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Abstract

Background: It has been suggested that prenatal stress contributes to the risk of obesity later in life. In a population-based
cohort study, we examined whether prenatal stress related to maternal bereavement during pregnancy was associated with
the risk of overweight in offspring during school age.

Methodology/Principal Findings: We followed 65,212 children born in Denmark from 1970-1989 who underwent health
examinations from 7 to 13 years of age in public or private schools in Copenhagen. We identified 459 children as exposed to
prenatal stress, defined by being born to mothers who were bereaved by death of a close family member from one year
before pregnancy until birth of the child. We compared the prevalence of overweight between the exposed and the
unexposed. Body mass index (BMI) values and prevalence of overweight were higher in the exposed children, but not
significantly so until from 10 years of age and onwards, as compared with the unexposed children. For example, the
adjusted odds ratio (OR) for overweight was 1.68 (95% confidence interval [CI] 1.08-2.61) at 12 years of age and 1.63 (95% Cl
1.00-2.61) at 13 years of age. The highest ORs were observed when the death occurred in the period from 6 to 0 month
before pregnancy (OR 3.31, 95% Cl 1.71-6.42 at age 12, and OR 2.31, 95% Cl 1.08-4.97 at age 13).

Conclusions/Significance: Our results suggest that severe pre-pregnancy stress is associated with an increased risk of
overweight in the offspring in later childhood.
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Introduction

Obesity is of major public health concern [1] and recent research
has mainly been devoted to the gene-environment interactions in the
evolving epidemic. [2,3] Although life styles and variations in
genotype are important determinants, they cannot fully explain the
etiology of obesity.[1,4] Mounting evidence indicates that exposures
during fetal life also play a important role.[5,6] Those processes may
not cause obesity directly but rather alter an individual’s susceptibility
to develop obesity in a given obesogenic environment and genetic
background. [7,8]

Experimental studies have shown that prenatal stress leads an
organism to forecast an adverse future environment and to change
its developmental trajectory accordingly.[8,9] Exposure to excess
stress hormones during fetal life is associated with a number of
physiological pathways that can be linked to future obesity [7] via
glucocorticoid programming. [10,11] It remains to be elucidated
whether such mechanisms operate in humans. [8]

We hypothesized that prenatal stress exposure leads to an
increased susceptibility to obesity in childhood. [7,8] It is well
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recognized that the adverse impacts of stress on health in modern
society has been increasing. [12] However, stress is difficult to
measure in research. [13] We thus used exposure to bereavement
to obtain a large stress contrast between the exposed and the
unexposed. Bereavement due to the death of a close relative is
classified as one of the most stressful life events. [14] It conceivably
affects almost all and induces excess stress hormones, regardless of
their coping styles. [15] In this population-based cohort study, we
used maternal bereavement during prenatal life as an indicator of
stress, to examine whether stress during fetal life was associated
with childhood overweight in the offspring at different school ages.

Methods

Study design, participants, exposure, and outcomes

We conducted a population-based follow up study based on
Danish national registers. All live born children and new residents
in Denmark are assigned a unique civil personal registration (CPR)
number, allowing accurate linkage of data between registries.
[16]Within this system, it is possible to track any particular person
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over decades and link data at an individual level on demographic,
vital status, social and economic conditions, and health informa-
tion in a single study. [16]

We first identified all children born in Denmark from 1970
t01989 through the Danish Civil Registration System and
obtained their date of birth and gestational age. [17] Using their
personal identification number, these children were then linked to
their parents, siblings, grandparents, and mother’s siblings, for
whom information on the date and cause of death could be
retrieved. We thus identified children born to mothers who
experienced the death of a close relative (partner/spouse, child,
sibling, or parent) during the prenatal time period (12 months
prior to pregnancy until the birth of the index child). These
children were included in the exposed cohort and the remaining
children comprised the unexposed cohort. Exposed children were
further categorized into sub-groups by timing of bereavement: 12
to 7 months before pregnancy, 6 to 0 months before pregnancy,
and during pregnancy. The children were followed to the end of
2004 with minimal loss to follow up (less than 0.03 during 25 years
of follow up related to disappearance from registers).[18] Children
were further linked to the Copenhagen School Health Record
Registry (CSHRR), [19] which has data on mandatory health
examinations of children enrolled in public or private schools in
the municipality of Copenhagen. During the examination, school
doctors or nurses measured the children, and each child was
assigned a health card in which yearly height and weight
measurements were recorded. We included all 65,212 singleton
children as subjects in this study.

