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background: Previous research suggests that maternal exposure to acute stress has a negative impact on the duration of pregnancy,
and that this effect may vary by the time of exposure. It has also been proposed that stress exposure reduces the ratio of male-to-female
births. To date, no study has jointly examined both outcomes, although they may be strongly related. Using population-level data with no
selectivity, we jointly study the sex-specific effect of stress on the duration of pregnancy and the observed sex ratio among pregnant women
exposed to a major earthquake in Chile.

methods: In a quasi-experimental design, women exposed to the earthquake in different months of gestation were compared with
women pregnant 1 year earlier. Estimates from a comparison group of pregnant women living in areas not affected by the earthquake
were also examined to rule out confounding trends. Regression models were used to measure the impact of earthquake exposure on ges-
tational age and preterm birth by sex across month of gestation. A counterfactual simulation was implemented to assess the effect of the
earthquake on the secondary sex ratio accounting for the differential impact of stress on gestational age by sex.

results: Earthquake exposure in Months 2 and 3 of gestation resulted in a significant decline in gestational age and increase in preterm
delivery. Effects varied by sex, and were much larger for female than male pregnancies. Among females, the probability of preterm birth
increased by 0.038 [95% confidence interval (CI): 0.005, 0.072] in Month 2 and by 0.039 (95% CI: 0.002, 0.075) in Month 3. Comparable
increases for males were insignificant at the conventional P , 0.05 level. After accounting for the sex-specific impact on gestational age, a
decline in the male-to-female ratio in Month 3 of exposure was detected [20.058 (95% CI: 20.113, 20.003)].

conclusions: Maternal exposure to an exogenous stressor early but not late in the pregnancy affects gestational age and the prob-
ability of preterm birth. This effect is much stronger in females than males. Stress exposure in early pregnancy may also contribute to a
decline in the ratio of male-to-female live births in exposed cohorts.
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Introduction
Prenatal exposure to severe physical or mental stress may affect the
development and life-long health of the offspring. Effects include
reduced birthweight, shorter length of gestation, increased risk of
metabolic, cardiac and psychiatric disease, and shortened lifespan
(Barbosa, 2000; Reynolds et al., 2007; Seckl and Holmes, 2007;
Xiong et al., 2008; Tamashiro and Moran, 2010; Tegethoff et al.,
2010). The effect of severe maternal stress likely depends on the
timing of exposure, as it may alter time-specific developmental pro-
cesses (Glynn et al., 2001; Malaspina et al., 2008; Class et al., 2011;

Torche, 2011). Furthermore, the consequence of acute stress may
vary according to the offspring’s sex (Brown et al., 1995; Franzek
et al., 2008; Malaspina et al., 2008). The study of how effects of
stress differ across periods of gestation and by sex has been limited,
however, by the lack of information about gestational age and by
small sample sizes that preclude detailed analysis.

A separate strand of the literature suggests that exposure to pre-
natal stress at specific times in gestation may decrease the ratio of
male-to-female live births or secondary sex ratio (SSR) (Hansen
et al., 1999; Catalano et al., 2006, 2009; Bruckner and Catalano,
2007). Drawing on evolutionary biology, this literature suggests that
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pregnant females, when facing severe stressors, preferentially abort
frail male fetuses.

To the extent that acute maternal stress affects both the SSR and
birth outcomes of offspring in a way that varies by sex, these pro-
cesses should be examined jointly. We analyzed population-based,
prospectively collected data to determine if women exposed to a
severe earthquake in Chile at different months of gestation had
shorter pregnancies and a higher likelihood of delivering preterm
(before 37 completed weeks of gestation), and whether these out-
comes differed by sex. We also evaluated whether the ratio of
male-to-female births declined according to the timing of the acute
stressor, after accounting for any sex-specific effect on gestational
age. Information on gestational age at the time of earthquake exposure
for a large population with no selectivity enabled us to determine the
risk for specific birth outcomes by gestational month of exposure, so
as to capture the developmental periods in which exposure to an
ambient stressor may be most detrimental, for either sex.

We examined a strong earthquake as an exogenous source of acute
stress. The ‘Tarapaca’ earthquake struck the northernmost region of
Chile on 13 June 2005. It registered an intensity of 7.9 on the
moment-magnitude scale; which is classified as ‘disastrous’. The
areas most affected were the Chilean cities of Iquique and Alto Hos-
picio, and the surrounding towns, with a population of �272 000. In
spite of its violence, the earthquake’s toll in terms of lives and prop-
erty damage was small: 11 people died, 130 were injured, 180 resi-
dences were destroyed and 0.035% of the population had to
temporarily relocate to shelters. This limited damage was the result
of seismic preparedness and low population density. Economic conse-
quences were more noticeable. The regional index of economic activ-
ity dropped by 20.7% compared with the same quarter 1 year before,
and recovery did not begin until early 2006. There was a small increase
in the unemployment rate in the June–August quarter from 11 to 12%
compared with the same quarter a year earlier, which compares with
a change from 11 to 10% in the rest of the country. The most heavily
damaged areas were rural villages, which accounted for no more than
8% of the population in the affected region. Displacement was there-
fore reduced (EERI, 2005). Limited spillovers support the hypothesis
that the earthquake affected those exposed in utero primarily
through the stress and anxiety it induced among pregnant women.

