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Abstract

The ‘DOHaD’ literature argues that stressors encountered at age ¢ ‘program’ individual health
at age t+mn, and that this programming appears strongest when ¢ defines critical
developmental periods including gestation. Accordingly, children of ill-nourished pregnant
women suffer greater later life morbidity than do offspring of well-nourished mothers. The
possibility that circumstances other than access to nutritious food drive both a mother’s diet
and fetal development remains, however, a threat to the inference of programming in utero.
Attempts to rule out this threat include tests of the hypothesis that birth cohorts in gestation
during famines exhibit shorter life spans than other cohorts. The tests produce conflicting
results attributed to confounding by autocorrelation, selective migration and introduction of
modern medicine. We offer a test in which neither medicine nor migration nor
autocorrelation could obscure the presumed effect. We apply time-series regression methods
to the life span of Swedes born between 1751 and 1800 to test the hypothesis that cohorts
exposed in utero to the Swedish Famine of 1773 lived shorter lives than expected from trends
and other forms of autocorrelation. We use these 50 birth cohorts not only because they
included those exposed to severe famine but also because they may well be the only human
birth cohorts that completed life unaffected by selective migration and unaided by modern
medicine and for which we know life span. We find that the cohort born in 1773 live 4.2 years
longer than expected from trends over the last half of the 18th century.

Introduction

The developmental programming literature has established not only that environments
encountered at age f predict health at age ¢ + n but also that the strongest predictions appear
when ¢ defines critical or sensitive developmental periods."”> A smaller literature argues that
these critical periods include gestation. This work posits that pregnant women program fetuses
to survive stressors likely at birth, but that these programs can cause illness later in life.>* Most
notably, this literature has argued that a mother’s nutrition during gestation determines where
her infant will fall on the distribution of ‘conserve or convert’ metabolic programs.”®
According to this argument, poorly nourished mothers program fetuses to conserve food
energy as adipose tissue. Well-nourished mothers, conversely, would produce offspring more
likely to convert food energy to heat. Natural selection presumably conserved mutations that
select among a broad repertoire of fetal metabolic programs because food energy in human
ecosystems varied widely over evolutionary time.”®

The literature positing developmental programming in utero suggests that at least two
circumstances can lead to adverse outcomes in contemporary populations. First, transient
events may cause poor maternal nutrition during gestation, but the resulting children may
enjoy a relatively calorically enriched environment.” This ‘mismatch,” created, for example, by
famine, increases the risk of obesity and the metabolic syndrome by placing energy conserving
children in an energy-rich environments.”'°

A second circumstance under which developmental programming can cause adverse
outcomes arises from the possibility that programming in utero becomes heritable.
Mothers can presumably inherit a tendency to produce children with characteristics
adaptive in the environments occupied by ancestors."' Economic development and
migration in the modern world have, however, rearranged mothers in socioeconomic or
geographic space so that many occupy environments unlike those occupied by their
antecedents. A mother prone by inheritance to program energy-conserving fetuses, but
who lives in a calorically rich environment, will have children at risk of obesity and the
metabolic syndrome.

The developmental programming literature likely arose from many antecedents including
the long-observed association between the diet of individual mothers and the morphology of
their offspring,'> That association does not axiomatically imply that the food environment
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causes metabolic syndrome because some characteristic of the
mother may determine both her diet and her infant’s mor-
phology."? Researchers have responded to this possibility by
searching for historical ‘natural experiments’ in which preg-
nant women would not have had access to good nutrition
regardless of their personal characteristics. The search inevi-
tably led to the hypothesis that populations exposed to famine
would produce offspring who would, on average, die younger
than other cohorts born earlier and later in the same place.'*"”

Well-documented famines in societies that have kept
dependable vital statistics remain rare leaving researchers with
few opportunities to search for a signal of developmental pro-
gramming in entire birth cohorts. Searches for such signals have,
moreover, produced conflicting results.'*™'” A meta-analysis of 21
published studies on the effects of the 1959-1961 Chinese famine,
for example, finds mixed results.'” Indeed, the birth cohort per-
haps most scrutinized for signals of developmental programming
in utero — persons in gestation in the ‘Dutch Famine’ of 1944-
1945 - has shown no excess mortality due to metabolic
syndrome.'®**