The definition of childhood overweight at specific ages (7, 8, 9,
10, 11, 12, and 13) was based on an international gender- and age-
specific BMI reference.[20] The measurements of weight and
height were retrieved from the CSHRR. [19] Body mass index
(BMI) was calculated as weight (kg) / height (m)%. As the height
and weight measurements were collected as part of routine school
health examinations, there was not a quality control program, per
se, In place. The doctors and nurses, however, recorded the
heights and weights with a great attention to detail; heights were
recorded to the nearest half-centimeter and weights were recorded
to the nearest 100 g. When the data were computerized, the data
entry program applied a series of range checks, and this precluded
typographical errors. Furthermore, as we had longitudinal
measurements of the children, we plotted the growth curves for
the children and examined them for unusual values. Since the
records are in the municipal archive, we were able to verify these
values. [19]

Information on demographic, vital statistics, and family
relationships was retrieved from the Danish Civil Registration
System, which was established in 1968. [21] Information on birth
outcomes, such as birth weight and gestational age, were obtained
from the Danish Medical Birth Register, [17] which was
established in 1973. [19] Information on socio-economic factors
(maternal age, maternal residential place, maternal education,
maternal income, and maternal cohabitation status) was obtained
from the Integrated Database for Longitudinal Labour Market
Research (IDA), but these data were only available from 1980 and
onwards. [22]

Statistical analysis

The data were analysed in SAS (version 9.1). The differences in
mean BMI values between the exposed and unexposed groups at
the ages of 7, 8, 9, 10, 11, 12, and 13 years were analysed with
linear regression. Chi-square (x%) test was used to test the
association between exposure and outcomes of overweight and
obesity at a specific age. Odds ratios (ORs) for overweight at the
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different ages between the exposed and unexposed groups were
calculated using logistic regression. We adjusted for the following
potentially confounding variables or intermediate variables:
gender (male, female), birth year (19701978, 1979-1983, 1983~
1989), gestational age (<37 weeks, > = 37 wecks, unknown), birth
weight (<3000 g, 3000-3350 g, 3350-3700, >3700 g, unknown),
and maternal age (<27 years, 27-30 years, 31 years and over),
maternal school education (0 to 9 years, 10 to 11 years, 12+ years),
maternal income (lowest quartile, gud quartile, grd quartile, highest
quartile in the calendar year), and maternal cohabitation status
(yes, no).

Sensitivity to prenatal exposure to stress is expected to vary with
different developmental time windows and by gender. [23] We
therefore performed stratified analyses according to different
timing of exposure and gender.

Ethics

This study was conducted according to the principles expressed
in the Declaration of Helsinki. The Danish Data Protection
Agency approved the study (J.nr. 2008-41-2555, J.nr.2008-41-
2680). The study was based on secondary data and no individuals
were approached, nor did we have access to any other information
from the participants. Thus it is not necessary to have the written
consent.

Results

Among the 65,212 children, 459 were exposed to maternal
bereavement during the prenatal period. The baseline character-
istics of the exposed and unexposed children were comparable,
although exposed children were more often born preterm or born
during later years, mainly due to better options for identification of
loss of grandparents (Table S1).

From 10 years of age and onwards, exposed children had a
higher mean BMI than unexposed children (mean difference 0.48,
95% confidence interval [CI] 0.10-0.87 at 10 years; 0.74, 95% CI
0.26-1.31 at 11 years; 0.96, 95% CI 0.39-1.54 at 12 years, and
0.54, 95% CI 0.13-1.22 at 13 years). Similar results were observed
when stratifying the results according to the time period of
bereavement (12-7 months before pregnancy, 6-0 months before
pregnancy, and during pregnancy) (Figure 1).

Table 1 presents the prevalence of overweight and obesity by
age. Compared to unexposed children, exposed children had
higher rates of overweight at all ages. The differences were,
however, statistically significant only between the ages of 10 and
13 years (P<<0.001). Similar results were obtained for obesity, but
the numbers were too low for a thorough analysis.

