics, repro-
ductive history, health behaviors and self-reported stress levels of
women in the full sample (n ¼ 979) as well as women divided into
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tertiles of low (n ¼ 303), mid (n ¼ 368) and high (n ¼ 308) levels of
stress is reported. In the full sample [27.5% Caucasian, 23.9%
African-American, 22.5% Latina, 22.0% Chinese, 4.1% Filipina; ages
25–45, mean (standard deviation (SD)) ¼ 35.2 (5.5)], 57.8% of
women held a college degree or greater and 53.9% reported an
annual household income of $50 000 or greater. The majority
(70.1%) of women reported having ever used a hormone-containing
medication for BC and 42.8% experienced at least one live birth.
Regarding cigarette smoking, 23.4% smoked currently or in the past.
On average, women were overweight [BMI: mean (SD) ¼ 27.02
(6.9)], although the sample mean for WHR [mean (SD) ¼ 0.80
(0.1)] was in the low risk range. The sample mean (SD) for self-
reported stress was 4.3 (2.8), which is significantly lower (t(2404) ¼
3.23, P ¼ 0.001) than the average reported in a probability sample
of 1427 women [mean (SD) ¼ 4.7 (3.1); Cohen and Williamson,
1988].

Comparisons of women across the low-, mid- and high-stress
groups (tertiles) showed there to be proportionately fewer Caucasian
women (x2¼ 7.803, P ¼ 0.020) and more African-American women

(x2¼ 8.110, P ¼ 0.017; versus all others) in the high-stress group
with the converse evident in the low-stress group. Significant differ-
ences between women in the low-, mid- and high-stress groups
were also found on educational level (F(2,976) ¼ 10.41, P ¼ 0.000),
household income/number of dependents (F(2,971) ¼ 4.34, P ¼
0.013), AFC (F(2,976) ¼ 3.43, P ¼ 0.033), BMI (F(2,976) ¼ 6.98,
P ¼ 0.001) and WHR (F(2,976) ¼ 4.12, P ¼ 0.017). Post hoc tests
showed that significant differences in educational level were
between the low- and high-stress groups (P ¼ 0.000) as well as the
mid- and high-stress groups (P ¼ 0.013). In contrast, significant differ-
ences on household income/number of dependents were between
the low- and high-stress groups only (P ¼ 0.024). Regarding AFC,
post hoc tests showed no comparisons reached statistical significance
(all P’s . 0.05). Finally, post hoc tests showed that significant differ-
ences in BMI were between the low- and high-stress groups (P ¼
0.049) as well as the mid- and high-stress groups (P ¼ 0.002); this
pattern was similar for WHR with significant differences found
between the low- and high-stress groups (P ¼ 0.046) as well as the
mid- and high-stress groups (P ¼ 0.042).

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

Table I Sample characteristics among all women and in women across tertiles of the stress distribution reflecting low,
mid, and high levels of stress.

Total (n 5 979) Low stress (n 5 303) Mid stress (n 5 368) High stress (n 5 308) Test statistic Pa

Socio-demographics

Age 35.16 (5.5) 35.70 (5.4) 35.04 (5.6) 34.76 (5.5) F(2,976) ¼ 2.37 0.094

Caucasian (%) 27.5 33.0 26.6 23.1 x2¼ 7.803 0.020

African-American (%) 23.9 24.8 19.3 28.6 x2¼ 8.110 0.017

Latina (%) 22.5 19.5 24.2 23.4 x2¼ 2.330 0.312

Chinese (%) 22.1 19.1 25.3 21.1 x2¼ 3.872 0.144

Filipina (%) 4.0 3.6 4.6 3.6 x2¼ 0.625 0.732

Educational levelb 3.57 (1.2) 3.77 (1.1) 3.61 (1.3) 3.33 (1.2) F(2,976) ¼ 10.41 0.000

Income/# of dependentsc 3.29 (2.0) 3.46 (1.9) 3.38 (2.1) 3.01 (2.0) F(2,971) ¼ 4.34 0.013

Reproductive factors

Antral follicle count 15.08 (9.6) 14.50 (9.2) 14.57 (8.9) 16.27 (10.7) F(2,976) ¼ 3.43 0.033

