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Abstract
The fetal origin hypothesis emphasizes the life-long health impacts of prenatal conditions. Birth
weight, birth length, and gestational age are indicators of the fetal environment. However, these
variables often have missing data and are subject to random and systematic errors caused by
delays in measurement, differences in measurement instruments, and human error. With data from
the Cebu (Philippines) Longitudinal Health and Nutrition Survey, we use structural equation
models (SEMs), to explore random and systematic errors in these birth outcome measures, to
analyze how maternal characteristics relate to birth outcomes, and to take account of missing data.
We assess whether birth weight, birth length, and gestational age are influenced by a single latent
variable that we call Favorable Fetal Growth Conditions (FFGC) and if so, which variable is most
closely related to FFGC. We find that a model with FFGC as a latent variable fits as well as a less
parsimonious model that has birth weight, birth length, and gestational age as distinct individual
variables. We also demonstrate that birth weight is more reliably measured than is gestational age.
FFGC were significantly influenced by taller maternal stature, better nutritional stores indexed by
maternal arm fat and muscle area during pregnancy, higher birth order, avoidance of smoking and
maternal age 20-35 years. Effects of maternal characteristics on newborn weight, length and
gestational age were largely indirect, operating through FFCG.
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The fetal origins hypothesis [1] has generated tremendous interest across several disciplines
[2–4]. Fetal growth reflects a composite of environmental and genetic conditions that can
“program” the fetus in ways that might prove harmful (or helpful) throughout life. Favorable
fetal growth conditions (FFGC) together are a latent variable, not subject to direct
measurement. Instead birth outcomes such as birth weight, gestational age, and birth length
are taken as indicators of FFGC [5]. For instance, an early systematic review identified 80
papers examining the association of birth weight with adult blood pressure [6, 7], with most
finding an inverse association interpreted to indicate long term risk of small size at birth.
Similarly, Whincup et al. [8] reviewed studies in 31 populations relating birth weight to
adult diabetes risk. While the association was inverse in 23 (9 statistically significant), it was
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positive in 8 (2 statistically significant), suggesting heterogeneity in the long term
consequences of differences in birth weight.

The strategy of using measured birth weight or other proxy variables for FFGC has several
drawbacks. First, to the degree that birth weight is just a proxy for FFGC, birth weight might
not be sufficiently correlated with FFGC to provide an accurate assessment. In addition,
when it comes to studying birth weight, gestational age, and other birth outcomes, there are
many practical problems encountered in collecting data. Inaccurate scales, poor
measurement techniques, and differences in the timing of measurements in different delivery
settings are sources of error in birth weight, gestational age, and birth length. Missing data
are another issue. These problems are particularly acute in developing countries where many
births occur outside of clinical settings and measurements may not be taken on the day of
birth. Even under near ideal conditions we expect errors in our usual measures. This raises
concern about using any of these variables as perfect measures of their intended concept
(e.g., birth weight), but casts even more doubt about their appropriateness as measures of
FFGC. The typical response to these issues is to mention them as limitations, but to either
ignore them or to use ad hoc solutions that lead to inaccurate results. For instance, listwise
or pairwise deletion might be turned to for missing data; multiple measures of the same trait
are sometimes combined; and the measurement error often is left untreated. These can result
in biased estimates and conclusions. Our paper will show that there is another way to handle
these practical constraints.

Our study is both methodological and substantive. It does not provide new methodology, but
instead illustrates the use of Structural Equation Models (SEMs) to incorporate random and
systematic measurement error in our indicators of birth weight and gestational age. Also, it
demonstrates a maximum likelihood method to take account of data that are missing at
random (MAR) and illustrates a comparison of models, one in which a latent variable
mediates most of the effects of one set of variables on another and a second without the
latent variable.1 Our illustration of the process of model selection can also be applied more
broadly in similar situations with the hypothesized presence of a mediating variable. In other
words, we use existing SEM methods to address important questions about fetal conditions,
birth weight, gestational age, and birth length. It is substantive in that it estimates the degree
of measurement error in birth weight and gestational age measures; it tests the plausibility of
postulating a FFGC latent variable that is largely responsible for the associations between
birth weight (BW), birth length (BL), and gestational age (GA); it estimates the impact of
maternal characteristics on fetal outcomes; it reveals the degree to which delays in
measurement and differences in weighing scales impact measures; and it provides evidence
on the strength of association between FFGC and BW, BL, and GA net of measurement
error.

Nearly all of the papers on SEMs published in Statistics in Medicine have been
methodological in nature [e.g., 11–14] though occasionally a substantive paper using SEMs
has appeared [e.g., 15]. Our illustration of SEMs uses data from metropolitan Cebu in the
Philippines. A direct maximum likelihood (DML) estimator for our models with missing
data permits us to make use of all available data without needing to impute data or analyze
multiple imputed data sets [16]. A similar SEM approach could be applied to other studies
of pregnancy and birth or more generally to other health issues where random and
systematic measurement errors threaten the analysis of health data.