Evidence indicates that earthquakes are a major source of physio-
logical and psychological stress, as signaled by health indicators such
as increase in acute cardiac events and strokes (Leor et al., 1996;
Dimsdale, 2008), changes in brain function (Lui et al., 2009) and popu-
lation reports of high levels of distress and anxiety immediately follow-
ing the disaster (Siegel, 2000). Even though Chile is a country where
earthquakes are expected due to geography, it is impossible to
predict when or where an earthquake will occur, which ensures the
random allocation of exposure to the natural disaster within the
Chilean population.

Materials and Methods

Study outcomes
We examined the effect of earthquake exposure during pregnancy on ges-
tational age measured in weeks, and on the probability of preterm delivery
(,37 completed weeks of gestation). We included this dichotomous

formulation of the dependent variable because preterm birth identifies
infants most at risk for mortality, morbidity and long-term developmental
problems (Kline et al., 1989), and is used to target interventions to
promote children’s well-being (Brooks-Gunn et al., 1994; Bale et al.,
2003). We also examined the SSR among infants exposed to acute mater-
nal stress in each month of gestation.

Study population
We analyzed the file of Chilean birth certificates for 2004–2006 produced
by the Chilean Ministry of Health; there are over 200 000 births a year.
Birth records include information on gestational age at delivery, sex,
weight and height of the newborn, type of delivery (single, multiple) and
medical attention. They also include information on maternal age, educa-
tion, marital status, parity and county of regular residence. Chile is divided
into 350 counties which have on average an area of 816 square miles and a
population of 45 000. As a result, the county level provides a precise indi-
cator of geographical location. We merged maternal county of residence
during pregnancy with information about the intensity of the earthquake
across counties provided by the Chilean National Emergency Office
(ONEMI) to produce a measure of exposure to the earthquake. Measures
of exposure to the natural disaster include two dimensions: time and
geography.

Time dimension of exposure
We defined the exposed period as all Chilean births that were in utero when
the earthquake occurred. An unexposed period is also defined, comprising
births conceived over the same 9 calendar months, but 12 months earlier.
Gestational age was obtained from the birth record, as reported by the
health-care provider during prenatal care visits on the basis of the last
menstrual period information, or early-pregnancy sonogram. The informa-
tion is considered reliable for women with at least one prenatal care visit.
On the basis of a large probability survey, we estimated these to be 87.9%
of pregnant Chilean women. For women who did not have a prenatal care
visit during their pregnancy, the attending professional at the time of deliv-
ery estimated gestational age based on an interview with the mother
(99.8% of deliveries are attended by a professional in Chile). This estima-
tion procedure reduces the proportion of missing data for gestational age,
which was only 0.13% in our sample. The probable cost of reducing
missing data for the gestational age variable is lower reliability. However,
reduced reliability would only result in bias if there was a systematic asso-
ciation between under- or over-estimation of gestational age during earth-
quake exposure, a very unlikely occurrence. In the most likely scenario of
random mis-estimation, measurement error in gestational age would not
induce bias.

Information on gestational age and date of birth was used to determine
the date of conception. On the basis of this date, births in the exposed
period conceived during weeks 39–42 of 2004 were coded as exposed
in the ninth month of gestation. Conception dates for the next 8
months of exposure were as follows: eighth month: week (w) 43–w47
2004, seventh month: w48–w51 2004, sixth month: w52 2004–w4
2005, fifth month: w5 2005–w8 2005, fourth month: w9 2005–w13
2005, third month: w14–w17 2005, second month: w18–w21 2005,
first month: w22–w25 2005. Births selected into the unexposed period
include those conceived 1 year earlier, i.e. from Week 39, 2003 to
Week 25, 2004. These definitions ensure that exposed and unexposed
periods do not overlap.

Geographical dimension of exposure
The Mercalli scale was used to quantify the intensity of the earthquake
across counties. The scale evaluates the effect of the earthquake on the
earth’s surface, humans, objects of nature and man-made structures.
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It is a 12-point ordinal scale with the following categories: instrumental (I),
feeble (II), slight (III), moderate (IV), rather strong (V), strong (VI), very
strong (VII), destructive (VIII), ruinous (IX), disastrous (X), very disastrous
(XI), catastrophic (XII), with this last category identifying complete
destruction. The Mercalli scale is a preferred metric of the earthquake
as felt by the population (Scawthorn, 2003).