Menarcheal age 12.57 (1.6) 12.56 (1.7) 12.64 (1.6) 12.51 (1.5) F(2,976) ¼ 0.62 0.540

BCd (% with hx of BC use) 70.1 71.9 69.8 68.5 x2¼ 0.878 0.645

Parity (% 1+ live births) 42.8 41.3 42.1 45.1 x2¼ 1.048 0.592

General health

Smoking (% current/past) 23.4 26.7 20.4 23.7% x2¼ 3.766 0.152

BMI 27.02 (6.9) 26.80 (6.9) 26.23 (6.3) 28.19 (7.5) F(2,976) ¼ 6.98 0.001

WHR 0.80 (0.1) 0.79 (0.1) 0.79 (0.1) 0.81 (0.1) F(2,976) ¼ 4.12 0.017

Psychological stress

PSSe (total score) 4.25 (2.8) 1.16 (0.8) 4.02 (0.8) 7.56 (1.7) F(2,976) ¼ 2252.1 0.000

aAll statistically significant comparisons are detailed in the following. For ANOVAs P-values are reported from post hoc comparisons. For chi-squares, P-values are corrected for alpha
inflation using a modified Bonferroni correction. Race: significant differences were between low- versus high-stress groups for Caucasian (versus all other; P ¼ 0.006) and between mid-
versus high-stress groups for African-American (versus all other; P ¼ 0.005); education: significant differences were between the low- versus high-stress groups (P ¼ 0.000) and the
low- versus mid-stress groups (P ¼ 0.013); income: significant differences were between the low- versus high-stress groups (P ¼ 0.024); AFC: no significant differences between the
stress groups were found. BMI: significant differences were between the low- versus high-stress groups (P ¼ 0.049) and the mid- versus high-stress groups (P ¼ 0.002); WHR:
significant differences were between the low- versus high-stress groups (P ¼ 0.046) and the mid- versus high-stress groups (P ¼ 0.042).
bEducation was coded 1 ¼,HS/some HS; 2 ¼ HS grad/GED; 3 ¼ some college/AA/vocational school; 4 ¼ college graduate; 5 ¼ graduate school (PhD, MS); 6 ¼ professional
degree (MD, JD, DDS, MBA).
cHousehold income was coded 1 ¼,$5000; 2 ¼ $5000–$15 999; 3 ¼ $16 000$–$24 999; 4 ¼ $25 000–$34 999; 5 ¼ $35 000–$49 999; 6 ¼ $50 000–$74 999; 7 ¼ $75 000–$99
999; 8 ¼ $100 000–$149 999; 9 ¼ $150 000–$199 999; 10 ¼ $200 000+ and divided by the number of individuals in the household who were dependent on the reported income.
dBC ¼ hormonal methods for BC.
ePSS ¼ perceived stress scale; PSS score ranges were 0–2, 3–5 and 6–14 for low, mid and high levels of stress, respectively.
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Linear regression
In Table II, results of analyses assessing the interaction of age and
stress in relation to AFC are reported using the total score of the
PSS as a continuous variable. Covariates as well as age accounted
for 26.9% of the variance in AFC with stress and the interaction
term (age-x-stress) accounting for an additional 0.3 and 0.4% of the
variance in AFC, respectively. As reported from Step 3 (Model 3) of
the regression equation, there was an independent association
between Chinese (compared with Caucasian) race/ethnicity and
lower AFC (b ¼ 21.770, P ¼ 0.045) as well as an independent asso-
ciation between a positive history of hormone-containing contracep-
tive use and lower AFC (b ¼ 21.820, P ¼ 0.003). In addition, the
interaction term (age-x-stress) was related to AFC significantly (b ¼
20.036, P ¼ 0.031), suggesting the association between age and
AFC varied as a function of stress level. To characterize the significant
interaction effect, separate regression equations assessing relations
between age and AFC were performed among women in the low-,

mid- and high-stress tertiles and the corresponding slopes were
plotted in Fig. 1. Slopes (unstandardized coefficients) showed rates
of ovarian follicle loss to increase progressively across the low-
(20.781 follicles/year), mid- (20.842 follicles/year) and high-stress
(20.994 follicles/year) groups. Additionally, the x-intercepts, ages at
which AFC is estimated to be zero (i.e. menopause) were 54.3,
52.3 and 51.1, for the low-, mid- and high-stress groups, respectively,
although these are projections falling outside the age range (25–45) of
the current sample.

