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Abstract

Background: Epidemiologists are often interested in examining different hypotheses for
how exposures measured repeatedly over the life course relate to later-life outcomes. A
structured approach for selecting the hypotheses most supported by theory and
observed data has been developed for binary exposures. The aim of this paper is to ex-
tend this to include continuous exposures and allow for confounding and missing data.
Methods: We studied two examples, the association between: (i) maternal weight during
pregnancy and birthweight; and (ii) stressful family events throughout childhood and de-
pression in adolescence. In each example we considered several plausible hypotheses
including accumulation, critical periods, sensitive periods, change and effect modifica-
tion. We used least angle regression to select the hypothesis that explained the most
variation in the outcome, demonstrating appropriate methods for adjusting for con-
founders and dealing with missing data.

Results: The structured approach identified a combination of sensitive periods: pre-
pregnancy weight, and gestational weight gain 0-20 weeks and 20-40 weeks, as the best
explanation for variation in birthweight after adjusting for maternal height. A sensitive
period hypothesis best explained variation in adolescent depression, with the association
strengthening with the proximity of stressful family events. For each example, these
models have theoretical support at least as strong as any competing hypothesis.
Conclusions: We have extended the structured approach to incorporate continuous ex-
posures, confounding and missing data. This approach can be used in either an explora-
tory or a confirmatory setting. The interpretation, plausibility and consistency with causal
assumptions should all be considered when proposing and choosing life course
hypotheses.
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Key Messages

measurements.

point at which the outcome was measured.

* The structured approach to choosing the hypothesis, regarding an association between an exposure measured over
the life course and a later outcome, that is most supported by the data can be extended to continuous exposure

¢ Methods for handling confounding and missing data can be incorporated into the structured approach.

* In an example investigating the association between maternal weight during pregnancy and offspring birthweight,
the structured approach identified a combination of pre-pregnancy weight, weight gain during 0-20 weeks of gesta-
tion, and weight gain during 20-40 weeks of gestation, as the best explanation for variation in birthweight.

* In an example investigating the association between stressful family events and offspring birthweight, the structured
approach identified a sensitive period hypothesis strengthening with the proximity of stressful family events to the

Introduction

The specific association between an exposure and outcome
over the whole life course is of considerable interest in epi-
demiology." Different hypothesized relationships are pro-
posed for different exposure-outcome pairs in a
longitudinal setting.”* For example, competing hypotheses
have been proposed for the relationship between weight
across the life course and later ill health. The predictive
adaptive response proposes developmental plasticity,
whereby the fetus’ development is modified depending
upon intrauterine environmental clues regarding available
postnatal nutrition, meaning there is an interaction be-
tween birthweight (reflecting the intrauterine prediction of
postnatal nutrient availability) and subsequent weight gain
(reflecting the reality of postnatal nutrition).** In contrast,
the maternal capital theory proposes that the mother pro-
tects the developing fetus from current ecological condi-
tions and health outcomes, reflecting the fit between
offspring nutritional demand and maternal ability to pro-
vide this.*” Box 1 describes a number of general hypothe-
ses that, possibly in combination, could be relevant to how
exposures across the life course influence later outcomes.
There is a growing interest in a ‘structured” approach to
hypotheses relating life course exposures to later out-
comes,'? which may allow the identification, based on
observed data, of the most appropriate hypothesised model
from an a priori proposed set of hypotheses. Requiring the
a priori specification of plausible hypotheses prevents the
development of hypotheses from observed data and en-
courages the specification of existing knowledge regarding
the life course. The structured approach may be used to
confirm an established hypothesis, or it may be used in an
exploratory setting to identify which of a set of equally
plausible hypotheses is most supported by observed data.
We developed a structured approach for binary expos-
ures,'> based on least angle regression (LARS),'* that

demonstrated more accuracy in simulation than other
methods. Our method can consider a variety of different
hypotheses simultaneously, including simple ones and
more compound hypotheses constructed from combin-
ations of simple hypotheses, and allows for the calculation
of unbiased P-values and confidence intervals.

Structured hypotheses relating life course exposures to
later outcomes have been defined for binary measurements
of the exposure variable, but not continuous exposure vari-
ables. Furthermore, the impact of confounding, measure-
ment error in the exposure and missing data in the
exposure and outcome have not yet been explored within
the structured approach. The aim of this paper is to extend
the structured approach using LARS variable selection, to
hypotheses involving continuous exposures, and to take
into account confounding, measurement error and missing
data. The approach is illustrated using examples of the as-
sociations of gestational weight gain (GWG) with birth-
weight, and stressful family events with later depression.