1[9] is the only other study of which we are aware that uses latent variable SEM to look at the fetal environment. However, they do
not examine either birth length or gestational age as indicators of the fetal environment, do not compare models with and without a
latent fetal environment variable, and look only at height and arm fat maternal characteristics as causes of fetal environment. SEM
methods have been used in the life course epidemiological literature (e.g., [10]).
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Data and Variables
Data come from the Cebu Longitudinal Health and Nutrition Survey (CLHNS) conducted in
selected areas of Metropolitan Cebu, Philippines, described more fully elsewhere [17]. This
community-based observational study included all pregnant women in 33 randomly selected
municipalities who gave birth between May 1983 and April 1984.2 Data were collected in
months 6-7 of pregnancy, immediately after birth, then bimonthly for 24 months, with later
follow-up surveys extending to 2009. We restrict our analysis to 3,080 singleton live births
but exclude 21 cases.3 Of these excluded cases, 16 are omitted as a result of having Ballard
assessments conducted more than 10 days after birth4 while the other 5 cases were excluded
after being identified as multivariate outliers using a Mahalanobis distance measure.

Mother's Traits
Highly trained staff measured height, weight, mid-upper arm circumference, and triceps
skinfold thickness of the mother. We represent maternal nutritional status during pregnancy
with arm fat (AFA) and arm muscle area (AMA), calculated from mid-arm circumference
and triceps skinfold thickness in cm2.

Smoking data reflect the mother's report of number and type of cigarettes smoked per day.
Given the relatively low frequency and amount of smoking, we categorized women as
smokers or non-smokers (SMOKERS). Owing to the known non-linear association of
maternal age with birth outcomes, we categorized women as <20 (YOUNGER), 20-35
(referent category), or >35 years of age (OLDER). Parity was categorized to represent first
pregnancy (FIRSTPRG) or not.

Birth Measures
The CLHNS has two measures of gestational age. The first relies on Last Menstrual Period
(LMP) date and delivery date (LMPGA). If the mother recalled the month but not the day of
her LMP, the 15th of the month was assigned. If LMP was unknown, infant birth weight was
< 2500 g, the mother reported bleeding during her pregnancy, she had no menstrual period
since a prior birth, and/or she had diabetes or other complications during her pregnancy,
then trained nurses conducted a Ballard clinical assessment of the newborn [18]. Six
developmentally staged neuromuscular and six physical infant characteristics were scored
by nurses and converted to a gestational age (BALGA) based on the Ballard standard, which
gives whole number values in 2-week intervals. We interpolated measures to exact weeks.
Assessments were conducted within the first ten days after birth, however, the validity of
Ballard assessments after 7 days is not established [19]. To reduce skewness and kurtosis,
we used the natural logs of BALGA and LMPGA in the analysis. WHENBAL is the infant's
age when the Ballard assessment was done and is coded as missing when not done. LMPGA
is subject to recall error, and measurement error in BALGA relates to interobserver
reliability, timing of assessment and the aforementioned lack of precision.

We also have two measures of newborn weight. The first (BW1) was measured in grams by
the birth attendant. Infants born at home (62%) were weighed by birth attendants who were
provided with and trained in the use of 10kg CMS dial faced hanging scales. The rest were
weighed on hospital or clinic scales at their place of birth. Because different weighing scale
types and quality might lead to weight measurement differences, we include a dummy

2In separate analyses we adjusted standard errors and significance tests for these clusters using the CLUSTER option in Mplus. There
was little difference in the results with or without these adjustments and to reduce space we only report the unadjusted estimates.
3A Stata data set containing all of the variables and cases used in the analysis as well as the Mplus input files can be found on the
Cebu project website, http://www.cpc.unc.edu/projects/cebu.
4More discussion on the impetus for this decision can be found in the following section Birth Measures.
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variable to distinguish whether the project scale was used or not (NOTPROJ). We also
include a variable, NOTONE, indicating whether or not BW1 was measured on the day of
birth. Weight was subsequently measured by trained study staff (BW2) using project scales
as soon as they were notified of a birth. In the analyses, BW1 and BW2 are scaled by
dividing by 100. Since timing of BW2 measurement varied, and early postpartum weight
changes are non-linear, we accounted for this with the natural log transformation of infant
age (WHENBW2) and the inclusion of its quadratic (WHENBW2SQ).

Length, in cm, was measured by teams of trained study staff using custom length boards.
Although we only had one measure of birth length in the data (HTCM), we treated it as a
latent variable with the measured value as its only manifest indicator. To acknowledge the
possibility of measurement error in this measurement we set its error variance to a fixed
value resulting in a reliability of approximately 0.8.5 In our sensitivity analysis section we
use higher and lower reliability figures to assess the sensitivity of our results to our
implementation of these values. Length was measured at the same time as BW2, so
WHENBW2 refers to the child's age, in days, and when birth length was measured. GIRL is
a dummy variable that distinguished girl from boy babies.

Table 1 gives basic descriptive statistics for all measured variables that are part of the
analysis.

Models
One of our primary interests is whether BW, BL, and GA are distinct factors with distinct
causes or if it is plausible to view them as having a common dependence on a latent FFGC
variable. The latter suggests that there is a collection of genetic and environmental factors
that coalesce into a variable that simultaneously influences what happens to BW, BL, and
GA. A model without FFGC represents the view that there is no mediating, common latent
variable for BW, BL, and GA and that each variable has a separate and distinct set of
relationships to the mother's traits. We represent these ideas in two models that we will
compare.