The main effects of age and stress in relation to AFC were also stat-
istically significant. Greater chronological age was related to lower
AFC (b ¼ 20.882, P ¼ 0.000) estimated at the sample mean of
stress (due to centering the stress variable at the sample mean) and
greater self-reported stress was related to higher AFC (b ¼ 0.545,
P ¼ 0.005) estimated at age 25 (due to centering the age variable at
age 25). In addition, custom contrasts were performed to estimate
AFC mean differences across the low-, mid- and high-stress groups
at five pre-specified ages (25, 30, 35, 40 and 45). Results showed

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

Table II Among 979 women, results of linear regression analyses assessing age-x-stress effects on AFC adjusted for
covariates.

Model 1 Model 2 Model 3
ba (betab) ba (betab) ba (betab)

Variables

African-Americanc 0.443 (.020) 0.390 (0.017) 0.304 (0.014)

Latinac 20.173 (20.008) 20.145 (20.006) 20.139 (20.006)

Chinesec 21.720 (20.074)V 21.764 (20.076)* 21.770 (20.076)*

Filipinac 22.188 (20.045) 22.193 (20.045) 22.322 (20.047)

SESd 0.286 (0.051) 0.352 (0.063) 0.359 (0.064)

Menarcheal age 0.035 (0.006) 0.027 (0.004) 0.029 (0.005)

BCe use (0 ¼ none, 1 ¼ hx of use) 21.780 (20.085)** 21.777 (20.085)** 21.820 (20.087)**

Parity (0 ¼ none, 1 ¼ 1+ live births) 1.042 (0.054) 1.129 (0.058) 1.143 (0.059)

Smoking (0 ¼ never, 1 ¼ current/past) 0.959 (0.042) 0.952 (0.042) 0.943 (0.042)

BMI 1.033 (0.025) 0.916 (0.022) 1.087 (0.026)

WHR 25.796 (20.045) 25.938 (20.046) 26.140 (20.048)

Age 20.890 (20.512)*** 20.882 (20.508)*** 20.882 (20.507)***,f

Stress 0.180 (0.052)V 0.545 (0.159)**,g

Age-x-stress 20.036 (20.122)*

Change statistics

R2 0.269 0.272 0.275

R2
change 0.269 0.003 0.004

Fchange 29.654 3.445 4.663

Significant Fchange 0.000 0.064 0.031

aUnstandardized regression coefficient.
bStandardized regression coefficient.
cCaucasian is the reference group.
dSum of standardized education and household income variables.
eBC ¼ hormonal methods for BC.
fThe effect of age on AFC was estimated at the sample mean of stress.
gThe effect of stress on AFC was estimated at age 25. Additional results are provided in the text regarding custom contrasts that were performed to further evaluate the effect of stress
on AFC at five pre-specified ages (i.e. 25, 30, 35, 40 and 45).
VP , 0.10.
*P , 0.05.
**P , 0.01.
***P , 0.001.
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that among women aged 25, those in the low- and mid-stress groups
had a significantly lower AFC than women in the high-stress group
(P ¼ 0.013 and P ¼ 0.024, respectively). Similarly, among women
aged 30, those in the low- and mid-stress groups had a significantly
lower AFC than women in the high-stress group (P ¼ 0.013 and
P ¼ 0.012, respectively). Among women aged 35, only those in the
mid-stress group had a significantly lower AFC than women in the
high-stress group (p ¼ 0.038) and among women aged 40 and 45
there were no differences in AFC means across the stress groups
(all P’s . 0.05).

