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which only total weight gain is available to obtain a
gestational age standardised exposure for epidemio-
logical analyses. While z-scores can help mitigate the
correlation between two variables when they ade-
quately represent the underlying population they
valid estimation of the gestational-age-specibc weight
gain means and variances for a z-score chart requires
additional assumptions. These assumptions include a
validation sample representative of the study popula-
tion and correct specibcation of the model underlying
the relationship between gestational age and weight
gain, including the mean, variance, link function, and
functional form of the covariates and any potential
confounders. The implications of violating these
assumptions, such as applying z-scores derived from
one population to a fundamentally different one, have
not been fully evaluated.

An alternative method for addressing correlation
between total weight gain and gestational age is
regression-based adjustment for gestational age. How-
ever, this straightforward approach has also not been
evaluated in the context of gestational weight gain
and in the past its validity has created controversy. >’
There was concern that adjusting for gestational age
may induce collider stratibcation bias by adjusting for
a potential intermediate between weight gain and
mortality. © The adjustment approach has the advan-
tage that researchers can specify the model to bt the
structure of the gestational weight gain and gesta-
tional age relationship in their observed data.

In this paper, we use directed acyclic graphs
(DAGs) and simulation approaches to evaluate the
confounding due to gestational age in studies of
assessing the relation between gestational weight gain
and pregnancy outcomes associated with gestational
age. First, we use DAGs to describe the correlation
between weight gain and gestational age longitudi-
nally across gestation. This can help clarify assump-
tions about the directionality of the relations between
variables at the cross-sectional time point of delivery,
the most common form of perinatal variables. Second,
we utilise analytical and simulation approaches to
assess the implications and potential biases from
using simplibed composite measures of total weight
gain and gestational age at delivery as related to
neonatal mortality, an outcome where critical data
gaps remain in the literature.* We compare the
approach of adjusting for gestational age in a model
of total gestational weight to applying previously
published z-score reference chart values for total ges-

tational weight gain. 3 By using a large, diverse cohort,
comprising several sites from across the United States,
we evaluate the impact of mis-specifying the distribu-
tions of weight gain and gestational age, a key
assumption of the z-score approach.

Directed acyclic graphs

Gestational weight gain is a time-dependent variable
that is often treated as a bxed variable of total weight
gain at delivery, as data on total weight gain are more
often collected than repeated measures of maternal
weight gain. In reality, total gestational weight gain
represents the summation of maternal weight gain at
each week of gestation culminating in a measure of
cumulative weight gain (or loss). Similarly, gestational
age at delivery is the summation of indicator variables
denoting whether or not the baby is still in utero at
each gestational week ¢). In addition, birthweight is
the summation of foetal weight accumulated longitu-
dinally across gestation. The DAG in Figure 1
displays a simplibcation of these longitudinal time-
dependent variables at intermittent gestational ages.
We assume that there are no unmeasured con-
founders and that the DAG is complete. Whether or



Time, Time,, Time,, Time
Uy Uy Uy Uy,
MW, MW, , MW,y MW,,

gestational age at delivery, but rather a OUO represent-
ing the unobserved longitudinal processes and feed-
backs between weight gain and gestational age. This
is in contrast to previous assumptions that the sum-
mary measure of total gestational weight gain is
directly impacted by the summary measure of gesta-
tional age at delivery or vice versa, which fails to
account for the past time-dependent confounding
affected by prior exposures. In this DAG, adjusting
for gestational age at delivery blocks the backdoor
path through U, removing confounding.

U, Gestational age at delivery

MW, Total gestational weight gain

Figure 2b displays a DAG representing the
assumptions made by the weight-gain-for-
gestational-age z-score. As gestational age at delivery
was used in the transformation to create the z-score
there is an arrow between both gestational age and
total weight gain and the z-score. Taking the
approach of modelling the z-score as the exposure
of interest implies that the effects of gestational
weight gain and gestational age on neonatal
mortality are assumed to be entirely contained in
the z-score. The z-score is shown as the exposure of



