Fatness at birth predicts adult susceptibility to
ovarian suppression: An empirical test of the
Predictive Adaptive Response hypothesis
Grazyna Jasienska*†‡, Inger Thune§¶, and Peter T. Ellison‡!
*Department of Epidemiology and Population Studies, Collegium Medicum, Jagiellonian University, Grzegórzecka 20, 31-531 Kraków, Poland;
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uman biologists have long recognized developmental plasticity as an important adaptive characteristic of human
growth and development (1). Recently, epidemiological studies
have demonstrated particularly strong relationships between
indices of fetal development, such as size at birth, and health
outcomes associated with chronic disease conditions decades
later (2–5). These observations have led to the advance of the
Predictive Adaptive Response (PAR) hypothesis, which posits
that conditions experienced by the human embryo and fetus
affect subsequent trajectories of development and set points for
physiological function in various systems in ways that would
promote the fitness of the developing organism in later years
(6–8). In particular, it is hypothesized that conditions of energy
constraint during gestation result in physiological changes that
improve the fitness of the adult organism in energy-restricted
environments. The adaptive nature of these changes is difficult
to demonstrate, however, because the outcomes associated with
poor fetal environments are most often associated with increased incidence and severity of pathologies that compromise
life expectancy, such as hypertension or type II diabetes. A
second hypothesis, the Environmental Mismatch (EM) hypothesis, must be posited, supplementing the PAR hypothesis, to
explain why a process that is supposed to be adaptive results in
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outcomes that are maladaptive (8). The EM hypothesis suggests
that these poor outcomes result from the fact that fetal environments, although formerly having a predictive, positive correlation with childhood and adult environmental conditions in
the formative past of human evolution, either no longer retain
this predictive quality or do not retain it to the same degree.
Thus, it is argued, the physiological changes that result from fetal
programming often produce pathology rather than adaptation in
the modern context.
Although the logic of the PAR and EM hypotheses is attractive, it is difficult to think of how they can be tested in
combination. By itself, the PAR would be falsified if the results
of fetal programming could be shown to be maladaptive. The
EM hypothesis, however, explains away such falsification, leaving open the question of how to render the joint PAR#EM
hypothesis falsifiable. It is particularly difficult to see how the
predictions of the joint PAR#EM hypothesis can be distinguished from major competing hypotheses. The most obvious
competing hypothesis is that poor or constrained fetal environments produce congenital pathologies or disruptions of normal
developmental processes, resulting in pathological outcomes.
Thus, both the joint PAR#EM hypothesis and its major alternative make the same predictions.
We present a different logical approach to a test of the PAR
hypothesis in the well developed theoretical context of human
reproductive ecology (9–15). Reproductive ecology combines
the study of human reproductive physiology with the theoretical
structure of life history theory (16). From this perspective,
reproductive function in humans is viewed as facultatively responsive to different ecological circumstances in ways that
increase individual fitness. Rather than having only one optimal
state, reproductive function is considered to reflect a norm of
reaction to varying environmental conditions. Among the most
important environmental factors affecting ovarian function in
women are factors affecting metabolic energy availability (17).
When energy availability is constrained, either by limited intake
or by increased expenditure (e.g., exercise or physical labor),
indices of ovarian function associated with the probability of
conception, such as ovarian steroid hormone levels, length of
menstrual cycles, and cycle regularity, shift toward lower conception probability. When energy availability is high, as evidenced by weight or fat gain or increasing insulin levels, indices
of ovarian function shift toward high conception probability.
This pattern of response is considered adaptive, because it
modulates conception probability in response to conditions that
favor successful pregnancy outcomes (18). This norm of reaction
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Poor fetal environments are thought to produce adaptive changes
in human developmental trajectories according to the Predictive
Adaptive Response hypothesis. Although many studies have demonstrated correlations between indicators of fetal environment
and negative adult health outcomes, the adaptive significance of
these outcomes is unclear. Our study explicitly tests the adaptive
nature of fetal programming in humans. We show that differences
in nutritional status at birth are associated with adaptive differences in the sensitivity of adult ovarian function to energetic stress.
Women who were born as relatively fat babies do not exhibit
ovarian suppression in response to moderate levels of physical
activity at adulthood, in contrast to women who were born as
skinnier babies. The levels of estradiol in women born in the
highest tertile of ponderal index (an indicator of neonatal nutritional status) were 37% and 46% higher, respectively, than levels
of estradiol in women born in the low and middle ponderal index
tertiles. These findings suggest that fetal programming of reproductive function results in developmentally plastic, but essentially
adaptive, shifts in set points of ovarian response to energetic
stress, such that women who were gestated under conditions of
energetic constraint show greater sensitivity to energetic stress in
adulthood. Our results have practical implications in terms of
behavioral strategies for reducing the risk of breast cancer. We
suggest that the amount of activity necessary to reduce levels of
estrogen, which may in turn reduce cancer risk, can depend on a
woman’s nutritional status at birth.