According to Mercalli, the intensity of the Tarapaca earthquake varied
from I (instrumental) to IX (ruinous) across counties of the country,
with most of the population barely feeling the quake. Counties with Mer-
calli intensity ‘very strong’ to ‘ruinous’ (VII– IX) were defined as the
affected region, because the lower bound, ‘very strong’ defines a threshold
at which the earthquake is felt by the entire population and damage starts
occurring (Ramirez and Peek-Asa, 2005). Seven counties in the northern-
most region of Chile comprised the affected region. We defined also an
unaffected region by taking a random sample of births, the same number
as those born in the affected region, from areas of the country where
the intensity was III or less, i.e. areas where the earthquake was virtually
unfelt. Selection of a random sample of equal size as the affected region
ensures the same statistical power for the analysis among the affected
and unaffected regions.

Statistical method
We assessed the differences in each dependent variable attributable to
earthquake exposure using linear regression models separately for the
affected and unaffected regions. For each region, we distinguished
exposed and unexposed periods by means of an indicator variable for
the unexposed period. We further divided the exposed period into
months of exposure by means of a set of monthly dummies. This resulted
in a total of 10 indicator variables—1 for the unexposed period, 9 for each
month of the exposed period. We excluded the indicator for the

unexposed period and used it as reference category in all models. As a
result, the constant term captures the mean of the dependent variable
of interest for births that occurred during the unexposed period. The coef-
ficients associated with the remaining nine indicators capture the mean dif-
ference in each dependent variable between births exposed to the
earthquake at different months of gestation and births in the unexposed
period. We report P-values and associated 95% confidence intervals
(CIs), based on robust standard errors to account for the built-in hetero-
skedasticity in linear models for dichotomous outcomes.

We ran these regression models separately for the affected and
unaffected regions. The rationale of this double analysis was to rule out
the influence of any temporal trend that may involve both affected and
unaffected regions, for example, season of birth, the business cycle or
any confounding event that may have affected all births in the country
and which co-occurred with the earthquake. This amounts to a
‘difference-in-differences’ approach (Cameron and Trivedi, 2005). If we
find significant differences in the outcomes of interest between the
exposed and unexposed period in the affected region, but no differences
in the unaffected region, this result will provide strong evidence for an
effect of earthquake exposure on birth outcomes that cannot be attribu-
ted to confounding factors. All models included controls for maternal age
(,19 years old, 20–29, 30–34, 35 or older), maternal education
(primary, secondary and post-secondary schooling), parity (1 birth, 2–3,
4 or more) and urban residence (urban, rural). We stratified the
samples by sex to assess differential impact of exposure among male
and female births. Table I displays descriptive statistics across the four
groups defined by the cross-classification of time exposure (exposed
period/unexposed period) and geography (affected region/unaffected
region). Table I shows that the demographic and socioeconomic charac-
teristics of women giving birth in the unaffected region are similar to

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

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

Table I Descriptive statistics.

Exposed period Unexposed period

Affected region Unaffected region Affected region Unaffected region

Mean/Prop. (SD) Mean/Prop. (SD) Mean/Prop. (SD) Mean/Prop. (SD)

Weeks of gestation 38.74 (1.70) 39.57 (1.83) 38.77 (1.81) 38.61 (1.79)

Proportion preterm 0.058 (0.233) 0.072 (0.259) 0.057 (0.232) 0.065 (0.246)

Proportion male births 0.504 (0.500) 0.512 (0.500) 0.518 (0.500) 0.514 (0.500)

Mother’s age

,19 15.1% 15.1% 16.0% 15.0%

20–29 52.5% 45.6% 50.5% 47.3%

30–34 18.9% 22.6% 19.7% 21.0%

35 or more 13.6% 16.7% 13.7% 16.7%

Mother’s education

Primary 15.0% 19.8% 16.9% 21.5%

Secondary 63.3% 58.5% 64.4% 58.8%

Tertiary 21.7% 21.5% 18.7% 19.7%

Parity

1 40.73% 43.23% 37.7% 42.3%

2–3 49.52% 47.91% 49.7% 48.5%

4 or more 9.75% 8.86% 12.6% 9.2%

Urban 0.958 (0.199) 0.879 (0.326) 0.973 (0.161) 0.880 (0.331)

n 3447 3588 3427 3527

Demographic and socioeconomic characteristics of births in utero during the Tarapaca earthquake, in regions affected and unaffected by the earthquake.
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their counterparts in the affected region, providing an adequate compari-
son group. Furthermore, given the high centralization of the Chilean
health-care system, differences across regions in terms of the
organization of health-care provision during pregnancy and delivery or
programs for pregnant women are not a concern.