Figure 2 shows the odds ratios (ORs) for overweight between
exposed and unexposed groups, adjusted for several covariates.
The odds of being overweight were higher among the exposed
from 10 years of age and onwards. For example, the OR at 12
years of age was 1.68 (95%CI 1.08-2.61) and 1.63 at 13 years of
age (95%CI 1.00-2.61). The highest ORs were observed for
exposure during the period of 6-0 months prior to pregnancy (OR
3.31,95%CI 1.71-6.42 at age 12, OR, 2.31, 95%CI 1.08-4.97 at
age 13).

Discussion

In this population-based cohort study, children exposed to
severe prenatal stress had higher BMI values and a higher
prevalence of overweight when they approached the age of 10
years. The association was not significantly modified by gender,
birth year, birth weight, gestational age, and maternal factors (age,
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Figure 1. Mean BMI (kg/m?) differences between the exposed and unexposed children at 7 to 13 years of age by timing of exposure

(linear regression).
doi:10.1371/journal.pone.0011896.9001

education, income, and cohabitation status). The association was
particularly strong when the exposure happened in the months just
before conception.

Observational studies have suggested that the intrauterine life
may be a critical period for the development of obesity later in life.
[6] Children born to women who were exposed to the 194445
Dutch famine had an increased risk of obesity later in life.[24]
Although this finding was attributed to lack of energy or nutrition
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to the fetus during the siege, a programming effect of prenatal
stress 1s a plausible alterative explanation. Fetal growth variables
like birth weight were often used to estimate the role of prenatal
exposures on the future risk of obesity but results have not been
conclusive, [25-27] These growth variables are convenient
markers or surrogates for summing the interaction between the
fetal environment and genetic influences, and their effects may
often be subject to the interaction with other early risk factors, or
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the selection of different outcomes in childhood.[26,27] Prenatal
factors like maternal gestational diabetes, [28] maternal smoking
during pregnancy,[29] and malnutrition [30] have also been
associated with obesity in later life. However, the inconsistent
associations and variations in the magnitude of these estimates call
for more investigations on the upstream causes of obesity during
prenatal period.

Findings from experimental studies support the biological
plausibility of the link between prenatal stress and obesity later in
life. [10,11] These studies suggest that glucocorticoid, one of the stress
hormones, has a programming effect on obesity. [10,11] Excess
maternal glucocorticoid can enter the fetal circulation, which may
cause endocrine dysregulation and influence the development of the
hypothalamic-pituitary-adrenal (HPA) axis, as well as the metabolism
later in life. [10,11] This programming may consequently affect the
individuals metabolism by promoting the conversion of proteins and
lipids to usable carbohydrates, increase food-seeking behaviors, and
inhibit insulin action on glucose uptake. [10,11] It has also been
shown that exogenous glucocorticoids in pregnant rats causes insulin
resistance in the offspring, as well as epigenetic changes in the
developing brain, [31] which may lead to an increased susceptibility
to obesity. The excessive maternal glucocorticiods in bereaved
mothers [15] may have such a direct fetal programming effect on
obesity in the offspring, and maybe a plausible explanation for the
findings we presented here. Additionally, bereavement often leads to
more adverse behaviors like smoking and alcohol consumption in
mothers, which may also contribute to the observed associations. [6]

It is interesting to observe that the risk of overweight did not
emerge until the pre-pubertal age. Preliminary evidence, mainly
from animal studies, has suggested that environmental pollutants
during fetal life may cause the puberty to occur at a younger
age.[32] Some pointed to differential endocrine regulatory
mechanisms linked to pubertal development acting in the perinatal
and the pre-pubertal period. [32,33]Evidence from epidemiolog-
ical studies also suggests that the prenatal period may represent an
early window of susceptibility to long-term ‘programming’ of
puberty development. [34] For example, an abnormal prenatal
environment of children born SGA, may alter the endocrine status
and the sensitivity of the receptors for endocrine and metabolic
signaling, which may affect maturation of brain and gonads. [34]
The biological explanation underlying this time-specific associa-
tion remains unknown but prenatal stress may affect both the
timing or the velocity of the pubertal growth spurt [32] and the
risk of future obesity,[5] which may be closely linked. [35]
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Table 1. Prevalence of Overweight and Obesity by Status of Exposure and Age.*
Age (years) Exposed Unexposed

Overweight Obesity Overweight Obesity

N n (%) n (%) N n (%) n (%)