Conflicting findings in the famine research could arise from
several artifacts.'”*> Data dependable enough to estimate age at
death in spatially defined populations exposed to famine typically
appear well after the onset of widespread migration. Migration
likely distorts estimates of cohort life span. Persons exposed to
famine may migrate out, while persons of the same age who did
not experience the famine may migrate in. The few societies that
have kept dependable registries of populations that aged in place
have, moreover, nearly always begun benefiting from the intro-
duction of modern public health and medical interventions dur-
ing the lifetime of the birth cohorts exposed in utero to famine.
These interventions plausibly induced temporal variation in
cohort life expectancy that confounds measurement of the effects,
if any, of developmental programming in utero. Studies of con-
temporary famines also suffer from the problem that exposed
cohorts may not have lived long enough to exhibit premature
death programmed in utero.'”**

Further tests of famine-induced developmental programming
in utero would seem a worthy addition to the Development
Origins of Health and Disease research agenda if for no other
reason than the applied literature?*® and public discourse®”*®
appears to have accepted such programming as settled science
that should shape public health interventions. The World Health
Organization®® and the United Nations Food and Agriculture
Organization®® have, based on the assumption of developmental
programming in utero of entire birth cohorts, urged altering
culture that shapes diet and nutrition among women of repro-
ductive age. These initiatives appear to have influenced physicians
worldwide. A recent survey of physicians in Australia, for
example, discovered that over 90% ‘would be comfortable
recommending potential prevention strategies to reduce non-
communicable disease related to early life exposure, with lifestyle
modification and dietary supplements being the most frequently
cited examples. Pregnant women and women planning pregnancy
were the most frequently cited target groups for such prevention
strategies.”"

We offer a test of famine-induced developmental program-
ming in utero that determines if average age at death (i.e., cohort
life expectancy) fell among Swedes exposed in utero to the dire
famine of 1773. We compare the exposed Swedes to others born
from 1751 through1800 because these 50 birth cohorts meet the
standards for a rigorous test based on time-series methods that
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control for autocorrelation. The cohorts suffered a well-
documented famine and did not benefit from public health
interventions. These cohorts also aged in place. Outmigration of
Swedes remained rare before the mid-19th century and then drew
most mostly from persons of reproductive age.’> Variation in
cohort life expectancy among Swedes born before 1801, therefore,
unlikely arose from selective migration.

No controversy can arise over whether the Swedish Famine of
1773 would have induced developmental programming in utero
of metabolic syndrome should such programming exist. Crop
yields fell dramatically in the harvest of 1772 causing food
shortages through most of 1773.* The average age at which
Swedes died in 1773 (i.e., period life expectancy) fell to 18 years -
the lowest in Sweden’s history and more than 10 years lower than
the next lowest year. We further note that Swedes in the 18th and
19th century died of non-communicable disease and recorded
death by causes we would now include in metabolic syndrome.
Heart disease and stroke among older persons, for example, was a
major killer then as now.***

Method
Data

We used the highest quality life table data available to measure
sex-specific average age at death for each annual birth cohort
(i.e., cohort life expectancy) for the years 1751 through 1800.
We extracted these data from the Human Mortality Database’®
that includes vital statistics that meet minimum standards, set
by demographers unassociated with this paper, of accuracy
and completeness. No earlier data for Sweden, indeed any-
where, meets standards for inclusion in the Database. Cohorts
born after 1800 in Sweden experienced much outmigration
making estimates of cohort life span less accurate than
for those born earlier.’> Moreover, 50 data points provide
sufficient statistical power to wuse the time-series tests
described below.

Analyses

Empirical tests of association have, since at least the work of
Galton,” measured the extent to which two or more variables
move away from their statistically expected values in the same
cases. ‘Cases’ in our tests include 50 years (i.e, 1751 through
1800) during which Sweden experienced the famine of 1773 and
for which we know the average age at death for all the persons
born in each year (i.e., cohort life expectancy) as well as the odds
of death among Swedes of reproductive age.