Analysis of the SSR, counterfactual
simulation
In a final step, we analyzed the effect of maternal stress on the SSR across
month of exposure. For this analysis, we cannot simply evaluate the
male-to-female live birth ratio across the month of exposure, because
the observed SSR depends on the sex-specific effect of stress on gestation-
al age. For example, if acute maternal stress in the first month of gestation
results in the selective miscarriage of male embryos that would reduce the
SSR (‘male culling’) and, at the same time, in reduced gestational age of
female embryos, the combination of these two processes will mask a
decline in the SSR 8 months later because both male and female births
will decline 8 months after the earthquake. Male births will decline
because of culling, and female births will decline because of preterm
delivery.

To differentiate the effect of stress on the sex ratio from any sex-specific
influence of stress on gestational age, we produced the counterfactual SSR
that would have been observed at each month of exposure to the earth-
quake if exposure had not affected the gestational age of the births
exposed. We implemented this counterfactual simulation by imputing a
randomly selected value from the gestational age distribution of the
entire population of births to each preterm birth in the exposed period.
Note that we replaced the gestational age of each preterm birth with a
randomly selected value from the overall population’s gestational age dis-
tribution rather than assigning a full-term value (e.g. 40 weeks). This
accounts for the fact that exposed preterm births could have been born
preterm even if they had not been exposed to the earthquake (with a
probability similar to that of the overall population).

Results
Births exposed to the earthquake in the second and third months of
gestation in the affected region had significantly reduced gestational
age compared with the unexposed period. Among births exposed in
Month 2, there was an average decline of 0.18 weeks (CI: 20.37,
0.02), while exposure in Month 3 is related to a 0.27 week decline
(CI: 20.46, 20.08) (Table II, Fig. 1A). In contrast, no change in ges-
tational age across the month of exposure was detected in the un-
affected region. Maternal stress resulted not only in reduced
gestational length but also in a higher proportion of infants born
preterm. Exposure in Month 3 in the affected region translated into
a substantial increase in the probability of a preterm birth, which
rose from 6.0 to 9.4%, an increase of 3.4% (CI: 0.9, 5.9%). Again,
no change was detected in the unaffected region.

The effect of earthquake exposure on gestational age was much
more pronounced for female than male gestations (Tables II, Fig. 1B
and C). Among female births, the probability of preterm birth
increased by 3.8% (CI: 0.01, 7.2%) if exposure occurred in Month 3
and 3.9% (CI: 0.2, 7.5%) if exposure occurred in Month 2. In contrast,
the increase in preterm births was not statistically significant at the
conventional P , 0.05 level among male births. Again, these effects
emerged only in the region affected by the earthquake, without signifi-
cant changes in the unaffected region. Taken together, these findings
show a detrimental effect of maternal exposure to an acute stressor

on gestational age only among those exposed in Months 2 and 3 of
gestation. This effect was much stronger for female than male
births. (In order to examine robustness of the findings to the
method chosen, we replicated the analyses using a longer time
series and applying methods for interrupted time series. Results are
substantively identical to those reported here. Implementation of
the analysis and findings are reported in the Supplementary data.)

Exposure to acute stress may also affect the observed SSR across
the month of exposure. Table III shows a decline in the sex ratio
for those exposed to the earthquake in the third month of gestation,
which does not reach significance at the standard P , 0.05 level
[25.1% (CI: 210.5, 0.3) P ¼ 0.07]. However, this result depends
on the differential impact of earthquake exposure on the duration of
pregnancy by sex, which, as we have shown, is stronger for females
than for males. This sex-specific effect on the gestational length
could bias the estimate of the impact of stress on the sex ratio. For
example, in calculating the sex ratio, a female infant exposed to the
earthquake in Month 3 and born at 36 weeks of gestation will not
be compared with a male infant also exposed in Month 3 but born
at term (40 weeks), but rather with a term male infant exposed in
Month 2, artificially ‘inflating’ the relative number of males among
those exposed in Month 3. We implemented a counterfactual simula-
tion to address this issue. The simulation amounts to ‘displacing’
exposed births born preterm from their actual birth month to the
month they would have been born had their gestational age not
been shortened by the earthquake. Because, as we have shown, the
effect of stress on preterm birth was stronger for females, this ‘dis-
placement’ will affect more female than male births.

Table IV shows the results of the counterfactual simulation. It esti-
mates the SSR across the month of exposure that would have been
observed if earthquake exposure had not shortened duration of preg-
nancy of any birth. Simulated data suggest a decline in the SSR among
those exposed in Month 3 of gestation by 5.8% (CI: 211.3, 20.3%)
(Table IV). This result is consistent with a sex-specific effect of expos-
ure to the earthquake in Month 3 of gestation: A reduction in gesta-
tional age among exposed female births is found concurrently with a
relative decline in the proportion of male births.