Methods

The structured approach can be thought of as finding an
appropriate parametrization based on a priori causal as-
sumptions concerning the exposure measurements, out-
come and potential confounders. Thus a useful first step is
to draw a directed acyclic graph (DAG) depicting the po-
tential causal associations between exposure and outcome
over the life course.'® Due to their nonparametric nature,
DAGs are limited in their ability to depict many life course
hypotheses such as effect modification.'® The causal as-
sumptions should be used to inform the choice of a pro-
posed set of potential hypotheses for the nature of the
association between exposure and outcome over the life
course. In particular, hypotheses involving exposures
measured after the outcome should not be considered due
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Box 1. Potential life course hypotheses
Accumulation

Under the accumulation hypothesis, the outcome has a linear association with the cumulative sum of the exposure,
That is the more prolonged and/or severe the exposure, the greater the outcome. For example, a recent study exam-
ined the relationship of systolic blood pressure to future cardiovascular disease risk. The study compared short-term,
intermediate and lifetime exposure, and provided support for a cumulative model that is the longer the exposure to
high blood pressure across the life course, the greater the risk of cardiovascular disease.’

Critical period

The critical period hypothesis states that the outcome is only associated with the exposure at or during a critical period
of the life course. For instance, exposure to thalidomide during pregnancy and while breastfeeding, but not in earlier or
later periods, is associated with a risk of malformation in the offspring.

Sensitive period

A sensitive period hypothesis states that the outcome is associated with the exposure at all times during the life course,
but the association is stronger in a particular period. For example, increased average physical activity during the whole
life course may be associated with reduced risk of breast cancer, but the reduction is risk is greatest for increased phys-
ical activity during childhood and young adulthood.’

Effect modification

It may be hypothesized that the influence of an early-life factor on the outcome is modified by a later exposure or
change in exposure. For example, some studies suggest an interaction between birthweight and subsequent growth,
such that those who are born with lower birthweight but gain weight rapidly postnatally are at greater risk of coronary
heart disease compared with other groups.’

Change

A change hypothesis states that the outcome is associated with change in the exposure. For instance, the proposed
association between weight gained in the first trimester of pregnancy and offspring obesity."°

Threshold

Under a threshold hypothesis, the exposure can vary within certain limits (the thresholds) over the life course without
affecting the outcome; there is only an association with exposure above or below the threshold value. For example,
there is some evidence to suggest a threshold for cumulative exposure to lead in childhood, above which it affects cog-

nitive development.”’

to reverse causality. In the exploratory setting, this set
would include any known hypothesis with biological
plausibility or support in the literature, as the aim is to
compare these hypotheses and also assess whether they
may be working in combination. In the confirmatory set-
ting there is one particular hypothesis of interest, which
would be considered to be refuted if any competing
hypothesis was, possibly in combination with the hypoth-
esis of interest, better supported by the data. Thus in the
confirmatory setting, the set of additional hypotheses
should be large and varied enough to contain, in combin-
ation, all possible hypotheses permitted by the causal
assumptions.

Each hypothesis is encoded into one or more variables,
which are combinations of the exposure measurements.

Below we detail the encoding of the hypotheses described
in Box 1 into variables for use in the LARS procedure.

Accumulation

The accumulation hypothesis can be represented by the
area under the curve of exposure over time or, equiva-
lently, the average exposure.

Critical period

The critical period hypothesis assumes there is an associa-
tion between the exposure and outcome during one period,
and no association in other periods. If the critical period is
short, encompassing only one measurement occasion, the
hypothesis can be represented by the exposure at that
measurement occasion. A longer critical period can be
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represented by the average exposure over multiple meas-
urements during that period.

Sensitive period

A sensitive period hypothesis is encoded through the com-
bination of two variables: those that encode an accumula-
tion, and critical period hypotheses. It might also be
hypothesized that the ‘sensitiveness’ increases or decreases
gradually over the life course, in which case the sensitive
period hypotheses may be encoded by a weighted average
of the exposure over the life course, with the weight

increasing or decreasing with time.