ANTHROPOLOGY

Contributed by Peter T. Ellison, July 1, 2006

Fig. 1. Mean (with 95% confidence intervals) levels of E2 in women from PI
tertiles in three different levels of mean daily PA.

of ovarian function to energetic conditions has been demonstrated across a broad range of human populations, as well as a
broad range of genetic, environmental, and cultural contexts,
and as such appears to be a general, evolved feature of human
biology (9, 17).
Assays of salivary steroid levels have proven to be particularly
sensitive in documenting shifts in ovarian function in response to
energy availability (19). Because steroid levels in saliva represent
free, rather than free-plus-bound circulating steroid levels, they
allow for much finer discrimination of functional differences in
steroid signaling. Because saliva can be readily collected from
subjects on multiple occasions, it is possible to compare steroid
levels across entire menstrual cycles among different women
rather than relying on one or a few timed blood samples. Salivary
levels of ovarian steroids have been used by many investigators
to demonstrate adaptive shifts in ovarian function under conditions of energy constraint in adult women (15, 19–27). Salivary
estradiol (E2) levels are particularly sensitive indicators, with a
shift to lower levels being associated with energy constraint and
lower probability of conception (18).
The framework of reproductive ecology provides for a clear
test of the PAR hypothesis without having to evoke EM to
account for pathological outcomes. Within that framework, we
expect that constrained energy availability will result in a shift to
lower conception probability, reflected in a shift to lower levels
of salivary E2. The direction of this predicted shift has been
established by previous studies. Therefore, if natural selection

has designed fetal physiology to interpret constrained energy
availability in utero as predictive of constrained energy availability ex utero, we predict that the norm of reaction for adult
ovarian function with respect to energy availability should be
shifted toward greater sensitivity to low energy availability. That
is, we predict that women whose own fetal development was
constrained by energy availability should be more sensitive to
limited energy availability as adults than women whose own fetal
development was not constrained. This prediction can be clearly
distinguished from the results of pathological disruption of
ovarian function, which would result in either general reproductive failure or loss of a functional responsiveness to environmental energy availability.
Using data from 106 Polish women, each monitored for a full
menstrual cycle, we show that nutritional status at birth is a
predictor of the sensitivity of adult ovarian function to energetic
stress. Women who had a high ponderal index (PI, an indicator
of nutritional status, calculated as body weight#body length3) at
birth do not exhibit ovarian suppression in response to moderate
levels of physical activity (PA) at adulthood but do in response
to higher levels of PA, whereas women who had a lower PI at
birth show ovarian suppression in association with moderate
energetic stress.
Results
At low PA, all PI tertiles had similar levels of E2; similarly the
PI tertiles did not differ at high PA (Fig. 1). At moderate PA,
mean E2 levels were significantly higher in women from the third
PI tertile than in those from the first (F ! 22.33, P ! 0.0001) and
second (F ! 25.20, P ! 0.0001) tertiles. Women fat at birth (third
tertile) had unsuppressed levels of E2 at the moderate PA level,
compared with low PA (F ! 0.32, P ! 0.571), whereas women
skinnier at birth had significantly reduced E2 levels (the difference between low PA and moderate PA for the first PI tertile:
F ! 16.2, P ! 0.0001; for the second PI tertile, the difference is
marginally significant: F ! 7.00, P ! 0.008). Whereas there were
no effects of increased activity level from moderate PA to high
PA for the two lower PI tertiles (first: F ! 0.022, P ! 0.881;
second: F ! 2.47, P ! 0.116), there was a significant and
pronounced reduction in mean E2 levels for women fat at birth
(third tertile; F ! 8.757, P ! 0.003). PI did not show any
statistically significant relationship with nutritional status at
adulthood (correlation with body weight r ! 0.11, P ! 0.27; with
body mass index r ! 0.1, P ! 0.31, and with percentage of body
fat r ! 0.09, P ! 0.35).
Baseline characteristics of the study subjects are presented in
Table 1. The three groups characterized by different PI did not
show statistically significant variation in factors that can potentially influence levels of hormones in menstrual cycles, such as

Table 1. Mean (!SD) characteristics of study subjects divided into low, moderate, and high
tertiles according to their PI at birth
Characteristic
Age, years
Self-reported menarcheal age, years
Body height, cm
Body weight, kg
Body mass index, kg#m2
Body fat, %
Length of menstrual cycle, days
Physical activity, MET-h#day