interest to represent its suggested use in epidemio-
logic studies.®

In Figures 2c—d, we build on the DAGs described
above to show an additional scenario of interest which
includes a confounder, C, of the gestational age at
delivery and neonatal mortality relation. Under the
scenario that C is measured (e.g. maternal age), an
unbiased estimate of the total weight gain and neona-
tal mortality relation can be achieved by adjusting for
C. However, if C is unmeasured (e.g. genetics), under
the scenario in Figure 2c, collider bias may be induced
when conditioning on gestational age at delivery, 8
while under the z-score model in Figure 2d, C
remains a confounder of the z-score neonatal mortal-
ity relation. Both scenarios displayed in Figures 2c—d
result in open paths that can lead to biased estimates
when C is unmeasured, where the magnitude of the
bias depends on the strength of the relationship
between C, gestational age at delivery and neonatal
mortality, as shown algebraically in Appendix A. Itis
important to note that collider bias generally tends to
be smaller in magnitude than confounding bias, °
but this tendency has yet to be evaluated under these
causal structures, which is beyond the scope of this
paper.

Methods

We utilised data from the Consortium on Safe Labor
(CSL) to compare effect estimates from models that
use total gestational weight gain with adjustment for
gestational age, to models that apply the weight-gain-
for-gestational-age z-score to assess the total effect of
total weight gain on neonatal mortality. The CSL was
comprised of 12 US hospital-based sites (20022008)**
Data were extracted from maternal and neonatal elec-
tronic medical records. All study procedures were
reviewed and approved by each participating siteOs
Institutional Review Board.

For this analysis, we utilised data from the prst sin-
gleton birth with information available on prepreg-
nancy weight, height, gestational age, birthweight,
and neonatal mortality (n = 121 922). We limited our
analysis to normal weight mothers (prepregnancy
body mass index (kg/m ?) of 18.5-24.9; (53.9%), to
avoid the potential interaction with prepregnancy
weight status, and to mothers who delivered between
24 and 40 weeks 6 = 65 669). We limited the data to
deliveries <40 weeks as the weight-gain-for-gestational-
age z-score chart stops at 40 weeks’®

Total gestational weight gain was calculated as the
difference between a motherOs prepregnancy weight
as recorded on her medical chart and her weight



the linear models by study site because the underly-
ing distribution of weight gain and gestational age
may vary across site and this allowed us to assess the
z-score related assumption of correct specibcation of
the underlying the relationship between gestational
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Table 2. Overall simulation results: total gestational weight gain and the risk for neonatal mortality estimated using a continuous
measure and quintiles of total weight gain, unadjusted and adjusted for gestational age at delivery and using the weight-gain-for-
gestational-age z-score

GWG GWG adjusted for GA z-score
Standard Standard Standard 95%

Model Mean RR? error 95% Cl coverage Mean RR error 95% Cl coverage Mean RR error Cl coverage
Linear® 0.87 0.02 0% 1.00 0.02 94% 0.97 0.08 84%
Quintiles ©

1 Reference Reference Reference

2 0.30 0.26 0% 1.03 0.28 94% 0.78 0.26 84%

3 0.24 0.29 0% 1.02 0.30 95% 0.64 0.28 63%

4 0.21 0.32 0% 0.97 0.33 95% 0.76 0.26 83%

5 0.20 0.33 0% 1.01 0.34 95% 0.90 0.24 94%

Cl, conbdence interval; GA, gestational age at delivery; GWG, gestational weight gain; RR, mean relative risk across 5000 replicates.
3Expected RR based on simulations was 1.0. Simulations were repeated 5000 times.

bLinear estimates for GWG are per kg increase in weight gain, while z-score estimates are perz-score unit increase.

‘Gestational weight gain quintile cut points (kg): 1, —9.1-10.9; 2, 10.913.6; 3, 13.615.9; 4, 15.919.5; 5, 19.549.0.

Table 3. Site specibc simulation results: total gestational weight gain (GWG) and the risk for neonatal mortality estimated using a
continuous measure of total weight gain, unadjusted and adjusted for gestational age at delivery and using the weight-gain-for-

gestational-age z-score

GWG GWG adjusted for GA z-score
Standard Mean  Standard 95% Mean  Standard 95%
Site  n Mean RR? error 95% CI coverage RR? error Cl coverage RR? error Cl coverage
1 2369 0.78 0.27 47% 0.98 0.18 95% 0.66 0.59 70%
2 9719 0.89 0.08 44% 1.00 0.06 96% 1.02 0.31 92%
3 2755 0.87 0.12 55% 0.98 0.22 94% 0.93 0.50 73%
4 2849 0.87 0.09 47% 0.99 0.11 95% 0.87 0.32 84%
5 24 129 0.88 0.05 12% 1.00 0.04 94% 0.96 0.13 86%
6 2711 0.91 0.17 89% 0.98 0.18 95% 1.43 0.72 80%
7 3486 0.87 0.07 35% 0.99 0.07 94% 1.03 0.23 93%
8 1649 0.89 0.11 75% 0.97 0.16 95% 1.03 0.44 92%
9 1667 0.90 0.08 70% 0.98 0.15 94% 1.05 0.42 90%
10 2735 0.90 0.09 61% 0.99 0.08 93% 1.01 0.39 87%
11 7434 0.88 0.04 8% 1.00 0.04 94% 1.10 0.18 88%
12 4140 0.88 0.05 16% 1.00 0.05 95% 1.01 0.21 94%