Discussion
In our population-based analysis, the women who experienced a
severe earthquake during their second and third months of pregnancy
had shorter pregnancies, and were also at higher risk of delivering
preterm (,37 weeks gestation). This effect was markedly sex-specific;
it was weak or non-existent among males, and pronounced among
females. These findings are striking because in our unexposed
Chilean population, as in most populations (Zeitlin et al., 2002; Inge-
marsson, 2003; Di Renzo et al., 2007; Brettell et al., 2008), males are
more likely to be born preterm. Estimates from the Chilean birth
registry indicate that the proportion of preterm births in the 2004–
2007 period was 5.6% among females, but 6.8% among males.
While acute maternal stress has been linked previously with shorter
pregnancies (Barbosa, 2000; Glynn et al., 2001; Xiong et al., 2008;
Lipkind et al., 2010; Zhu et al., 2010; Torche, 2011) and some re-
search documents sex-specific changes in very low birthweight follow-
ing ambient stressors (Catalano et al., 1999; Catalano et al., 2005), to
our knowledge there are no other population-based analyses showing
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Table II Association between exposure to earthquake at each month of gestation and mean weeks of gestation/probability of preterm birth in affected and
unaffected regions.

Affected region Unaffected region

Weeks gestation Preterm birth Weeks gestation Preterm birth

Coeff. (95% CI) P-value Coeff. (95% CI) P-value Coeff. (95% CI) P-value Coef. (95% CI) P-value

All births

Exposed m9 0.082 (20.099, 0.263) 0.374 20.015 (20.039, 0.009) 0.234 20.009 (20.204, 0.185) 0.925 0.003 (20.024, 0.031) 0.814

Exposed m8 0.081 (20.097, 0.259) 0.370 0.003 (20.020, 0.027) 0.790 20.006 (20.180, 0.169) 0.949 20.002 (20.026, 0.023) 0.903

Exposed m7 0.030 (20.158, 0.218) 0.752 20.008 (20.033, 0.017) 0.521 20.136 (20.325, 0.053) 0.159 0.008 (20.019, 0.035) 0.553

Exposed m6 0.125 (20.053, 0.303) 0.168 20.007 (20.030, 0.017) 0.574 0.045 (20.128, 0.218) 0.609 0.003 (20.021, 0.027) 0.815

Exposed m5 20.033 (20.236, 0.171) 0.753 20.005 (20.032, 0.022) 0.702 20.025 (20.221, 0.170) 0.801 20.002 (20.029, 0.026) 0.907

Exposed m4 20.017 (20.188, 0.153) 0.843 20.015 (20.038, 0.007) 0.180 20.028 (20.198, 0.142) 0.749 0.009 (20.014, 0.033) 0.435

Exposed m3 20.271 (20.460, 20.081) 0.005 0.034 (0.009, 0.059) 0.009 20.104 (20.304, 0.096) 0.306 0.013 (20.015, 0.042) 0.346

Exposed m2 20.178 (20.371, 0.016) 0.072 0.012 (20.014, 0.038) 0.357 20.054 (20.249, 0.141) 0.587 0.023 (20.004, 0.050) 0.098

Exposed m1 20.090 (20.284, 0.104) 0.364 0.019 (20.007, 0.044) 0.155 0.000 (20.200, 0.200) 0.997 0.017 (20.011, 0.045) 0.232

Constant 39.030 (38.768, 39.292) 0.000 0.060 (0.026, 0.095) 0.001 38.920 (38.751, 39.089) 0.000 0.062 (0.038, 0.086) 0.000

n 6874 6874 7115 7115

Female births

Exposed m9 0.185 (20.063, 0.434) 0.143 20.023 (20.056, 0.009) 0.158 20.056 (20.310, 0.198) 0.666 0.021 (20.015, 0.056) 0.262

Exposed m8 0.242 (20.001, 0.485) 0.051 20.015 (20.047, 0.016) 0.344 20.089 (20.322, 0.145) 0.457 20.009 (20.042, 0.025) 0.613

Exposed m7 0.054 (20.210, 0.319) 0.686 20.001 (20.036, 0.033) 0.954 20.019 (20.274, 0.236) 0.885 20.009 (20.045, 0.027) 0.610

Exposed m6 0.093 (20.161, 0.347) 0.474 20.005 (20.039, 0.028) 0.748 0.050 (20.183, 0.284) 0.674 20.005 (20.038, 0.028) 0.759