Low PI*

Moderate PI†

High PI‡

P§

29.2 (3.95)
13.6 (1.18)
164.0 (6.98)
63.1 (11.82)
23.4 (3.97)
28.1 (7.87)
28.6 (3.87)
44.7 (15.11)

29.0 (3.55)
13.2 (1.17)
161.8 (5.73)
60.7 (10.41)
23.2 (3.77)
26.7 (7.3)
27.7 (3.03)
44.1 (11.32)

30.1 (3.04)
13.8 (1.33)
162.2 (6.3)
59.7 (7.35)
22.7 (2.62)
26.4 (6.19)
29.6 (3.67)
40.9 (10.45)

0.37
0.30
0.30
0.34
0.69
0.54
0.08
0.38

MET, metabolic equivalent.
*Mean ! 18.08 kg#m3; n ! 35.
! 21.15 kg#m3; n ! 35.
‡Mean ! 24.79 kg#m3; n ! 36.
§P values denote significance of variation among the three groups (from ANOVA).
†Mean
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Methods
Study Group. We tested the relationship between PA and daily

salivary E2 levels across complete menstrual cycles in women
who differed in PI at birth: 106 Polish women, average age 29.5
years, participated in the study (Table 1). Women were recruited
for the study by advertisements and selected for participation if
they met the following criteria: between 24 and 36 years old,
regular menstrual cycles and no fertility problems, no gynecological and#or chronic disorders (i.e., diabetes, hypo#
hyperthyroidism), not taking any hormonal medication or using
hormonal contraception during the 6 months before recruitment, and not pregnant or lactating during the 6 months before
recruitment. Recruited women signed a consent form after being
informed of the aims and requirements of the study, which had
been approved by the Jagiellonian University Research Ethics
Committee.
Anthropometric Measurements, General Questionnaire, and Birth
Characteristics. Subjects’ body weight, height, subscapular and

triceps skinfolds, and percent body fat (by bioimpedance) were
measured by a trained anthropologist. A general questionnaire
(part interview and part self-administered) was used to collect
information on education, reproductive history, family history,
and past use of hormonal medication. Data on birth weight and
birth length were obtained from subjects’ personal health books,
which contain the individual’s birth size, health condition, and
any parturition problems (recorded at birth).

E2 Assay Procedure. Women collected daily morning saliva samples for one entire menstrual cycle. Saliva samples from 20 days
(reverse cycle days "5 to "24, where the last day of each cycle
was marked as day "1) of each cycle were analyzed for the
concentration of E2 by using an 125I-based RIA kit (no. 39100;
Diagnostic Systems Laboratories, Webster, TX) with published
modifications (53) to the manufacturer’s protocol. The sensitivity of the E2 assay is 4 pmol#liter. Average intraassay variability
was 9%, and interassay variability ranged from 23% for lower (15
pmol#liter) to 13% for higher (50 pmol#liter) values.
PA. PA was assessed based on a preset daily log of PA that was
completed by the subjects every day during the menstrual cycle.
Women recorded number of hours of sleep, time of waking, and
number of minutes spent each day in five categories of PA:
walking to and from work; other walking; physical work at home;
PNAS " August 22, 2006 " vol. 103 " no. 34 " 12761
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Discussion
The central claim of the PAR hypothesis is that developmental
changes that are associated with energy constraints on fetal growth
are essentially adaptive, preparing the organism for a predicted
range of environments it is likely to encounter in adult life. A host
of studies have demonstrated that energetic constraints on fetal
development in humans and other mammals are indeed associated
with altered physiology later in life (28–30). However, because most
of the outcomes that are investigated in relation to fetal growth
retardation are expressed as increased incidence and severity of
pathologies later in life, the claim that they are adaptive is problematic. In particular, it is difficult to test the claim of adaptive
change when a separate hypothesis, the EM hypothesis, is often
evoked to account for maladaptive outcomes.
We used the framework of reproductive ecology to generate
a specific prediction about changes in the sensitivity of adult
ovarian function to energetic stress in response to energetic
constraints on fetal development. We predicted that, if the PAR
hypothesis holds, ovarian sensitivity to energetic constraints
should be heightened in women whose own fetal growth was
energetically constrained. If the major alternative hypothesis,
that the effects of energetic constraints on fetal development are
pathological, were to hold, however, we would predict general
disruption of ovarian function or a disruption of ovarian responsiveness to energetic constraint in adulthood. An adaptive shift
in the norm of reaction of ovarian E2 levels to energy availability
preserves ovarian function and responsiveness to energetic conditions, enhancing fitness in the energy-constrained environment that an energy-constrained fetus expects. Pathological
disruption of ovarian function, however, sacrifices fecundity
without regard to environmental circumstances, to the detriment
of fitness.
This study represents, to our knowledge, the first direct test of
the adaptive nature of fetal programming in humans. Previous
studies have documented deleterious effects of fetal growth
retardation on various aspects of reproductive physiology in
humans. In human males, small size at birth correlates with
reduced testicular volume, lower testosterone and luteinizing
hormone levels (31), and also low adult fertility (32). In human
females, reduced fetal growth has been associated with impaired
ovarian development (33), reduced uterine and ovarian size, and
anovulation in adolescent girls (34, 35). These outcomes appear
to be pathological, however, and deleterious to reproductive
fitness. We have previously shown that women with a high PI at
birth have 22% higher levels of E2 in menstrual cycles than
women with a lower PI (36). But the adaptive significance of this
relationship between PI and adult E2 levels is not clear by itself.
It might be that low PI is simply associated with generally
constrained ovarian function rather than a shift in the norm of
reaction to energetic conditions. The adaptive nature of this
change in adult ovarian function becomes apparent when the
norm of reaction of adult ovarian function to energetic constraint is considered rather than average function or function in
a single energetic context.
A variety of indices have been used in different studies to
indicate energetic constraint on fetal development (37–40). PI
was used by Barker (3) and others in early studies of fetal growth
and cardiovascular disease (41), blood pressure (42), insulin
resistance (43), glucose tolerance (44), and maternal diet in
pregnancy (45). PI, in our view, is preferable to birth weight as
an index of energetic constraint on fetal development for our
study because it reflects moderate degrees of energetic challenge
that constrain fetal fat accumulation late in pregnancy rather
than more severe limitations that constrain skeletal and organ
development earlier in pregnancy. Ovarian function has been