Effect modification

An effect modification hypothesis can be encoded by the
product of two variables that encode simple hypotheses.
Thus, in terms of encoding, effect modification is equiva-
lent to statistical interaction.'” Causal assumptions should
be used to determine whether the hypothesis should be

considered as effect modification or interaction.'®

Change

For a continuous exposure, a simple but flexible change
hypothesis may be represented by the overall change in
exposure over the life course. A hypothesis in which
change during a certain period is assumed to affect the out-
come may be represented by the average rate of change
during that period.

Threshold

If it is hypothesized that exceeding the threshold affects the
outcome, the hypothesis would be encoded by a binary
variable indicating whether the threshold has been
exceeded during the life course.

Having encoded the set of potential hypotheses as a set
of variables, the problem of choosing the hypothesis most
supported by the observed data is translated into the
problem of choosing the variable explaining the greatest
proportion of variation in the outcome. As with binary
exposure variables, we propose using the LARS variable
selection procedure to identify these variables. Unlike
stepwise variable selection procedures, LARS does not
over-inflate effect size estimates during variable selec-

' nor bias hypothesis tests of those effect sizes.'’

tion,
LARS will first identify the variable with the strongest
association with the outcome, thus identifying the sim-
plest hypothesis most supported by the observed data. It
will then identify the combination of two variables with
the strongest association with the outcome, then the com-
bination of three variables with the strongest association
and so on. This enables a choice between more compli-

cated hypotheses (based on several variables) explaining

more variation in the outcome, and less complicated but
potentially more interpretable hypotheses (based on fewer
variables). We suggest using an elbow plot-a plot of the
proportion of outcome variation explained by the selected
variable(s) (the R-squared value) against number of varia-
bles selected-to choose the number of variables. The
‘elbow’-a sharp concave bend at which increasing the
number of variables does not substantially improve the fit
of the selected model-is an appropriate choice of the
number of variables. Alternatively, the covariance test for
the lasso can test the whether the next selected variable
offers an improvement in the explained proportion of the

outcome variable.!’

Confounding

The use of a DAG to specify causal assumptions can aid the
identification of potential confounders, as variables block-
ing back-door paths from exposure to outcome.”’ A typical
method of adjusting for such variables is to include them as
covariates in the regression model. This can be achieved
with existing software for LARS (see supplementary mate
rial, available as Supplementary data at IJE online). If an
elbow plot is to be used to determine the complexity of the
identified hypothesis, we suggest it be truncated to show the
improvement in R-squared achieved by adding additional
variables subsequent to the inclusion of the confounders. In
our examples we have assumed that all of the hypotheses
considered have the same potential confounders; a general-
ization to different confounders is given in Supplementary
material, available as Supplementary data at IJE online).

Missing data

Individuals with missing data on one or more exposure
measurements would not be included in a complete cases
analysis, leading to loss of power and potential bias. We
propose two existing techniques that may be combined
with the LARS approach to overcome these problems.
The first is imputation using chained equations.”’ To
avoid biasing the variable selection step, all combinations
of exposure measurements used in variable selection, plus
the outcome and any confounders, should be used in the
imputation step. A multiple imputation approach may be
used to obtain effect size estimates after the identification
of a suitable hypothesis. However, it is recommended that
variable selection be performed separately on all imputed
datasets to check that the variable selection procedure is
unaffected by the imputation procedure. In the special
case where an exposure is measured repeatedly over the
life course, multilevel models could be used to overcome
the problems caused by irregularly sampled measures, or
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missing measures, by estimating the exposure at
common time points for all participants.”* This has the
further benefit of reducing measurement error in the
exposure. Both methods are demonstrated in the follow-
ing examples.