Tests of association typically specify the mean of all observed
values of a variable as the value expected for any case. Variables
measured over time, however, often exhibit ‘autocorrelation’ in
the form of secular trends, cycles, or the tendency to remain
elevated or depressed, or to oscillate, after high or low values. The
expected value of an autocorrelated series is not its mean, but
rather the value predicted by autocorrelation. Following practice
dating to Fisher,” we solve this problem by identifying time-
series models that best fit observed autocorrelation in our two
series and by using the predicted values as statistically expected.
We used the most developed and widely disseminated type of
such modeling. The method, devised by Box and Jenkins,*
identifies which of a very large family of models best fits serial
measurements. The Box and Jenkins approach attributes
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autocorrelation to integration as well as to ‘autoregressive’ and
‘moving average’ parameters. Integration describes secular trends
and strong seasonality. Autoregressive parameters best describe
patterns that persist for relatively long periods, while moving
average parameters parsimoniously describe less persistent
patterns.

Our test proceeded through the following steps. First, we used
Box and Jenkins methods to detect and model autocorrelation in
the average age at death (i.e., cohort life expectancy) for Swedes
born in the years 1751 through 1800. Second, we created an
indicator variable for famine exposure scored 1 for 1773 and 0
otherwise. We scored 1773 as the exposed birth year because the
famine, which began with the fall 1772 crop failure, did not affect
most gestations in 1772, and those it did affect yielded births in
1773. Third, we estimated the general equation, shown below,
formed by adding, as a predictor variable, the famine indicator
variable to the time-series model for cohort life expectancy spe-
cified in step 1. We estimated the association between the famine
and births in 1773, 1774 and 1775. We included 1774 because the
famine extended through most of 1773 (ie., until the harvest)
implying that a fraction of births in 1774 would have been
exposed to famine during gestation. We included 1775 as a fal-
sification test because the fetal programming narrative would not
predict an effect of famine on that birth cohort.

Yi=CH+w1l; + w0y 1+ @315+ (I—HBP) / (l—d)Bq)(lt

Y, is Swedish cohort life expectancy for births in year t. C is
constant. ®; through ; are the estimated effect parameters. I; is
the famine exposure variable (scored 1 for 1773 and 0 otherwise)
for year t. © is a moving average parameter. ¢ is an autoregressive
parameter. B is the ‘backshift operator’ or value of a at year t — p
or at year t — q. a, is the residual of the model at year t. Box and
Jenkins methods, applied in Step 1, determine not only which
autoregressive and or moving average parameters (i.e., 0 and/or
¢) appear in the final model, but the values of p and q as well.
Developmental programming in utero predicts that w; will be
significantly <0.

Results

Table 1 includes several pertinent statistics for Sweden during our
test period, including those that show more Swedes died in 1773
than in any other test year. Infant mortality in 1773 reached a
level never again seen in Sweden. And yet, even before adjusting
for autocorrelation, life span for the cohort born in 1773 exceeded
that for any other cohort during the test period. Table 1 further
shows that the 1773 birth cohort exhibited exceptional life
expectancy at ages 6 and 30, suggesting that whatever mechan-
isms accounted for the longevity of the famine cohort remained at
work not only well past childhood but also past the likely
threshold for the onset of metabolic disease.

Column 1 of Table 2 shows the Box-Jenkins model identified
in Step 1 for cohort life expectancy. As shown by the constant,
cohorts born from 1751 through 1800 lived, on average, about 36
years. The autoregressive parameter (i.e., 0.717) shows that values
at time ¢ persist into following years although in geometrically
decreasing proportions.

Figure 1 shows the observed and expected (ie., from Box-
Jenkins model shown in Table 2) values of cohort life expectancy.
The differences between expected and observed values at 1773
and 1774 become, in effect, the variance in cohort life expectancy
‘available’ for association with the famine.
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Column 2 of Table 2 shows the results of Step 3 in which we
estimated parameters for a model that includes the binary famine
variable and Box-Jenkins parameters. The cohort born in 1773
lived 4.2 (s.e.=0.86) years longer than otherwise expected. Con-
sistent with the reasoning of our falsification test, neither the 1774
nor 1775 birth cohort exhibited longevity different from expected.
These results imply that whatever mechanisms the famine
induced in the exposed cohort did not extend to future cohorts.

Column 3 of Table 2 shows the estimated parameters for the
‘pared’ model which omits the famine indicator variable for 1774
and 1775. The coefficient for the famine year of 1773 (ie., 3.9)
remains positively signed and more than twice its s.e. (i.e., 0.66).