Exposed m5 0.120 (20.169, 0.410) 0.416 20.021 (20.058, 0.017) 0.282 20.133 (20.405, 0.139) 0.337 0.016 (20.022, 0.055) 0.411

Exposed m4 0.076 (20.174, 0.325) 0.553 20.017 (20.050, 0.016) 0.307 20.110 (20.342, 0.121) 0.349 0.019 (20.014, 0.051) 0.262

Exposed m3 20.275 (20.534, 20.017) 0.037 0.038 (0.005, 0.072) 0.025 20.064 (20.333, 0.204) 0.638 0.027 (20.011, 0.065) 0.164

Exposed m2 20.310 (20.592, 20.029) 0.031 0.039 (0.002, 0.075) 0.040 20.035 (20.303, 0.232) 0.795 0.022 (20.016, 0.060) 0.252

Exposed m1 20.018 (20.295, 0.258) 0.896 0.010 (20.026, 0.046) 0.580 0.042 (20.225, 0.310) 0.756 0.009 (20.029, 0.047) 0.630

Constant 39.011 (38.625, 39.397) 0.000 0.077 (0.027, 0.127) 0.003 38.993 (38.766, 39.220) 0.000 0.071 (0.039, 0.103) 0.000

n 3364 3364 3466 3466

Male births

Exposed m9 20.027 (20.293, 0.239) 0.842 20.006 (20.042, 0.030) 0.748 0.042 (20.256, 0.339) 0.783 20.016 (20.057, 0.026) 0.453

Exposed m8 20.094 (20.356, 0.167) 0.478 0.023 (20.012, 0.058) 0.198 0.072 (20.187, 0.330) 0.588 0.004 (20.032, 0.040) 0.812

Exposed m7 0.004 (20.263, 0.272) 0.975 20.015 (20.051, 0.021) 0.410 20.237 (20.516, 0.041) 0.095 0.023 (20.016, 0.062) 0.247

Exposed m6 0.153 (20.096, 0.402) 0.228 20.008 (20.041, 0.026) 0.645 0.039 (20.216, 0.294) 0.765 0.011 (20.025, 0.046) 0.563

Exposed m5 20.174 (20.460, 0.112) 0.232 0.010 (20.029, 0.048) 0.623 0.068 (20.212, 0.348) 0.634 20.018 (20.057, 0.021) 0.374

Exposed m4 20.091 (20.325, 0.143) 0.447 20.015 (20.047, 0.016) 0.347 0.052 (20.196, 0.300) 0.680 0.001 (20.034, 0.036) 0.952

Exposed m3 20.264 (20.543, 0.014) 0.063 0.029 (20.009, 0.066) 0.134 20.152 (20.447, 0.144) 0.314 20.000 (20.041, 0.041) 0.997

Exposed m2 20.071 (20.338, 0.196) 0.601 20.010 (20.046, 0.025) 0.569 20.055 (20.338, 0.228) 0.702 0.021 (20.018, 0.061) 0.286
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a difference by sex in effects of exposure to an acute stressor on the
timing of parturition.

Previous research has documented an interaction between the
timing of prenatal stress and the sex of the fetus in the determination
of other outcomes in offspring such as the risks for schizophrenia, ad-
dictive disorder, affective psychosis and Type I Diabetes (Brown et al.,
1995; Franzek et al., 2008; Malaspina et al., 2008; Virk et al., 2010).
The sex-specific effects on the timing of delivery that we detected,
however, likely entail different mechanisms. The placenta is thought
to help set the duration of pregnancy and so may play a central role
in our findings. Researchers have hypothesized that a decrease in ges-
tational length after early prenatal stress might be triggered by a spike
in maternal cortisol secondary to acute stress. Higher levels of mater-
nal cortisol early in the pregnancy are known to stimulate placental
production of corticotrophin-releasing hormone (CRH) in the early
third trimester (Pike, 2005), which is in turn predictive of an increased
risk for preterm birth (Majzoub et al., 1999; Glynn et al., 2001;
Wadhwa et al., 2004; Sandman et al., 2006; Smith and Nicholson,
2007). While some report no significant levels of placental CRH
during the first trimester (Sasaki et al., 1987), others find ample evi-
dence for an important role for both placental and endometrial
CRH in early pregnancy, especially in the early development of the pla-
centa (Makrigiannakis et al., 2003, 2004; Choy et al., 2004; Kalantari-
dou et al., 2007), which will be central to setting the time of
parturition later on.