Example 1: Gestational weight gain
and birthweight

The ‘developmental overnutrition hypothesis’ suggests that
greater maternal adiposity, and associated greater maternal
circulating glucose and other nutrients, overfeed the devel-
oping fetus resulting in greater birthweight and adiposity
throughout life.>**** Under this hypothesis we might antici-
pate maternal early-/pre-pregnancy weight (reflecting her
level of adiposity) and weight gain up to 20 weeks (when
maternal fat deposition contributes more to weight gain
than other constituents including fetal weight, placenta
and amniotic fluid) to be related to birthweight.
Alternative explanations for a relationship between GWG
and offspring birthweight are: genetic variants associated
with greater adiposity influence mother’s and offspring
adiposity; or mother’s weight reflects her pelvic size and
hence capacity to allow greater fetal growth. For both of
these we might anticipate that only pre-pregnancy weight
will be associated with birthweight. However, since GWG
includes birthweight (the final attained weight of the fetus),
later GWG where the fetus contributes more may also be
important. Indeed, one might anticipate pre-pregnancy
weight to interact positively with GWG, since the develop-
ing fetus of women with greater adiposity will gain more
weight throughout pregnancy (under the developmental
overnutrition hypothesis) and fetal weight gain will
directly contribute to their greater birthweight. The
Institute of Medicine (IOM) publishes recommended upper
and lower thresholds for GWG according to pre-pregnancy
body mass index (BMI), with the aim of reducing the
implications of GWG including child obesity.>® Thus it
could be hypothesized that moderate amounts of GWG
will not have an effect on birthweight, but GWG in excess
of these thresholds will.

The set of potential hypotheses for an association
between maternal weight before and during pregnancy,
and offspring birthweight, are therefore: (i) pre-pregnancy
critical period; (ii) pre-pregnancy critical period added to
change (GWG up to 20 weeks); (iii) change (GWG from
20 to 40 weeks); (iv) effect modification between pre-
pregnancy weight and total GWG; and (v) IOM threshold.
Figure 1 shows a DAG depicting the potential causal rela-
tionships between the exposure and outcome measure-
ments referred to in hypotheses (i)-(v), and also maternal
height, which is a potential confounder.

Maternal weight at
0 weeks gestation

}

Maternal weight at Offspring
20 weeks gestation birthweight

}

Maternal weight at
40 weeks gestation

Maternal height

Figure 1. Potential DAG showing causal relationships in the association
between maternal weight during pregnancy and offspring birthweight.

Materials, methods and preparation

The Avon Longitudinal Study of Parents and Children
(ALSPAC) is a prospective population-based birth cohort
study that recruited 14 541 pregnant women resident in
Avon, UK, with expected dates of delivery 1 April 1991 to
31 December 1992.2%2” The study website contains details
of all the data available through a fully searchable data dic-
tionary [http://www.bris.ac.uk/alspac/researchers/data-
access/data-dictionary]. Ethical approval for the study was
obtained from the ALSPAC Ethics and Law Committee
and the Local Research Ethics Committees.

Details of how GWG measurements were obtained
are given in supplementary material (available as
Supplementary data at IJE online). Briefly, we used a mul-
tilevel model to obtain estimated maternal weight at 0 (i.e.
pre-pregnancy), 20 and 40 weeks of gestation in 11 499
mother-offspring pairs.”® Such estimates overcame the
issues of irregular sampling and missing data in the expo-
sure measurements. Denoting the estimated weight of the
ith mother at  weeks gestation by x,;, we encoded hypothe-
ses (i)-(v) as follows. The critical period hypothesis (i) is
encoded by the variable C, where C; = x;. Change from 0
to 20 weeks and from 20 to 40 weeks are encoded by A,
and A, respectively, where A; = x20; — xo; and Ay; = x40; —
x50;- Total GWG is encoded by A3, where Az; = x40; — x0;.
Hypothesis (ii) is encoded by C and A; in combination,
and hypothesis (iii) is encoded by A,. The element-wise
product CAj; encodes the interaction between pre-
pregnancy weight and total GWG. Combination of this
variable with C and Aj identifies an effect modification
hypothesis (iv). LARS can suffer from low power if some
variables are highly correlated,'® therefore we centred C
and Aj; to reduce their correlation with their product. If U;
and L; denote the IOM upper and lower thresholds rele-
vant to the ith mother, then the threshold hypothesis (v)
can be encoded by the binary variables Ty and T,, where
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Table 1. Association between maternal weight in pregnancy and birthweight in 11 499 mother-offspring pairs. Adjusted for

maternal height. P-values come from the covariance test for the lasso

Mean (SD) Change in birthweight (g) per kg P
increase (95 % confidence interval)
Pre-pregnancy weight (kg) 60.7 (12.6) 10 (10, 11) 0.0001
Weight gain between 0 and 20 weeks of gestation (kg) 6.6 (3.3) 30 (26, 33) 0.0001
Weight gain between 20 and 40 weeks of gestation (kg) 9.9 (3.5) 10(7,13) <0.0001

Ti; = 1(As; > U;) and Ty; = 1(A3; < L;). We adjusted for
potential confounding by maternal height using the
method discussed above. Height may have a non-linear
(power) relationship with weight,?”*° so we used LARS to
identify a linear representation of height as the most appro-
priate power to include.