We anticipate several questions regarding our estimations.
Did, for example, males and females differ in their response to
the famine? We repeated our test separately for male and female
cohort life expectancy and found essentially the same associa-
tions discovered for the entire population. The famine test model
(i.e., same as column 2 in Table 1) estimated a gain of 4.14 (s.
E. = 0.89) years for females and 4.25 (s.. = 0.8174) for males born
in 1773.

Could outliers in the life expectancy series have inflated our s.
E. and led to false acceptance of the null hypothesis for the cohorts
born in 1774 and 17752 We used outlier detection and correction
routines* to answer this question. We found no outlying cases.

Did whatever mechanisms that accounted for the longevity of
the 1773 cohort reduce deaths only in the few years after infancy,
or did they persist into later life as well? As Table 1 shows, life
span remaining at age 6 and 30 for the 1773 birth cohort, both
exceeded that for any other cohort in the test period. Applying the
test procedures described earlier to cohort life expectancy at 30
produced an estimated surplus of 1.9 years.

Discussion

Prior research has not found strong support for the hypothesis,
implied by developmental programming in utero, that birth
cohorts in gestation during famines exhibit shorter life spans than
other cohorts. Explanations of this weak support have included
that migration and modern medicine have made the association
difficult to observe in historical data. We offer a test in which
neither medicine nor migration could obscure the presumed
effect. We find no support for the hypothesis. Birth cohorts
exposed in utero to one of history’s cruelest famines lived longer
lives than otherwise expected.

Limitations of our test include that data from the last half of
the 18th century may not generalize to modern societies exposed
to famine. We note, however, that the argument for develop-
mental programming in utero presumes that natural selection
conserved the mechanism in humans well before the 18th cen-
tury.”® We, moreover, know of no argument asserting that nat-
ural selection has extinguished such programming since 1800.
Sweden between 1750 and 1800 provides the most reliable data
currently available for estimating the association between cohort
life expectancy and exposure in utero to famine. No other society
with vital statistics dependable enough for inclusion in the
Human Mortality Database provides data describing a popula-
tion, exposed to famine, whose composition remained as unaf-
fected by migration and modern medicine for the minimum of 50
years though necessary to apply strong modeling methods.
‘Microdata’ describing the life course of individuals in small
historic samples cannot, moreover, yield population-level
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Year Population Births Deaths Infant deaths per 100 births CLE at birth CLE at age 6 CLE at age 30
1751 1,802,132 69,291 46,902 22.677 34.22 46.06 30.53
1752 1,816,703 64,973 49,467 26.058 35.47 47.24 31.28
1753 1,837,869 66,007 43,905 22.636 35.16 47.13 31.24
1754 1,857,047 68,759 48,645 25.114 34.43 46.94 31.30
1755 1,875,029 70,008 51,090 27.365 34.21 46.60 31.32
1756 1,889,424 67,987 52,062 26.101 34.16 46.00 30.97
1757 1,892,990 61,675 56,579 24.734 35.75 46.97 31.56
1758 1,893,444 63,262 61,277 24.645 35.63 46.73 31.20
1759 1,905,866 63,865 49,912 22.495 36.48 47.32 3171
1760 1,925,248 68,384 47,471 22.151 34.96 46.73 31.52
1761 1,942,257 67,324 49,893 25.050 34.18 46.80 31.93
1762 1,949,359 68,268 60,744 29.092 33.39 46.21 31.65
1763 1,952,238 68,231 64,180 29.423 34.46 46.53 31.61
1764 1,966,190 67,988 53,364 25.599 34.64 46.46 31.42
1765 1,976,824 65,872 54,566 25.842 34.82 46.42 31.61
1766 1,992,142 67,061 49,726 25.871 34.49 46.11 31.62
1767 2,009,596 70,744 51,272 25.385 32.52 46.16 30.94
1768 2,020,546 67,719 54,751 26.471 33.53 48.27 31.70
1769 2,030,491 66,954 54,991 25.843 34.34 48.49 31.92
1770 2,042,574 67,172 53,071 24.864 34.57 48.31 31.97
1771 2,050,680 65,988 56,827 24.694 33.34 47.46 31.62
1772 2,032,235 58,972 76,362 26.246 3241 46.58 31.02
1773 1,977,205 51,164 105,139 28.587 37.74 49.42 32.85
1774 2,000,208 68,520 44,463 21.181 35.29 46.84 30.72
1775 2,020,847 71,642 49,949 22.410 35.96 46.86 30.70
1776 2,041,289 66,869 45,692 19.254 36.55 47.68 31.40
1777 2,057,147 67,693 51,096 21.952 34.89 47.32 31.32
1778 2,073,296 71,901 55,028 24.464 34.70 47.73 31.46
1779 2,089,624 76,387 59,325 25.170 35.62 47.82 31.38
1780 2,118,281 75,122 45,731 18.601 36.21 48.07 3157
1781 2,132,912 71,130 54313 21.184 36.05 47.95 31.58
1782 2,140,986 68,488 58,247 20.888 35.71 47.78 31.63
1783 2,143,570 64,969 60,213 22.328 36.70 48.56 32.26
1784 2,145,213 67,605 63,792 22.814 36.99 48.37 3221
1785 2,149,773 67,497 60,770 22.343 37.83 48.96 32.64
1786 2,163,415 70,935 55,951 24.255 37.22 48.70 32.48
1787 2,178,403 68,328 51,998 21.347 37.99 49.34 32.87
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Year Population Births Deaths Infant deaths per 100 births CLE at birth CLE at age 6 CLE at age 30
1788 2,192,760 74,019 58,320 25.194 36.22 48.48 32.33
1789 2,188,962 70,127 72,583 25.823 36.89 48.26 32.10
1790 2,187,732 66,710 66,598 23.402 38.25 48.91 32.54
1791 2,202,319 71,613 55,946 22.134 38.41 49.37 32.84
1792 2,229,343 81,063 52,958 24.249 37.36 48.80 32.58
1793 2,250,919 77,033 54,376 23.195 38.49 48.83 32.73
1794 2,272,890 76,429 53,377 21.080 37.48 48.16 3231
1795 2,281,137 72,947 63,619 22.959 37.94 48.77 32.50
1796 2,300,793 79,446 56,474 23.517 37.58 48.86 32.63
1797 2,322,814 80,374 55,036 23.587 38.03 49.15 32.79
1798 2,344,228 78,593 53,862 21.745 37.72 48.99 32.78
1799 2,356,993 75,274 59,192 22.528 36.52 48.65 32.83
1800 2,347,303 67,555 73,928 26.953 37.79 48.83 32.78