7 326 37 (11.4) 6 (1.8) 45305 4693 (10.4) 721 (1.6)
8 279 32 (11.5) 6 (2.1) 39053 4107 (10.5) 692 (1.8)
9 173 24 (13.9) 4 (2.3) 28022 3619 (12.9) 470 (1.7)
10 164 35 (21.3) 4 (2.4) 24522 3404 (14.4) 527 (2.1)
1 133 32(24.1) 3(22) 21499 3100 (14.3) 459 (2.1)
12 105 28(26.7) 4 (3.8) 18144 2615 (14.4) 397 (2.2)
13 87 22(25.3) 2(23) 14531 2293 (15.8) 340 (2.3)
*Chi-square (32 test for association between exposure and outcomes of overweight and obesity at a specific age: 7 years: P=0.6051; 8 years: P =0.6502; 9 years:
P=0.7080; 10 years: P=0.0060; 11 years: P=0.0016; 12 years: P=0.0004; 13 years: P=0.0154.
doi:10.1371/journal.pone.0011896.t001

One of the important findings was related to the timing of
exposure where the months just before conception seem to be the
most susceptible period. Previous studies have suggested that
women become less sensitive to stress as pregnancy advances.
[36,37] The reactivity of the two major components involved in
the maternal stress response, the HPA and sympathetic-adrenal-
medullary axis, are dampened during pregnancy.[36,37] For
example, the known decrease in vulnerability to acute stress
induced by earthquake may reflect increasing protection of the
mother and fetus from stress or other adverse influences during
pregnancy. [38]The Dutch Famine study found that exposure to
maternal malnutrition during mid-pregnancy was associated with
childhood obesity. [24] Bereavement may lead to a similar pattern
of excess stress hormones during the initial phase, as do other
acute stressors like earthquake. It also causes long-term interrup-
tions in the hormonal balance, leading to an allostatic load,
[39]which implies a high level of stress hormones in mothers. Thus
the event of bereavement before pregnancy could lead to excessive
glucocorticoids during early pregnancy. This may explain the
higher ORs associated with pre-pregnancy stress in this study.
Unfortunately, our study did not have enough statistical power to
further differentiate the effect of the exposure in more narrow time
windows around gestation.

The strengths of the study are its population-based longitudinal
design, objective measurement of exposure, and the high quality
data on endpoints that are recorded independent of the exposure.
The study included virtually all school children in the Copenhagen
municipality area, and selection bias is unlikely. The CSHRR is a
unique data source for obesity research with detailed data on
growth with a high validity. [19] Information on exposure, death
of relatives, is accurately recorded in Danish registers. [21]

One limitation of the study is the classification of overweight
based on BMI values, as they might not be an optimal marker for
body fatness in childhood due to the fact that BMI estimates not
only the fat tissue, but also fat free mass tissue. [26] Other
limitations of the study include the relatively small size of the
exposed cohort, lack of biomarkers of cortisol exposure, and lack
of information about socio-economic status during the period of
1970-1979. Denmark is an affluent society with a comprehensive
public health system that provides equal access to health care to
all, independent of socio-economic status, and mortality rates are
low among children and young adults.We also lacked data on
lifestyles. However, bereavement may also lead to more adverse
life styles that lie in the pathways between exposure and the
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doi:10.1371/journal.pone.0011896.g002

outcome, thus these life styles should not necessarily be controlled
for in the analyses.[40]

Prenatal stress, like maternal bereavement during pregnancy, is
expected to affect the fetus and increase the frequency of adverse
birth outcomes. [41] These factors may be in the pathways
between prenatal stress and overweight and it can be argued that
they should not be adjusted for in the analyses. Conversely, these
factors also have many other causes that could reflect a lack of
comparability at baseline in our study. Nevertheless, our results
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indicate that preterm birth or low birth weight are not strong
intermediates.

In conclusion, our findings suggest that severe pre-pregnancy
stress may increase the susceptibility to overweight in childhood.
Overweight and obesity in childhood are associated with adult
obesity and many other negative health consequences. [42,43] In
this study, we have focused upon one of the most severe and rare
stress exposure. It is likely that many women with poor coping
mechanisms may reach similar hormonal responses at lower levels
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of stress, which is more prevalent at the population level. [39].
This should be taken into consideration for prevention strategies,
especially in the light that recent experimental animal research has
shown that those aberrant phenotypes induced in utero can be
reversed. [44]

Supporting Information

Table S1 Basecline characteristics of the study population.*
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