Model 1: Unmediated Effects
In our first model mother's traits have direct effects on GA, BW, and BL (Figure 1).

The ovals in the diagram signify that GA, BW, and BL are latent variables. We treat them as
latent variables since their measures (BALGA, LMPGA, BW1, BW2, and HTCM) contain
measurement error and we need to distinguish the latent variable that is free from error from
the measures that contain errors. Observed variables are shown in boxes. In addition to the
measures of GA, BW, and BL, the other observed variables are exogenous (GIRL, AMA,
AFA, MOHT, SMOKERS, FIRSTPRG, YOUNGER, OLDER, WHENBAL,
WHENBW2SQ, WHENBW2, NOTONE, and NOTPROJ), which were defined in the Data
and Variables section. All these exogenous variables are allowed to correlate as represented
by the line that connects them with the short arrows pointing toward each variable. The only
exception is GIRL for which there is no reason to expect the baby's sex to correlate with
these other exogenous variables. All exogenous variables are uncorrelated with all the errors
or disturbances.

Single-headed arrows represent the impact of the variable at the base of the arrow on the
variable at the head of the arrow. Endogenous variables are ones that are influenced by at

5The initial decision to use 0.8 for HTCM's reliability originated from our analysis in preliminary models of the reliabilities of BW1
and BW2.
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least one other variable in the model. In Figure 1 the latent endogenous variables are BW,
BL, and GA. The observed endogenous variables are: BW1, BW2, HTCM, LMPGA, and
BALGA. Each endogenous variable has an error which is represented by a short arrow that
points toward it. The errors or disturbances contain all of the other influences on the
measure or latent variables not included in the model.

GA influences its two measures LMPGA and BALGA. The “1” on the paths from GA to
LMPGA and BALGA indicates that for a one week difference in the latent GA variable we
expect one week difference in the LMPGA and BALGA measures. The intercepts of the
equations for LMPGA and BALGA are set to zero. This represents a classical measurement
error model. We tested and found support for the constraints of having both paths set to 1
and the intercepts to 0. WHENBAL has a direct effect on the BALGA to control for
development that might have occurred when the Ballard measurement was not done
immediately after birth.

BW affects BW1 and BW2 and we set each path to 1, though we do allow the intercept for
BW2 to differ from zero. To control for a non-linear effect of the timing of measurement,
the model permits WHENBW2 and WHENBW2SQ to influence BW2 and HTCM, which
were measured at the same time. NOTPROJ is allowed to influence BW1 to account for
possible systematic error in the type of scale, but is also a proxy for place of delivery, since
project scales were not used in hospitals or clinics.

This model shows GIRL and each mother's trait with direct effects on BW, BL, and GA. In
addition, we allow the disturbances or errors in these latter variables to correlate with each
other, which signify that conditional on GIRL and the mother's traits there remains some
association among these latent variables.

Model 2: FFGC as a Mediator
Our second model allows a FFGC latent variable to mediate most of the effects of the
mother's traits on BW, BL, and GA (Figure 2).

The measurement model for the determinants of the measures – BW1, BW2, HTCM,
LMPGA, and BALGA – is the same in Figures 1 and 2. The primary difference lies in the
relationship between the mother's traits and the latent BW, BL, and GA variables. In Model
2 we hypothesize a single latent variable, FFGC, that coalesces environmental and genetic
factors that create favorable or unfavorable conditions for fetal growth and that this FFGC
simultaneous affects BW, BL, and GA. According to this structure, if FFGC improves we
expect that BW, BL, and GA each will improve; if FFGC declines we expect each to
diminish. The two exceptions to this pattern are that GIRL does not have a direct effect on
FFGC, though it is permitted to directly affect BW, BL, and GA and MOHT is allowed to
directly affect BL given the likely close links between a mother's height and the length of
the baby.

Model 2 is more parsimonious than Model 1 in that it suggests that a FFGC latent variable
replaces the need for numerous direct effects between the mother's traits and the BW, BL,
and GA of the baby. It suggests that factors that influence FFGC have implications for all
three variables. In Model 1 we allowed a correlation among the errors of BW, BL, and GA
even after controlling for their common dependence on the mother's traits. Model 2 suggests
that these correlations are due to a common dependence on FFGC so that when the latter
variable is controlled, there is no necessity for these correlated errors.

In both models, the error variables are assumed to be uncorrelated with all exogenous
variables. In addition, we assume that all measurement errors for the indicators of BW, BL,
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and GA are uncorrelated with each other. All exogenous variables (except GIRL) are
allowed to correlate with each other. An absence of a single-headed arrow between two
endogenous variables or from an exogenous to endogenous variable represents the “strong”
causal assumption of no direct effect between the variables [20]. The plausibility of these
assumptions is assessed when we test the fit of the models to the data and compare their fit
to each other. In addition, in a subsection on Sensitivity Analysis we consider a range of
additional variables to determine possibly omitted variables and their impact on our results.

Results
We estimate models using a distributionally robust maximum likelihood estimator (MLR)
that takes account of possible nonnormality in the distribution of the errors in the model.
“The MLR standard errors are computed using a sandwich estimator. The MLR chi-square
test statistic is asymptotically equivalent to the Yuan-Bentler T2* test statistic” [21].