shown to respond quantitatively to moderate levels of energetic
stress, whereas extreme energetic stress can result in complete
ovarian quiescence. Thus, environments that result in low PI
should correspond to environments that result in downregulated ovarian function.
In addition to providing an explicit test of the PAR hypothesis,
these results carry important practical implications in the domain of reproductive health. Ovarian steroid hormones are
implicated in the development and growth of breast cancer
(46–48). Size at birth, by influencing adult hormonal levels (36),
may impact the adult risk of breast cancer: women with small size
at birth have reduced risk (49). Engaging in regular PA has been
proposed as an important strategy capable of reducing the risk
of breast cancer (50–52). Our results suggest that the recommended intensity and duration of PA necessary to lower endogenous levels of estrogens and consequently to reduce the risk of
breast cancer may depend on woman’s nutritional status at birth.
More specifically, although moderate PA levels are associated
with reduced levels of E2 in women born with lower PI, such
levels of activity may not be sufficient to suppress ovarian
function in women born with higher PI. Therefore, in such
women, higher PA levels may be necessary for a reduction in the
risk of breast cancer.
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age, age at first menstruation, nutritional status at adulthood,
and PA.

physical occupational work; and exercise and sports participation. Women were asked to assign the intensity level (from 1 to
4) for each of the listed activities according to provided definitions (based on changes in pulse and sweating). The period of
inactivity was assessed by adding the number of hours of sleep
and time performing activities of intensity 1 to intensity 4, and
subtracting the sum from 24 h (54). The category of inactivity
included all activities that subjects did not list as PA, for example,
most sedentary activities at home and at work, watching television, and reading. For each class of activities the following
metabolic equivalents (METs) were assigned: sleep ! 1 MET;
inactivity ! 1.1 METs; activities of intensity 1 ! 1.5 METs;
activities of intensity 2 ! 4 METs; activities of intensity 3 ! 6
METs; and activities of intensity 4 ! 10 METs (54, 55). Mean
24-h PA (in MET-h#day) was calculated for each subject.
Variation in the mean PA levels among tertiles resulted from
variation in time spent in housework and occupational work (23).
All pairwise differences among groups are statistically significant for these two categories of PA. Groups with low, moderate,
and high PA did not differ in mean time of walking to and from
work and in mean time of other walking. The three groups

differed marginally in mean time performing exercise-related
activities. The moderate-activity group spent more time in
sport#exercise than the low-activity group (P ! 0.01), but all
other differences in sport#exercise among groups were not
statistically significant (23).
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Statistical Analysis. Women were divided into tertiles of PA based
on their mean levels of habitual, daily PA recorded during one
entire menstrual cycle (23). The women were also divided into
tertiles of PI at birth based on individual medical records of
weight and length at birth (36). Mean levels of E2 were compared
in pairwise contrasts (each at P ! 0.003, with Bonferroni
correction) after a three-way fixed-model ANOVA, with PI
tertiles (3 levels), PA tertiles (3 levels), and days of menstrual
cycle (18 levels) as three factors. Interactions with cycle-days
were all nonsignificant (P # 0.7) and were removed from the
model.
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