Results

Figure 2 shows the elbow plot of additional proportion of
outcome variation explained by the selected model, after
adjusting for maternal height, against number of additional
variables in the selected model. The clearest elbow is at
three additional variables, which are pre-pregnancy
weight, total GWG and GWG between 0 and 20 weeks (R-
squared value 12%). Since the combination of two GWG
variables allows for two different coefficients for the two
different periods 0 to 20 weeks and 20 to 40 weeks, the
selected variables combine to encode hypotheses (ii) and
(iii) working in combination. GWG between 0 and 20
weeks has a larger effect per kg than GWG between 20
and 40 weeks (Table 1), so 0 to 20 weeks may be thought
of as the more sensitive period.

Example 2: Stressful family events and
depression

It has been suggested that exposure to multiple stressors has a
greater adverse effect on mental health than exposure to single
stressors,”! and therefore it is likely that mental health out-
comes such as depression will increase in severity with
increased number of stressful family events. Alternatively,
there is growing evidence that exposure to adversities in early
childhood are more strongly associated with subsequent men-
tal health problems than exposure to these events in later
childhood and adolescence, as specific regions of the develop-
ing brain during early childhood might be vulnerable to
adverse exposures that could increase risk for depression.**
Family stability in the first 5 years of life may play a role in
subsequent development of depression.’® Another potential
mechanism is the ‘recency hypothesis’,** in which adverse
exposures have time-limited depressogenic effects, meaning

proximal exposures are predicted to have stronger associations
with depression compared with distal exposures. Therefore a
set of potential hypotheses for an association between stressful
family events in childhood, and depressive symptoms in ado-
lescence, are: (i) accumulation; (ii) critical period from 0-5
years; (iii) sensitive period from 0-5 years; and (iv) recency.

Details of how data on stressful family events (as a dis-
crete exposure variable) and depressive symptoms (a con-
tinuous outcome) were obtained, in 3240 female ALSPAC
study children, are given in Supplementary material, avail-
able as Supplementary data at IJE online), as are details of
how we encoded the hypotheses (i)-(iv) and a DAG show-
ing potential causal relationships between the exposure
measurements and outcome. We imputed missing data in
the exposure using chained equations.

Results

Figure 3 shows the elbow plot for depression and stressful
family events. The R-squared value for all models is less
than 1%, indicating that very little of the depression score
at age 14 can be attributed to stressful family events over
the preceding life course. However, there is strong evi-
dence, from the clear elbow (at one variable) on the plot
and P-value given from the covariance test (P < 0.0001),
that the recency hypothesis (iv) explained as much as possi-
ble of the variation in the outcome.

To test whether the observed result may have been
affected by the imputation procedure, we generated a fur-
ther 19 imputed datasets. In all 20 datasets, the LARS pro-
cedure selected hypothesis (iv) as the best explanation for
the observed data. The results from such a model are shown
in Table 2, and were obtained by averaging over all 20
imputed datasets. A single stressful family event was always
associated with an increase in the depression score; how-
ever, this association increased by 0.014 [95% confidence
interval (CI): 0.007, 0.022] for each additional year of age.

Discussion

We have demonstrated how structured hypotheses may be
defined for the life course association between continuous
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Figure 2. Plot of the improvement in coefficient of variation, after adjust-
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for hypothesized association between maternal weight during preg-
nancy and offspring birthweight in 11 499 mother-offspring pairs.
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Figure 3. Plot of coefficient of variation against number of variables
selected at each stage of LARS procedure, for hypothesized association
between stressful family events (between 6 and 103 months of age) and
depressive symptoms (at 14 years of age) in 3240 females.

exposure variables and a later life outcome, by extending
the structured approach using LARS for variable selection
beyond the current limitation to binary exposures.
Additionally, we have discussed methods for handling

Table 2. Proximal model identified by LARS for association
between stressful family events between 6 months and 103
months of age and depression score at age 14 years, in 3240
females

Ageinyearsat  Change in depression score per ~ P-value from

event(s) event (95% confidence interval)  covariance test
2 0.029 (0.014, 0.045)

4 0.059 (0.028, 0.089)

6 0.088 (0.042, 0.134)

8 0.117 (0.056, 0.178) <0.0001

confounding, measurement error and missing data, which
previously had not been considered within the structured
approach. In our GWG example, we showed a suitable
adjustment for confounding within the LARS structured
approach, by ensuring that LARS selected pre-pregnancy
height in all models. We also combined LARS with a multi-
level model in order to overcome the issues of missing data
and measurement error among the exposure measure-
ments. Finally, in our stressful family events example, we
showed how the alternative method for handling missing
data, imputation using chained equations, may be used in
conjunction with the LARS structured approach and was
robust to random changes between imputed datasets.