The MLR estimator also permits us to test whether the model is consistent with the data in
that it explains the association among the variables as well as a saturated model. A higher p-
value for the likelihood ratio chi square test adjusted for nonnormality is evidence in favor
of the hypothesized model. Given the large sample size and the resulting statistical power, a
statistically significant chi square is common. Supplemental fit statistics used to assess
overall model fit are the [1-RMSEA] [22, 23], IFI [24], and BIC [25, 26]. The closer that [1-
RMSEA] and IFI are to 1 and the larger is the negative value of BIC, the better is the model
fit.

As the descriptive statistics in Table 1 indicate, there is substantial missing data for a few of
the variables in our analysis. Listwise or pairwise deletion of cases could bias our estimator
unless data are Missing Completely at Random (MCAR) [27]. Missing at Random (MAR) is
a less restrictive assumption than MCAR. We use a Direct Maximum Likelihood (DML)
estimator for missing data that is asymptotic unbiased and consistent when data are MAR.
Given the observed variables in our model and the relative completeness for key ones like
BW2, we use this DML estimator assuming MAR. In addition, in our sensitivity analysis
section we mention our experiments with adding auxiliary variables [28] for missing data
and whether they make a difference.

We first look at the overall fit of the two models to determine which one best corresponds to
the data. Table 2 provides the MLR chi square test statistic, degrees of freedom (df), p-
value, IFI, (1-RMSEA), and BIC estimates for each model. The models in Figures 1 and 2
both have statistically significant chi-squares which is not too surprising given the large
sample size (N=3059) and the large statistical power to detect even minor discrepancies. The
supplemental fit measures indicate excellent fit to the data with the IFI and (1-RMSEA)
close to their ideal fit of 1. The difference between the models is small for these two fit
measures. However, a more substantial gap is visible for the BIC. According to the Jeffreys-
Raftery [26] guidelines, a difference of 10 or more in the BICs of two models suggests
strong evidence in favor of the model with the most negative BIC. Using these guidelines,
the difference of more than 150 is exceptionally strong evidence favoring Model 2. Recall
that Model 2 has the FFGC latent variable as a mediator variable between the mother's traits
and BW, BL, and GA.

Before choosing Model 2 over Model 1, it is important to also examine the components of
fit to ensure that they do not indicate problems. Poor estimates might be present in the
coefficients or other estimates even when the overall fit of a model is acceptable.

We present the parameter estimates for the Model 2 in two tables. Table 3 gives the
coefficient estimates, 95% confidence intervals, and the R-square for the direct effects of the
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mother's traits on the FFGC latent variable. The signs of all coefficients are as predicted: the
nutritional variables (AMA, AFA, and MOHT) have statistically significant positive effects
on the FFGC latent variable. SMOKERS, FIRSTPRG, and YOUNGER have statistically
significant negative effects on FFGC while OLDER is negative but not statistically
significant. A joint test of whether YOUNGER and OLDER have zero effects is not
supported by our model. There is a statically significant chi-square test statistic of 10.362
with 2 degrees of freedom when a zero effects model is compared to our full model. All the
mother's traits explain about 11% of the variation in the FFGC latent variable.

Table 4 gives the direct effects of the FFGC on BW, BL, and GA, and the direct effects of
BW, BL, GA, and the exogenous observed variables on BW1, BW2, HTCM, LMPGA, and
BALGA. We start with an evaluation of the BW1, BW2, LMPGA, and BALGA measures.
The BW1 and BW2 indicators have relatively high R2 s with 70% and 94% variance
explained by the latent BW variable and the systematic measurement error due to NOTONE
and NOTPROJ for BW1 and WHENBW2 and WHENBW2SQ for BW2. The effect of not
being measured on the first day (NOTONE) is nonsignificant, but using a scale different
than the project scale (NOTPROJ) leads to roughly an expected 60 gram lighter weight than
if the project scale were used holding constant the latent BW. Turning to the timing of the
BW2 measurement, the estimates suggest a significant nonlinear relationship such that an
initial decline in weight is followed by weight gain. The quadratic term is highly statistically
significant. This pattern of newborn weight change is consistent with prior studies [29, 30]
and including these terms as determinants of BW2 takes account of this systematic error due
to delays in weighing the baby.

Turning to the measurement of GA, we find rather disappointing results for the reliability of
the LMPGA and BALGA indicators. The R2 for LMPGA is less than 10% and that for
BALGA is less than 30%. This means that more than 90% of the variance in LMPGA and
more than 70% of the variance in LMPGA is due to measurement error. Systematic error
due to delays in doing the Ballard measure (WHENBAL) has a statistically significant effect
on BALGA. If these low reliabilities are representative of what occurs in other studies, it is
cause for serious concern especially when the measurement error is not considered in
empirical analyses.

The last sets of effects are those of FFGC and GIRL on GA, BW, and BL. Roughly 70% of
the variance in GA is explained by FFGC and GIRL. The same is true for BL with the
addition of mother's height as a covariate. Though these are moderately high values, BW has
essentially all its variance explained by these variables. This is impressive, but subject to
misunderstanding. First note that it is the latent BW that has this near perfect association
with the postulated latent FFGC variable. This is different than saying that BW1, BW2, or
some other measure of BW has this strong of a relationship to FFGC. As discussed above,
BW1 and BW2 have random and systematic error that make them less than perfect
representations of BW. But the estimates imply that to the degree we have measures of BW
that are free of error, these measures are extremely highly correlated with the latent FFGC
variable. The coefficient estimates for GIRL indicate a slightly longer GA for girls than boys
and lower BW and BL for girls.