Should the placenta contribute to the effects of prenatal stress on
the duration of pregnancy, this could explain, at least in part, the sex-
specificity of effects. First off, the placenta originates from fetal cells,
which are inherently sex-specific. In addition, the epigenetic machinery
that influences gene expression in the placenta may have basal differ-
ences by sex (Mueller and Bale, 2008). These mechanisms for
sex-dependent effects of the placenta remain unknown, but may be
related to a buffering of genes on the X chromosome. As X inactiva-
tion occurs to a much lesser extent in the placenta, increased levels of
expressed X chromosome genes in female placentas may underlie dif-
ferent adaptations to the maternal environment (Dunn et al., 2011).
Another potential pathway for differences by sex in the duration of
pregnancy could involve processes in early pregnancy that result in
increased maternal cortisol levels during the second trimester and
in placental CRH at 31 weeks. These have been linked to decreases
in infant maturation in males only (Ellman et al., 2008), suggesting
that biological pathways involved in the duration of gestation have
been linked to other outcomes that differ by sex. The female placenta
may be more responsive to maternal stress, signaled by increased
maternal levels of glucocorticoids, than the male placenta. This may
result in the differential adaptation of male and female fetuses to
this maternal cue (Sandman et al., 2011). More studies are needed,
however, to explore if differences in the placentas of males and
females may influence the relationship between prenatal stress and
preterm birth.

We also studied the link between prenatal stress and the secondary
sex ratio, which we ultimately found to be related to our primary
finding about shorter duration of pregnancy. Studies have shown
that cohorts that have experienced severe maternal stress while in
utero, such as from natural disasters, terrorist attacks or mass
layoffs, have lower than expected SSRs (Bruckner et al., 2010; Cata-
lano et al., 2010). It is theorized that this is because natural selection
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has conserved mechanisms by which stressed pregnant females pref-
erentially cull frail male fetuses. Male fetuses grow larger and therefore
require greater investment of resources by the mother, and may also
not adapt their development to a stressful intrauterine environment;
females use less resources as they develop and are thought to

reduce growth and demands on the mother in response to maternal
stress (Sandman et al., 2011). Male newborns are also more likely to
die than females (Bhaumik et al., 2004). As a result, weaker males may
be culled when the mother experiences stress as a way to maximize
the benefit of expending limited resources during demanding times

Figure 1 Difference in mean weeks of gestation (95% CI) of births exposed to earthquake compared with births in unexposed period, across ges-
tational month of exposure. (A) All births: estimates obtained from Column 1 Table II. (B) Female births: estimates from Column 1 Table II. (C) Male
births: estimates obtained from Column 1 Table II.
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(Catalano and Bruckner, 2006). Our findings on decreased SSR
address this hypothesis. We detected a decline in the SSR by 5.8%
[(CI: 211.3, 20.3%), P , 0.04) among those exposed in the third
month of gestation (Table IV). Note that this finding emerges only
after we account for the fact that females exposed in the third
month of gestation are more likely to be born preterm, by means
of a counterfactual simulation.

We also observed a decline in the SSR among those exposed to stress
in Month 8 of gestation [25.1% (CI: 20.10%, 0.00), P ¼ 0.05], though
there was no decline in the unaffected region (Table III); these findings
were unchanged in the counterfactual simulation and so were not
related to the duration of pregnancy (Table IV). We cannot explore
whether this decrease might be linked to the preferential loss of male
fetuses as was reported in studies described below or to other mechan-
isms as we do not have data on fetal deaths for this cohort. A

comparable decline in the SSR is also observed among those exposed
to the earthquake in Month 9 [25.0% (CI: 20.10, 0.02%), P ¼ 0.06]
(Tables III and IV). However, a similar decline of 4.2% is observed in
the unaffected region. Even though this decline fails to reach significance
(P ¼ 0.12), the coefficients for the affected and unaffected regions are
virtually identical (P-value for the comparison test for difference ¼
0.80). This suggests that the decline in the SSR was similar across popu-
lations in affected and unaffected regions that were in their ninth month
of gestation when the earthquake occurred. The decline could, there-
fore, be due to seasonal patterns or other temporal factors affecting
the entire country and therefore not attributable to the natural disaster.

Previous research using data from a Californian population found
that the SSR was lower than expected in the cohort born in Decem-
ber 2001, 3 months after the 11th September attacks, reflecting loss
of males stressed in utero during Month 6 of gestation (Catalano et al.,

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

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

Table III Association between exposure to earthquake at each month of gestation and secondary sex ratio (SSR) in
affected and unaffected regions.