Other statistical methods applicable to the structured
approach exist, such as comparing hypothesized models
against a saturated model using an F-test.'> This cannot be
extended to continuous exposures, as the required satu-
rated model would have as many parameters as study
participants. Another method combined the Akaike
Information Criterion (AIC) with an F-test.”> The AIC
could be used alone for structured hypotheses involving
continuous exposures. However, this method lacks statisti-
cal power when compared with LARS.!® Other variable
selection procedures, such as stepwise regression, the
grouped lasso or the elastic net, could be applied in place
of LARS. However, stepwise regression would introduce
biases that LARS is known to overcome,'” and we have
previously discussed how the grouped lasso and elastic net
methods would result in the identification of needlessly
complicated hypotheses.'?

As with other methods for the structured approach,
strong correlation between the exposure measurements
may decrease statistical power."? Indeed, if we did not
centre terms in our first example, the strong correlation
with the interaction variable would result in identifying an
effect modification hypothesis instead of the additive one
reported in Table 1. In all methods for the structured
approach, it is unclear how much the selection of hypothe-
ses is affected by measurement error in the exposure. We
have assumed that the exposure is always measured with
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the same level of precision, as variable selection may be
affected by the variance of the exposures. Although not
shown here, LARS can also be used to test different
hypothesized life course associations in different exposure
variables. These too would have to be assumed to have the
same level of measurement error. In supplementary mate
rial, available as Supplementary data at IJE online). we
give details of a method for adjusting for confounders
when different hypothesized life course associations have
different potential confounders. However, this method
does not allow for the potential combination of more than
one hypothesized association with different potential con-
founders, as may be encountered if effect modification is
considered.®”

In our first example, pre-pregnancy weight and GWG
were positively associated with birthweight. Thus the
observed data provide some support for the developmental
overnutrition hypothesis, as women with greater pre-
pregnancy weight might on average have greater fat mass,
which across pregnancy results in overnutrition of their
infant. We note that GWG combines a number of pheno-
types (maternal fat deposition, maternal volume expan-
sion, fetal growth, placenta, amniotic fluid) and our
findings might differ with better exposure measurements.
For example, having ultrasound scan measures of maternal
and fat deposition during pregnancy might better define
the influence of maternal adiposity on offspring adiposity.

The results of our second example supported the
recency hypothesis®* in which proximal, rather than distal,
exposure to stressful life events was more strongly associ-
ated with depression. This does not mean that distal expo-
sures do not influence susceptibility to depression.
According to the hopelessness theory of depression, distal
contributors (e.g. attributional style) influence causal attri-
butions related to proximal life events.*® Distal contribu-
tors, therefore, could make individuals vulnerable to
experiencing depression when faced with proximal stress-
ful life events. Our analysis assumed a linear association
between stressful life events and depression, which would
need to be investigated further, as would the definition of a
stressful life event and whether some could be more influ-
ential than others. We did not investigate nonlinear rela-
tionships in either of the examples above, preferring to
treat nonlinear associations as special cases of hypotheses
that could, if desired, be investigated by encoding addi-
tional variables, for instance powers or fractional
polynomials.

The structured approach will fail to identify the under-
lying association if it is not included in the set of hypothe-
ses proposed a priori. One of the advantages of the LARS
approach is that variables from different hypotheses can
combine to form new hypotheses not originally proposed.

Thus the correct underlying association may be identified
in spite of not being included a priori. This is likely to
occur when the set of potential hypotheses is general
enough to include, in combination, all possible associa-
tions permitted by the causal assumptions. The structured
approach may be used to assess the extent to which
hypotheses concerning the association between continuous
exposure measurements and an outcome are supported by
observed data.
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Supplementary data are available at IJE online.