Discussion
In the current investigation we applied principles of life history theory
and specifically the psychosocial acceleration hypothesis to the exam-
ination of variability in reproductive aging. Specifically, we proposed a
model in which environmental adversity is hypothesized to promote
the allocation of resources toward greater reproductive readiness
via increases in the volume of growing follicles (i.e. initial recruitment)
at the cost of hastening the depletion of the ovarian reserve over time.
In a large, community-based sample of 979 premenopausal women
ages 25–45, we evaluated this model by examining the interaction
of age and self-reported perceptions of stress in relation to AFC, a
subset of growing follicles rescued during cyclic recruitment, that
represent proportionately the finite pool of primordial follicles (i.e.
ovarian reserve). Results showed that the rate of AFC loss across
women was higher among women reporting more psychological
stress. Associations were independent of statistical adjustment for
potential confounding factors, including race/ethnicity, SES, menarch-
eal age, use of hormone-containing medication for BC, parity, cigarette
smoking, BMI and WHR. When the sample distribution of psycho-
logical stress was divided into tertiles, women in the low-stress
group showed an average follicle loss of 20.781/year, women in
the mid-stress group showed an average follicle loss of 20.842/
year and women in the high-stress group showed an average follicle
loss of 20.994/year. Calculation of the x-intercepts, ages at which

AFC is estimated to be zero (or projected ages of menopausal
onset), were 54.3, 52.3 and 51.1 for the low-, mid- and high-stress
groups, respectively.

In addition to the significant interaction showing psychological stress
was related to a higher rate of AFC loss across women, a significant
main effect was found in which greater psychological stress was
related to higher AFC. Follow-up tests at pre-specified ages showed
that the main effect of stress on AFC was present in the younger
(ages 25, 30 and 35) but not in the older (ages 40 and 45) women.
That psychological stress was related both to higher AFC among
younger women and a higher rate of AFC loss across women suggests
that fertility may initially be potentiated among women experiencing
greater stress. Increased reproductive readiness (marked by higher
AFC) among women experiencing greater stress appears to occur at
the cost of having a higher rate of AFC loss. Although speculative,
this may ultimately lead to earlier onset menopause and increased
risk for diseases of aging that increase in prevalence post-
menopausally. This apparent trade-off is consistent with life history
theory and specifically the psychosocial acceleration hypothesis
which proposes that environmental adversity biases women toward
enhanced biological readiness for current versus longer term repro-
duction even at the cost of longer term consequences.

Although the current findings are consistent with the psychosocial
acceleration hypothesis, a model derived from life history theory
that has garnered a substantial amount of empirical support in its
previous application to the investigation of pubertal timing (Moffitt
et al., 1992; Wierson et al., 1993; Campbell and Udry, 1995;
Graber et al., 1995; Ellis et al., 1999, Ellis and Garber, 2000; Ellis
and Essex, 2007; Belsky et al., 2007; Saxbe and Repetti, 2009), it is
notable that alternate life history models would suggest that environ-
mental adversity may actually suppress reproductive functioning based
on evidence supporting the hypothesis that reproduction is forestalled
when environmental conditions threaten the viability of the offspring
(Wasser and Barash, 1983; Ellison 1990). This model is additionally
supported by studies of Cynomolgus monkeys in which socially subor-
dinate females (presumed to experience psychological stress) dis-
played suppressed ovarian function (Kaplan et al., 1996, Kaplan and
Manuck, 2004), as well as by studies showing stress-related activation
of the hypothalamic–pituitary axis inhibits certain reproductive func-
tions both in animal models and among women (Rivier and Rivest,
1991; Kalantaridou et al., 2004). Although speculative, it is possible
that whether fertility, operationalized here as being reflected by the
number of antral follicles, is enhanced or suppressed may depend
on the severity of the adversity exposure. Because only normative
variability in psychological stress was examined in the current investi-
gation, it remains unclear whether the experience of more significant
stressors or even traumatic events (that are more likely to threaten
offspring viability) might have a different impact on folliculogenesis
and reproductive aging. Future work is required to reconcile the
current findings with previous evidence suggesting adversity exposures
may have a suppressive effect on ovarian function and whether these
conflicting outcomes may be explained by the severity of stress
experienced.