In Model 2, the mother's traits have indirect effects [31] on GA, BW, and BL that are
mediated through FFGC (Table 5). All indirect effects are in the predicted direction and are
statistically significant with the exception of those from OLDER.

Table A1 in the appendix gives the estimates from Model 1. Because this model excludes
FFGC, the effects of the mother's traits on GA, BW, and BL are quite similar to the sum of
direct and indirect effects of the mother's traits from Model 2.
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Sensitivity Analysis
We explored several alternative model specifications and potential sensitivities of the model
estimates. A reviewer raised a question about the sensitivity of the results to choosing BW to
scale FFGC in Model 2 and whether this somehow made FFGC essentially the same as BW.
Scaling sets the metric of the latent variable, but does not make the latent variable it scales
identical to its scaling variable. In fact, if we use BL as the scaling indicator for FFGC, the
R-squares for GA, BW, and BL stay the same as do the R-squares for indicators of these
latter variables. So regardless of our scaling decision, we find that BW is highly correlated
with FFGC even though it is a different variable.

Another potential issue is the timing of the measurement of the arm fat and muscle
measurement. Though these measurements occurred at approximately the same weeks, there
was some variation. We reran our model controlling for the timing of measurement and
found essentially no differences.

The birth length variable had a single measure that we assumed to have reliability of 0.8 as it
was not possible to estimate the proportion of error in that measure with only one manifest
indicator. To check the sensitivity of our results to this reliability constraint, we re-estimated
the model assuming that the reliability ranged between 0.7 - 0.9. The estimated effects were
essentially unchanged. Across all of these sensitivity analyses all of the parameters remained
unchanged except for those for the residual variances and reliabilities of the latent variable
and the birth length measure that were manipulated in the analyses. A decrease in reliability
for the latent variable increased the reliability of the manifest variable and vise-versa. The
overall result was that the model was robust across the sensitivity analyses.

We also tried a model that replaced the latent FFGC variable with direct effects among GA,
BW, and BL; another included both FFGC and direct effects of GA, BW, and BL. We tested
alternate transformations of the observed variables to capture nonlinearity. These led to
similar estimates, but had inferior model fits, or resulted in unrealistic coefficient values or
predictions. We also compared the parameter estimates that were common across models 1
and 2 to see if these changed much between specifications. The only parameter estimate that
changed in a noteworthy manner was that of BL regressed on MOHT. The estimated
parameter drops from 0.819 (11.6) to 0.298 (5.2) when only the direct effects are compared.
However, when the total effects, the direct and indirect effects, are considered the estimated
parameter is 0.822 (11.7). Comparing only the direct effects of BL on MOHT belies the
similarity found in the total effects. MOHT in Model 2 model is the only instance where any
of the mother's characteristics are not completely mediated by the FFGC latent variable.

We also added a series of additional exogenous variables to the model as a check on
potentially omitted variables and to examine the sensitivity of our reported estimates. These
new variables were gestation week at baseline, did mother take prenatal vitamins or iron
during pregnancy, was the pregnancy interval less than 38 weeks, the number of prenatal
visits to a public clinic, the number of prenatal visits to a private clinic, has health insurance,
total household income deflated at baseline, and mother's highest grade completed. We
checked the statistical significance of these new variables using a Bonferroni correction in
both Model 1 and Model 2. In addition, we noted whether the coefficient estimates from the
original models and interpreted above had substantially changed when controlling for these
additional variables. We found that household income had a statistically significant effect on
birth length and the gestation week at baseline had a statistically significant effect on
gestational age in Model 1. However, none of the new variables emerged as significant in
Model 2. In addition, our estimates and substantive conclusions from the original model
remained essentially unchanged. Furthermore, another unpublished study [32] examined the
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MAR assumptions that we used for our missing data procedures and found that our results
are essentially unchanged when auxiliary variables are entered in the model.

Discussion
Birth weight, birth length, and gestational age are key indicators of newborn health. In
practice, the collection of such data is subject to delays in measurement, the use of different
instruments, or other factors contributing to systematic and random measurement error.
Treating these birth measures as if they were free of error creates biases in the analyses that
utilize them. In this paper we use the CLHNS birth data to illustrate that the random and
systematic sources of error can be modeled and the reliability of measures estimated using
SEMs. Furthermore, we explore the hypothesis that a FFGC latent variable explains the
associations among BW, BL, and GA.

Substantively, we found statistically significant influences of both the timing of
measurement and type of scale on the measure of birth weight, though the birth weight
measures are far more accurate than the gestational age measures. Having just a single
measure of birth length, we were not able to estimate its reliability though we found that our
estimates were robust to assuming a range of different reliability values for the length
variable. Comparing a model where mother's traits directly affected BW, BL, and GA to one
where these effects were largely mediated by FFGC, we discovered that the FFGC
mediating model had a superior fit. The only unmediated effect of maternal height in Model
2 may reflect a genetic effect of maternal height on newborn size. Furthermore, we
estimated that the latent birth weight variable is extremely highly correlated with the FFGC
latent variable. Thus, despite extensive critiques of BW as a proxy for fetal growth [33], our
results suggest that if we could largely eliminate the error in a birth weight measure, then it
would be highly correlated with the latent FFGC variable. Given the heightened interest in
the impact of fetal conditions on adult health [34], this has useful practical implications.