Funding

This work was supported by the Medical Research Council [grant
number G1000726]. A.S., C.M-W., D.L. and K.T. work in a unit
that receives funding from the Medical Research Council
[MC_UU_12013/5 and MC_UU_12013/9]. D.L. receives support
from a National Institute for Health Research Senior Investigator
awards [NF-SI-0611-10196]. C.M-W. is funded by a Medical
Research Council research fellowship [MR/]J011932/1]. R.H. is sup-
ported by the Medical Research Council [MC_UU_12019/2]. The
UK Medical Research Council and the Wellcome Trust [102215/2/
13/2] and the University of Bristol provide core support for
ALSPAC. Aspects of this research were funded by the Economic and
Social Research Council [RES-000-22-2509]. This publication is the
work of the authors, and A.S. and K.T. will serve as guarantors for
the contents of this paper.

Acknowledgements

We are extremely grateful to all the families who took part in this
study, the midwives for their help in recruiting them, and the whole
ALSPAC team, which includes interviewers, computer and laboratory
technicians, clerical workers, research scientists, volunteers, managers,
receptionists and nurses. We thank Professor Frank Windmeijer of the
MRC Integrative Epidemiology Unit at the University of Bristol for
suggestions regarding adjusting for potential confounders.

Conflict of interest: None.

References

1. Barker DJ, Osmond C, Forsén TJ, Kajantie E, Eriksson JG.
Trajectories of growth among children who have coronary
events as adults. N Engl ] Med 2005;353:1802-09.

2. Ben-Shlomo Y, Kuh D. A life course approach to chronic disease
epidemiology: conceptual models, empirical challenges and
interdisciplinary perspectives. Int | Epidemiol 2002;31:285-93.

3. De Stavola BL, Nitsch D, dos Santos Silva I et al. Statistical issues
in life course epidemiology. Am | Epidemiol 2006;163:84-96.

4. Bateson P, Barker D, Clutton-Brock T ez al. Developmental plas-
ticity and human health. Nature 2004;430:419-21.

5. Bateson P, Gluckman P. Plasticity, Robustness, Development and
Evolution. Cambridge, UK: Cambridge University Press, 2011.

9T0Z ‘9z AInr uo 1s9nb Aq /Bio'sfeunolpioxoali//:dny woly pspeojumoq


http://ije.oxfordjournals.org/lookup/suppl/doi:10.1093/ije/dyw164/-/DC1
http://ije.oxfordjournals.org/lookup/suppl/doi:10.1093/ije/dyw164/-/DC1
http://ije.oxfordjournals.org/lookup/suppl/doi:10.1093/ije/dyw164/-/DC1
http://ije.oxfordjournals.org/lookup/suppl/doi:10.1093/ije/dyw164/-/DC1
http://ije.oxfordjournals.org/

International Journal of Epidemiology, 2016, Vol. 0, No. 0

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Wells JC. Maternal capital and the metabolic ghetto: An evolu-
tionary perspective on the transgenerational basis of health
inequalities. Am ] Hum Biol 2010;22:1-17

Wells JC. A critical appraisal of the predictive adaptive response
hypothesis. Int ] Epidemiol 2012;41:229-35.

Ference BA, Julius S, Mahajan N, Levy PD, Williams KA, Flack
JM. Clinical effect of naturally random allocation to lower sys-
tolic blood pressure beginning before the development of blood
pressure. Hypertension 2014;63:1182-88.

Okasha M, McCarron P, Gunnell D, Davey Smith G. Exposures
in childhood, adolescence and early adulthood and breast cancer
risk: a systematic review of the literature. Breast Cancer Res
Treat 2003;78:223-76.

Karachaliou M, Georgiou V, Roumeliotaki T et al. Association
of trimester-specific gestational weight gain with fetal growth,
offspring obesity and cardiometabolic traits in early childhood.
Am ] Obstet Gynecol 2015;212:502.e1-14.

Landrigan PJ. Pediatric lead poisoning: is there a threshold?
Public Health Rep 2000;115:530-31.

Mishra G, Nitsch D, Black S, De Stavola B, Kuh D, Hardy R. A
structured approach to modelling the effects of binary exposure
variables over the life course. Int | Epidemiol 2009;38:528-37.
Smith ADAC, Heron J, Mishra G, Gilthorpe MS, Ben-Shlomo Y,
Tilling K. Model selection of the effect of binary exposures over
the life course. Epidemiology 2015;26:719-26.