Affected region Unaffected region

Coeff. (95% CI) P-value Coeff. (95% CI) P-value

Exposed m9 20.050 (20.101, 0.002) 0.058 20.042 (20.096, 0.012) 0.125

Exposed m8 20.051 (20.101, 0.000) 0.050 20.011 (20.060, 0.037) 0.647

Exposed m7 20.017 (20.070, 0.037) 0.541 20.004 (20.056, 0.049) 0.892

Exposed m6 0.003 (20.047, 0.054) 0.895 20.004 (20.052, 0.044) 0.864

Exposed m5 20.004 (20.062, 0.054) 0.890 0.030 (20.024, 0.084) 0.280

Exposed m4 0.025 (20.023, 0.074) 0.305 0.007 (20.040, 0.054) 0.782

Exposed m3 20.051 (20.105, 0.003) 0.066 20.007 (20.062, 0.049) 0.816

Exposed m2 0.022 (20.033, 0.077) 0.436 0.014 (20.040, 0.068) 0.619

Exposed m1 20.004 (20.059, 0.052) 0.901 20.010 (20.065, 0.046) 0.733

Constant 0.566 (0.492, 0.641) 0.000 0.508 (0.462, 0.555) 0.000

n 6874 7115

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

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

Table IV Association between exposure to earthquake at each month of gestation and secondary sex ratio (SSR) among
affected and unaffected regions, counterfactual distribution assuming no effect of earthquake exposure on weeks of
gestation.

Affected region Unaffected region

Coeff. (95% CI) P-value Coeff. (95% CI) P-value

Exposed m9 20.050 (20.101, 0.002) 0.057 20.042 (20.096, 0.012) 0.125

Exposed m8 20.051 (20.101, 0.000) 0.050 20.011 (20.060, 0.037) 0.647

Exposed m7 20.017 (20.070, 0.037) 0.541 20.004 (20.056, 0.049) 0.892

Exposed m6 0.002 (20.048, 0.053) 0.935 20.004 (20.052, 0.044) 0.862

Exposed m5 20.003 (20.060, 0.055) 0.925 0.032 (20.022, 0.086) 0.242

Exposed m4 0.020 (20.027, 0.068) 0.405 0.008 (20.039, 0.054) 0.744

Exposed m3 20.058 (20.113, 20.003) 0.039 20.005 (20.060, 0.051) 0.867

Exposed m2 0.032 (20.025, 0.089) 0.271 0.008 (20.048, 0.064) 0.773

Exposed m1 20.002 (20.057, 0.053) 0.941 20.010 (20.065, 0.046) 0.733

Constant 0.566 (0.492, 0.640) 0.000 0.508 (0.462, 0.555) 0.000

n 6874 7115
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2005). That study also reported that the sex ratio of very low weight
births was unexpectedly decreased in December 2001, while the sex
ratio for fetal deaths over 20 weeks of gestation was highest in the 2
months after the attacks, suggesting that the decline in the SSR for a
cohort prenatally stressed in the sixth month of gestation resulted
from weaker male fetuses being preferentially aborted. A cohort in
New York City was found to have a lower SSR 4 months after the
September, 2001 terrorist attacks, suggesting loss of males stressed
at 5 months (Catalano et al., 2006). We cannot directly evaluate
the factors driving the change in the SSR among the exposed popula-
tion, such as an increase in death of male fetuses, as we do not have
information on fetal deaths for our study population. Nevertheless,
our finding of a decline in the SSR among those exposed in the
third month of pregnancy is consistent with the above hypothesis
that observed declines are due to culling of male fetuses. Observed
differences in the timing of stress and outcomes may be due to
factors such as differences in populations, and in the type, duration
and severity of stressors, and call for further investigation.

A growing body of research suggests that prenatal stress at specific
times in pregnancy may result in sex-specific outcomes. By analyzing a
large population without selectivity, using a fully exogenous stressor,
and defining comparison groups to address the differences in the
timing and in the location of the stressor, we hope to have provided
strong evidence for the sex-specificity of the effect of acute maternal
stress exposure in early pregnancy. In spite of these advantages, our
study also has limitations. In particular, as noted above, lacking infor-
mation on fetal deaths, we cannot directly evaluate the factors driving
the change in the SSR among the exposed population. Also, our ana-
lytical strategy exploits the difference between affected and unaffected
areas to account for confounding emerging from shared trends. If
women in the unaffected area also experienced some stress as a
result of the earthquake, our analysis will underestimate the effect in
the affected area. This possibility is unlikely given the limited damage
and spillover effect of the earthquake. If it occurred, however, it
would hamper our ability to reject the null hypothesis of no effect,
making our tests conservative.

We found a substantial increase in preterm delivery among female
gestations, and a potential decline in the SSR among those exposed in
the third month of pregnancy. Since in most populations males are
more likely to be born preterm, there are clearly sex-specific mechan-
isms at work in both acutely stressed and unstressed populations. Our
findings highlight the need for future translational research into the
sex-specific pathophysiology of preterm delivery. This knowledge
would provide a foundation for the development of novel interven-
tions to reduce preterm delivery, an important predictor of infant
morbidity and mortality in the USA and elsewhere (Bale et al.,
2003; Mathews and MacDorman, 2007).
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