But this is based on the assumption that the latent variable is FFGC rather than another
latent variable. For instance, a reviewer suggested that given the near perfect association of
FFGC and BW, it is possible that FFGC is in reality the same as BW. If true, then we would
need to explain the mechanisms by which BW mediates the effects of mother's traits on GA
and BL. In other words, if the latent variable that we hypothesized to be FFGC is BW or
something different, then we need to describe what that variable is and how it plausibly can
play the role of a mediating variable. On the other hand, to defend our specification that the
latent variable is FFGC requires replication and additional tests of its plausibility as a latent
variable.

Methodologically, our study illustrates how SEMs are usefully applied to take account of
systematic and random measurement error and to test for the presence of latent mediating
variables that can explain the association among component variables. SEMs are also
advantageous in the handling of missing data using maximum likelihood procedures without
imputation. Similar modeling strategies could be followed in the modeling of other health
and medicine problems so that a number of measurement problems that plague these areas
could be incorporated into and controlled for in the model. Of course, like all statistical
models, we can never prove or test all of the assumptions of SEMs. However, we often can
find evidence of discrepancies when the model is not a good match to the data. In other
words, we can reject SEMs even if we can never definitively accept them as valid.
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APPENDIX A
Table A1

MLR Estimates of Direct Effects of Mother's
Characteristics on GA, BW, and BL (Figure 1)

Exogenous Variable β̂a
[95 % c.i.]b

GA BW BL

Maternal Arm Muscle, cm2 (AMA) .001
[.0001, .0014]

.050
[.023, .077]

.011
[-.003, .025]

Maternal Arm Fat, cm2 (AFA) .0002
[.0001, .0004]

.087
[.058, .116]

.035
[.021, .049]

Mother's Height, cm (MOHT) .001
[-.003, .005]

1.508
[1.226, 1.79]

.819
[.680, .958]

Mother was a smoker (SMOKERS) -.009
[-.015, -.003]

-.830
[-1.257, -.403]

-.303
[-.521, -.085]

First Pregnancy (FIRSTPRG) -.010
[-.016, -.004]

-1.26
[-1.648, -.872]

-.184
[-.380, .012]

Mother < 20 (YOUNGER) -.005
[-.013, .003]

-.753
[-1.214, -.292]

-.422
[-.663, -.181]

Mother > 35 (OLDER) -.005
[-.013, .003]

-.115
[-.623, .393]

-.079
[-.328, .170]

Girl (GIRL) .005
[.001, .009]

-.449
[-.727, -.171]

-.379
[-.516, -.242]

R2 .117 .118 .113

a
= estimate of coefficient;

b
= 95 % confidence interval

References
1. Barker DJP. Fetal origins of coronary heart disease. British Medical Journal. 1995; 311:171–174.

[PubMed: 7613432]

2. Barouki R, Gluckman PD, Grandjean P, Hanson M, Heindel JJ. Developmental origins of non-
communicable disease: Implications for research and public health. Environmental Health. 2012;
11:42. [PubMed: 22715989]

3. Hanson MA, Gluckman PD. Developmental origins of health and disease: moving from biological
concepts to interventions and policy. International Journal of Gynecology and Obstetrics. 2011;
115(1):S3–S5. [PubMed: 22099437]

4. Johnson RC, Schoeni RF. Early-Life Origins of Adult Disease: National Longitudinal Population-
Based Study of the United States. American Journal of Public Health. 2011; 101:2317–2324.
[PubMed: 22021306]

5. Gillman MW. Epidemiological challenges in studying the fetal origins of adult chronic disease.
International Journal of Epidemiology. 2002; 31:294–299. [PubMed: 11980782]

6. Huxley RR, Shiell AW, Law CM. The role of size at birth and postnatal catch-up growth in
determining systolic blood pressure: a systematic review of the literature. Journal of Hypertension.
2000; 18:815–831. [PubMed: 10930178]

7. Huxley R, Neil A, Collins R. Unravelling the fetal origins hypothesis: is there really an inverse
association between birthweight and subsequent blood pressure? Lancet. 2002; 31(360):659–665.
[PubMed: 12241871]

8. Whincup PH, Kaye SJ, Owen CG, Huxley R, Cook DG, Anazawa S, Barrett-Connor E, Falkner B,
Fall C, Forsén T, Grill V, Gudnason V, Hulman S, Hyppönen E, Jeffreys M, Lawlor DA, Leon DA,
Minami J, Mishra G, Osmond C, Power C, Rich-Edwards JW, Roseboom TJ, Sachdev HS, Syddall

Bollen et al. Page 10

Stat Med. Author manuscript; available in PMC 2014 July 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



H, Thorsdottir I, Vanhala M, Wadsworth M, Yarbrough DE. Birth weight and risk of type 2
diabetes: a systematic review. Journal of the American Medical Association. 2008; 300:2886–2897.
[PubMed: 19109117]