Efron B, Hastie T, Johnstone I, Tibshirani R. Least angle regres-
sion. Ann Stat 2004;32:407-99.

VanderWeele TJ, Robins, JM. Signed directed acyclic graphs for
causal inference. | R Stat Soc Ser B2010;72:111-27.

Weinberg CR. Can DAGs clarify effect modification?
Epidemiology 2007;18:569-72.

Lawlor DA. Biological interaction — time to drop the term?
Epidemiology 2011;21:148-50.

VanderWeele TJ. On the distinction between interaction and ef-
fect modification. Epidemiology 2009;20:863-71.

Lockhart R, Taylor J, Tibshirani R, Tibshirani R. A significance
test for the lasso. Ann Stat 2014;42:413-68.

Pearl ], Paz A. Confounding equivalence in causal inference.
J Causal Infer 2014;2:75-93.

Azur MJ, Stuart EA, Frangakis C, Leaf PJ. Multiple imputation
by chained equations: what is it and how does it work? Inz
J Methods Psychiatr Res 2011;20:40—-49.

Steele F. Multilevel models for longitudinal data. | R Stat Soc Ser
A2008;171:5-19.

Lawlor DA, Relton C, Sattar N, Nelson SM. Maternal adipos-
ity—a determinant of perinatal and offspring outcomes. Nat Rev
Endocrinol 2012;8:679-88.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Lawlor DA. The Society for Social Medicine John Pemberton
Lecture 2011: Developmental overnutrition — an old hypothesis
with new importance? Int | Epidemiol 2013;42:7-29.

Institute of Medicine and National Research Council. Weight
Gain  During Pregnancy: Reexamining the Guidelines.
Washington, DC: National Academies Press, 2009.

Fraser A, Macdonald-Wallis C, Tilling K et al. The Avon
Longitudinal Study of Parents and Children: ALSPAC mothers
cohort. Int | Epidemiol 2013;42:97-110.

Boyd A, Golding J, Macleod ] et al. The ‘Children of the 90s’-
the index offspring of the Avon Longitudinal Study of Parents
and Children. Int | Epidemiol 2013;42:111-27.

Fraser A, Tilling K, Macdonald-Wallis C et al. Association of
maternal weight gain in pregnancy with offspring obesity and
metabolic and vascular traits in childhood. Circulation
2010;121:2557-64.

Heo M, Kabat GC, Gallagher D, Heymsfield SB, Rohan TE.
Optimal scaling of weight and waist circumference to height
for maximal association with DXA-measured total body fat
mass by sex, age and race/ethnicity. Int | Obes (Lond)
2013;37:1154-60.

Stergiakouli E, Gaillard E, Tavaré JM et al. Genome-wide
association study of height-adjusted BMI in childhood identifies
functional variant in  ADCY3. Obesity (Silver Spring)
2014;22:2252-59.

Evans G, Kim P. Childhood poverty, chronic stress, self-
regulation, and coping. Child Dev Perspect 2013;7:43-38.
Andersen SL, Teicher MH. Stress, sensitive periods and matur-
ational events in adolescent depression. Trends Neurosci
2008;31:183-91.

Agid O, Kohn Y, Lerer B. Environmental stress and psychiatric
illness. Biomed Pharmacother 2000;54:135-41.

Shanahan L, Copeland WE, Costello EJ, Angold A. Child-, ado-
lescent- and young adult-onset depressions: differential risk fac-
tors in development? Psychol Med 2011;41:2265-74.

Mishra GD, Chiesa F, Goodman A, De Stavola B, Koupil I.
Socio-economic position over the life course and all-cause and
circulatory diseases mortality at age 50-87 years: results from a
Swedish birth cohort. Eur | Epidemiol 2013;28:139-47.
Abramson LY, Metalsky GI. Hopelessness depression: a theory-
based subtype of depression. Psychol Rev 1989;96:358-72.

Sun X, Briel M, Walter SD, Guyatt GH. Is a subgroup effect be-
lievable? Updating criteria to evaluate the credibility of subgroup
analyses. BMJ 2010;340:c117.

9T0Z ‘9z AInr uo 1s9nb Aq /Bio'sfeunolpioxoali//:dny woly pspeojumoq


http://ije.oxfordjournals.org/