estimates of cohort life span due to incomplete survival data and
unknown external Validity.41

We do not have access to the individual birth and death
records that sum to the data we used in our test. Such data would

allow the construction of monthly time-series of births and deaths

that in turn could identify the life span of conception cohorts

exposed in utero to the famine more accurately than we could
with annual data. Without such data we cannot identify when in

Table 2. Coefficients (standard errors in parentheses) for models predicting cohort life expectancy for annual Swedish birth cohorts (1751-1801)

Base Box-Jenkins model

Famine test model

Pared test model

Both sexes

Constant

36.053* (0.561)

36.112* (1.004)

37.172* (0.782)

Famine at year t

4.206* (0.847)

3.855* (0.664)

Yeart - 1

0.712 (0.979)

Year t - 2

0.385 (0.842)

Autoregressive parameter at year 1

0.717* (0.101)

0.855* (0.083)

0.838* (0.080)

Males
Constant 34.258* (0.468) 34.261* (0.764) 34.336* (0.684)
Famine at year t 4.254* (0.817) 3.833* (0.670)
Yeart - 1 0.831 (0.943)
Year t - 2 0.499 (0.812)
Autoregressive parameter at year 1 0.6722* (0.107) 0.837* .0875 0.815* (0.085)
Females

Constant

37.866* (0.697)

37.987* (1.186)

38.025* (0.948)

Famine at year t

4.142* (0.895)

3.853* (0.732)

Yeart - 1

0.5899* (1.035)

Yeart - 2

0.2882 (0.892)

Autoregressive parameter at year 1

0.756* (0.095)

0.868* (0.079)

0.856* (0.077)

"P<0.0001; two-tailed test.
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30
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1751 1754 1757 1760 1763 1766 1769 1772 1775 1778 1781 1784 1787 1790 1793 1796 1799

Fig. 1. Observed (dots; 1773 shown with trapezoid) and expected (line) annual cohort life expectancy for Sweden from 1751 through 1800.

gestation exposure to famine confers the greatest longevity
benefit.