9. Dahly DL, Adair LS, Bollen KA. A structural equation model on the developmental origins of blood
pressure. International Journal of Epidemiology. 2009; 38:538–548. [PubMed: 19039006]

10. De Stavola BL, Nitsch D, Dos Santos Silva I, McCormack V, Hardy R, Mann V, Cole TJ, Morton
S, Leon DA. American Journal of Epidemiology. 2006; 163(1):84–96. [PubMed: 16306313]

11. Song XY, Lee SY, Hser YI. A two-level structural equation model approach for analyzing
multivariate longitudinal response. Statistics in Medicine. 2001; 27:3017–3041. [PubMed:
18416447]

12. Lee SY, Song XY. Bayesian analysis of structural equation models with dichotomous variables.
Statistics in Medicine. 2003; 22:3073–3088. [PubMed: 12973788]

13. Lee SY, Lu B, Song XY. Semiparametric Bayesian analysis of structural equation models with
fixed covariates. Statistics in Medicine. 2008; 27:2341–2360. [PubMed: 18008378]

14. Song XY, Xia YM, Lee SY. Bayesian semiparametric analysis of structural equation models with
mixed continuous and unordered categorical variable. Statistics in Medicine. 2009; 28:2253–2276.
[PubMed: 19472309]

15. Batista-Foguet JM, Coenders G, Ferragud MA. Using structural equation models to evaluate the
magnitude of measurement error in blood pressure. Statistics in Medicine. 2001; 14:2351–2368.
[PubMed: 11468768]

16. Arbuckle, JL. Full information estimation in the presence of incomplete data. In: Marcoulides,
GA.; Schumacker, RE., editors. Advanced Structural Equation Modeling. Mahwah, NJ: Lawrence
Erlbaum Publishers; 1996. p. 243-277.

17. Adair LS, Popkin BM, Akin JS, et al. Cohort Profile: The Cebu Longitudinal Health and Nutrition
Survey. International Journal of Epidemiology. 2011; 40:619–625. [PubMed: 20507864]

18. Ballard JL, Novak KK, Driver M. A simplified score for the assessment of fetal maturation of
newly born infants. Journal of Pediatrics. 1979; 5:769–774. [PubMed: 490248]

19. Sasidharan K, Dutta S, Narang A. Validity of new Ballard score until 7th day of postnatal life in
moderately preterm neonates. Archives of Disease in Childhood Fetal and neonatal edition. 2009;
94:F39–44. [PubMed: 19103779]

20. Bollen, KA.; Pearl, J. Eight Myths About Causality and Structural Equation Models. In: Morgan,
S., editor. Handbook of Causal Analysis for Social Research. Springer Publishers; 2013.

21. Múthen, LK.; Múthen, BO. Mplus Statistical Analysis with Latent Variables User's Guide. Fifth.
Los Angeles, CA: Muthén & Muthén: Muthén & Muthén; 2007. p. 464

22. Steiger, JH. EzPATH: A supplementary module for SYSTAT and SYGRAPH. Evanston, IL:
SYSTAT; 1989.

23. Bollen KA, Paxton P. Subjective measures of liberal democracy. Comparative Political Studies.
2000; 33:58–86.

24. Bollen KA. New incremental fit index for general structural equation models. Sociological
Methods & Research. 1989; 17:303–316.

25. Schwarz GE. Estimating the dimension of a model. Annals of Statistics. 1978; 6:461–464.

26. Raftery AE. Bayesian model selection in social research. Sociological Methodology. 1995;
25:111–163.

27. Allison, PD. Missing Data. Thousand Oaks, CA: Sage; 2002.

28. Graham JW. Adding missing-data relevant variables to FIML-based structural equation models.
Structural Equation Modeling. 2003; 10:80–100.

29. Noel-Weiss J, Courant G, Woodend AK. Physiological weight loss in the breastfed neonate: a
systematic review. Open Medicine. 2008; 2:E11–22.

30. Martens PJ, Romphf L. Factors associated with newborn in-hospital weight loss: comparisons by
feeding method, demographics, and birthing procedures. Journal of Human Lactation. 2007;
3:233–241. [PubMed: 17666534]

31. Bollen KA. Total, Direct, and Indirect Effects in Structural Equation Models. Sociological
Methodology. 1987; 17:37–69.

Bollen et al. Page 11

Stat Med. Author manuscript; available in PMC 2014 July 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



32. Bauldry, S. Unpublished manuscript. University of North Carolina at Chapel Hill; 2012. An
Examination of the Use of Auxiliary Variables in Addressing Missing Data in Sociological
Research. Unpublished Paper

33. Adair LS. Size at Birth and Growth Trajectories to Young Adulthood. American Journal of Human
Biology. 2007; 19:327–337. [PubMed: 17421008]

34. Gluckman PD, Hanson MA, Cooper C, Thornburg KL. Effect of in utero and early-life conditions
on adult health and disease. New England Journal of Medicine. 2008; 3:61–73. [PubMed:
18596274]