Cl, conbdence interval; GA, gestational age at delivery; GWG, gestational weight gain; RR, mean relative risk across 5000 replicates.
2Estimates for GWG are per kg increase in weight gain, while z-score estimates are perz-score unit increase. Expected RR based on sim-

ulations is 1.0. Simulations were repeated 5000 times.

for how we implement this variable in epidemiological

models. From the DAG presented, it is clear that total
gestational weight gain is a time-varying exposure,
although it is often treated as a Pbxed variable. We
show that although there is feedback between
gestational age and weight gain across time, when
limited to studies of total gestational weight gain and

assessing the association with neonatal mortality,
adjusting for gestational age blocks the open backdoor

path between these prior longitudinal relationships.
This bnding is supported by our simulated model of
no true association between weight gain and neonatal
mortality, where we demonstrated that efpbcient
unbiased estimates can be achieved by adjusting for
gestational age.

Adjusting for gestational age at delivery in studies
of total gestational weight gain has previously been of
debate > Using simulated data, we found that when
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adjusted for gestational age, total weight gain can



independent of gestational age. The regression-based
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Appendix A

Consider a z-score chart where z-scores are calculated
by relating gestational weight gain (GWG) during
pregnancy to gestational age (t) through a linear
model such that:

GWG(t) = Vo + Yt + Yot? + &1, 1

where the g,’s are identically distributed with mean 0
and variance 2. The variable t is chosen to represent
gestational age to emphasise the equivalence of
gestational age with time, and GWG(t) denotes that
GWG is a function of time. Then the z-score calcu-
lated from this model is equivalent to the standard-
ised residuals:

~ GWG(t) — E(GWG|t) ¢
-27q =,

W (GWGt) °

z

The goal of using a z-score is to provide a marker
of relative gestational weight gain that is indepen-
dent of gestational age. This method will be
successful so long as the assumptions in (1) are
met, namely, that &; is independent of gestational
age with mean 0.

Suppose, however, that model (1) is misspecibed,
and in fact, the true model for GWG includes an inter-
action between gestational age ¢) and pre-pregnancy
body mass index (BMI), such that:

GWG(t) = Yo + st + Uipt? + g (BMI 1) + 2.

Then btting model (1) will violate the assumption of
independence between the errors and t, since the error
terms are now inclusive of the interaction term:



g1 = Y3(BMI 1) + 5.

which is clearly correlated with t. Thus, z-scores cal-
culated based on btting model (1) will not succeed in
removing the association between the z-score and ges-
tational age. Subsequently, z-scores based on total ges-
tational weight gain and gestational age at delivery
will fail to adequately remove these correlations. This
performance is not only hindered by the omission of
interaction terms of gestational age, but could also be
enforced by failing to include a variable that acts as a
confounder between gestational age and GWG, or
between gestational age and the outcomes of interests
(e.g. neonatal mortality). For instance, if gestational
age is caused by some unmeasured variable C, failure
to incorporate C into Model (1) will resultin a z-score
that remains correlated with C. Subsequently, if C is a
confounder of the relationship between gestational
age and neonatal mortality, C will remain a con-
founder of the z-score and neonatal mortality. Essen-
tially, the model used to calculate the z-score chart
must correctly specify the relationship between gesta-
tional age and GWG in order for the z-scores to
perform as expected.

Now consider the logistic regression model of
interest relating the z-score to the binary outcome of
interest (Y), where total GWG (GWG ) is measured
at delivery (t = GAgel), and:

logit[Pr(Y = 1/2)] 1
— ot BGV\(/_}Gtot - E(GWGtot|GAdel)gB.
Wk (GWG 0t |GA gel)

=a+Zp

For simplicity, let us suppose that Var(GWG ]
GAgel) =