Our data cannot rule out that developmental programming
in utero made metabolic disease more common in the 1773 birth
cohort than otherwise expected. Such added morbidity could
not, however, account for the longer life span we found in this
cohort. We also note that the literature which motivated us to
conduct our test claims that developmental programming in
utero leads not only to greater morbidity but also to early
death.”’

We set out to test the hypothesis that the observed value of
cohort life expectancy for 1773 would fall below the 95% con-
fidence interval of its expected value. We found, rather, that the
cohort’s observed life span rose above the 99% confidence interval
of the expected value. We note that the distance between the
expected and observed life span of the 1773 birth cohort likely
reflects the effect of the famine on earlier birth cohorts as well as
on that of 1773. Famine-induced deaths among persons born
before 1773 likely lowered life span for earlier birth cohorts and
thereby repressed the statistically expected value for the 1773
cohort. We doubt, however, that adjusting for the effect of the
famine on earlier birth cohorts, assuming such adjustment were
computationally possible and logically desirable, would lead to
finding the observed value below the 95% confidence interval as
predicted by developmental programming in utero. Reasons to
doubt that outcome includes that our interrupted time-series
approach estimates the expected value of life span for the 1773
cohort, and its confidence interval, from cohorts born after the
famine as well as from those born before. The 27 cohorts born
after 1773 balance the influence of the 22 born before.

Developmental programming may not predict our findings,
but evolutionary theory does. Much literature argues that natural
selection has conserved mechanisms, collectively referred to as
reproductive suppression, that avert maternal investment in less
reproductively fit offspring including those that, if born, would
least likely thrive in prevailing environments.***> This literature
assumes that pregnant women vary in their capacity to invest in
offspring and that offspring vary in their need for maternal
investment. Low-resource mothers with high-need offspring
presumably had relatively few grandchildren because their chil-
dren more frequently died before reproductive age than the
children of other mothers. These assumptions lead to the

https://doi.org/10.1017/52040174418000806 Published online by Cambridge University Press

inference that natural selection would have conserved mutations
that spontaneously abort gestations in which the needs of the
prospective offspring would otherwise exceed the resources of the
prospective mother.

Reproductive suppression predicts that spontaneous abortion
will increase when the fraction of pregnant women with relatively
few resources increases even if the distribution of fetuses on the
need for maternal resources remains unchanged. This circum-
stance, referred to in the literature as selection in utero, implies
that fewer high need infants will be born when the environment
weakens women of reproductive age.**” The empirical literature
reports that conception cohorts presumably subjected to deep
selection in utero also exhibit unexpectedly great longevity.**~>°
Our findings imply that the Swedish Famine of 1773 may have
triggered selection in utero.

Our, and earlier, research failing to find relatively short life
spans among birth cohorts in utero during famines does not
detract from the developmental programming argument.
Research supporting the argument for such programming in
infancy’' and adolescence® includes tests that, like ours, apply
time-series methods to historical life table data. Ours and similar
findings, however, suggest that while gestation may present an
opportunity for developmental programming, signals of that
programming in the longevity of historic birth cohorts may prove
difficult to detect given, among other phenomena, the counter-
vailing influence of selection in utero.

Research finds plasticity in fetuses as well as evidence that the
maternal stress response, particularly that induced by poor
nutrition, influences that plasticity. Much literature, moreover,
argues that the combination of fetal plasticity and the maternal
stress response puts offspring at risk of poor health and early
death. That literature often cites research into the health effects of
famine to support this argument. The preponderance of that
research, however, finds no association with cohort longevity.
Critics of that research have noted that migration and medicine
may have obscured the association in modern populations.
We contribute to the literature by searching for that association in
a population well described by life table data, unaffected
by migration, unaided by modern medicine and stressed by one
of history’s worst famines. We find that birth cohorts
exposed in utero to that famine lived longer lives than otherwise
expected.
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