Two primary weaknesses of the current study were that the analysis
was cross-sectional and that the evaluation of psychological stress was
limited to the self-report of stress measured over the past month.
First, the cross-sectional nature of the current analysis limits the

Figure 1 AFC decline across 979 women (ages 25–45) reporting
low, mid, and high levels of stress.
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conclusions that can be drawn regarding whether stress relates to
rates of AFC loss over time. Rather, the current findings demonstrate
an association between stress and AFC loss as examined across
women. A longitudinal component of the OVA study is currently
underway in which women are returning for a 3-year follow-up visit
at which time the study measures, including AFC, are repeated. In
the future when these data become available, it will be possible to
examine stress in relation to the actual change in the AFC over this
period. Secondly, the measurement of psychological stress was
limited to the use of the PSS which assesses appraisals of stress
over the past month only. Although the measurement of a psycho-
logical state or transient appraisal of stress would not be expected
to relate to a biological process that unfolds over many years, PSS
scores are likely to reflect stress experienced more chronically as is
suggested by previous investigations relating PSS to longer term
health outcomes and biological processes relevant to disease develop-
ment (Cohen et al., 1999; Ng and Jeffery, 2003; Epel et al., 2004;
McDade et al., 2006; Fredman et al., 2010; Yu et al., 2010) and/or
to reflect a trait-like dimension (Federenko et al., 2006; Conard and
Matthews, 2008; Bogdan and Pizzagalli, 2009; Ebstrup et al., 2011)
which may increase one’s proneness to experience stress.

Strengths of the current investigation were its novel focus on repro-
ductive aging during the premenopausal period; use of a well-validated
marker of total follicular reserve and recruitment of a sample that is
large in size, healthy and community based. To date, while the preme-
nopausal period is well recognized as an important area of study for
improved understanding of variability in fertility as well as the emer-
gence of pre-clinical risk factors for disease development post-
menopausally (Kaplan and Manuck, 2004; Kaplan and Manuck,
2008), there has been a paucity of research examining the mechanisms
underlying the loss of ovarian function during this period. In this
respect, the contribution of the current study is unique and timely.
The current study also possesses several methodological strengths
through its use of AFC, a well-validated marker reflecting reproductive
aging on a continuum versus traditional staging methods which provide
only categorical determinations of reproductive age (pre-, peri-, post-
menopause) on the basis of indicators (e.g. hormones) that can be
unreliable or unchanged until the function of the ovary is severely
compromised. Lastly, the current sample is large, well-characterized
in terms of reproductive history and general health, and includes
women screened to be regularly cycling and free from major
medical illnesses, maximizing the generalizability of the current results.

To address the limitations of the current study, future investigations
should be designed to assess AFC over time, to measure objective as
well as subjective aspects of the environment that may contribute to
the psychological well-being of women and to characterize features
of early environments that might be particularly salient in setting the
stage for reproductive development and senescence. Future studies
should also attempt to elucidate the biological mechanisms, primarily
the hormonal regulation of follicle growth and development, by which
such apparent stress effects on the body occur. Lastly, the current
analysis was limited in its focus on reproductive aging without specific
consideration of how the current findings may relate to other relevant
literatures, namely life history models of pubertal timing (Ellis, 2004).
Although findings generally suggest that pubertal and menopausal
timing are unrelated (Treloar, 1974; Snieder et al., 1998), whether
variation in pubertal timing may underlie aspects of ovarian function

that are relevant to folliculogenesis and trajectories of reproductive
aging is an important question for future research. Moreover, future
research should be guided by the over-arching goal of developing
better integrated models reflecting the inter-relation of major repro-
ductive processes and events over a woman’s life course.

In conclusion, results from the current investigation show that
psychological stress was related to higher AFC among younger
women and to a higher rate of AFC decline across women. This
finding provides preliminary support for the proposed model of repro-
ductive aging which suggests that environmental adversity may
enhance the allocation of resources toward greater reproductive
readiness via increases in initial recruitment of dormant primordial fol-
licles into the growing pool of follicles, thereby enhancing fertility in the
short term at the cost of hastening the depletion of the ovarian
reserve in the long term.
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