Bollen et al. Page 12

Stat Med. Author manuscript; available in PMC 2014 July 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
SEM relating mother's traits among CLHNS newborns to characteristics of an infant's birth:
BW, BL, and GA. BW=latent newborn weight; BL=latent newborn length, GA=latent
gestational age; BW1=newborn weight measured by birth attendants; BW2=newborn weight
measured by study staff; HTCM = newborn length; LMPGA=gestational age estimated from
mother's report of date of her last menstrual period; BALGA=gestational age estimated from
Ballard assessment of newborn; NOTPROJ=newborn not weighed on project scale;
NOTONE= weight not measured day of birth; WHENBW2=infant age in days when
measured by study staff; WHENBW2SQ=WHEN2BW squared; WHENBAL=age in days
when Ballard assessment was done; NOTONE=newborn not weighed on day 1;
GIRL=newborn is a girl; AMA=maternal arm muscle area during pregnancy;
AFA=maternal arm fat area during pregnancy; MOHT=mother's height; SMOKERS=mother
smoked during pregnancy; FIRSTPRG=newborn was firstborn; YOUNGER=mother was
<20 years old when pregnant; older=mother was >35 years old when pregnant
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Figure 2.
SEM relating mother's traits among CLHNS newborns to characteristics of an infant's birth:
BW, BL, and GA with a mediating latent variable Favorable Fetal Growth Conditions
(FFGC).
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Table 1
Characteristics of Cebu Longitudinal Health and Nutrition Survey Mothers and Infants

Infant's Variables Description N Mean or Proportion S.D.

BW1 Newborn weight at place of delivery, g 2615 3028 472

BW2 Newborn weight measured by project staff, g 3031 2994 435

HTCM Newborn length, cm 3032 49.25 2.11

NOTONE Weight not measured day of birth, proportion 2627 0.02 0.14

NOTPROJ Infant not weighed on project scale 2593 0.32 0.47

WHENBW2 Infant age at weighing by project staff, days 3031 4.49 4.38

BALGA Gestational age from Ballard assessment, weeks 597 3.66 0.04

LMPGA Gestational age from LMP date, weeks 2843 3.66 0.07

WHENBAL Infant age at Ballard assessment, days 597 3.58 1.80

GIRL Infant sex=female, proportion 3059 0.47

Mother's Variables Description N Mean or Proportion S.D.

MOHT Height, cm 3059 150.56 5.00

AMA Arm muscle area during pregnancy at baseline, cm2 3058 34.10 5.59

AFA Arm fat area during pregnancy at baseline, cm2 3058 14.73 5.67

SMOKERS Smoked during pregnancy, proportion 3059 0.13 0.34

FIRSTPRG Primiparous, proportion 3059 0.22 0.42

YOUNGER Age < 20 y 3059 0.13 0.34

OLDER Age > 35 y 3059 0.10 0.30

Mother's Background Variables Description N Mean or Proportion S.D.

INGESTWK Gestation week at baseline 3059 30.00 4.78

PNIRONVIT Took prenatal vitamins or iron during pregnancy, proportion 3059 0.58 0.49

NPISHORT Pregnancy interval < 38 weeks, proportion 3059 0.27 0.45

NUPUB Number of prenatal visits to public clinic 3059 1.12 1.51

NUPRV Number of prenatal visits to private clinic 3059 0.61 1.56

MOINSUR Has health insurance, proportion 3059 0.10 0.30

DYHHTOT Total household income deflated, baseline 3038 283.52 531.36

MOTGRD Highest grade completed 3059 7.10 3.30
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Table 3
MLR Estimates of Direct Effects of Mother's Characteristics on Favorable Fetal Growth
Conditions (FFGC) From Figure 2

Exogenous Variable β̂a

[95 % c.i.]b

FFGC

Maternal Arm Muscle, cm2 (AMA) .049
[.022, .076]

Maternal Arm Fat, cm2 (AFA) .088
[.059, .117]

Mother's Height, cm (MOHT) 1.505
[1.223, 1.787]

Mother was a smoker (SMOKERS) -.835
[-1.262, -.408]

First Pregnancy (FIRSTPRG) -1.242
[-1.642, -.842]

Mother < 20 (YOUNGER) -.766
[-1.232, -.300]

Mother > 35 (OLDER) -.121
[-.629, .387]

R2 .110

a
= estimate of coefficient;

b
= 95 % confidence interval
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Table 5
Indirect Effects of Mother's Characteristics on GA, BW, and BL Mediated by FFGC

Exogenous Variable β̂a

[95 % c.i.]b

GA BW BL

Maternal Arm Muscle, cm2 (AMA) .0002
[.0001, .0003]

.049
[.022, .076]

.017
[.007, .027]

Maternal Arm Fat, cm2 (AFA) .0004
[.0002, .0005]

.088
[.059, .117]

.031
[.019, .043]

Mother's Height, cm (MOHT) .007
[.005, .009]

1.505
[1.223, 1.787]

.52
[.414, .634]4

Mother was a smoker (SMOKERS) -.004
[-.006, -.002]

-.835
[-1.262, -.408]

-.291
[-.444, -.138]

First Pregnancy (FIRSTPRG) -.006
[-.008, -.004]

-1.242
[-1.642, -.842]

-.433
[-.568, -.298]

Mother < 20 (YOUNGER) -.003
[-.005, -.001]

-.766
[-1.232, -.300]

-.267
[-.436, -.098]

Mother > 35 (OLDER) -.001
[-.003, .001]

-.121
[-.629, .387]

-.042
[-.218, .134]

a
= estimate of coefficient;

b
= 95 % confidence interval
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