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Abstract

Background: Studies examining total gestational weight gain (GWG) and outcomes associated with gestational age

(GA) are potentially biased. The z-score has been proposed to mitigate this bias. We evaluated a regression-based

adjustment for GA to remove the correlation between GWG and GA, and compared it to published weight-gain-

for-gestational-age z-scores when applied to a study sample with different underlying population characteristics.

Methods: Using 65 643 singleton deliveries to normal weight women at 12 US clinical sites, we simulated a null

association between GWG and neonatal mortality. Logistic regression was used to estimate approximate relative

risks (RR) of neonatal mortality associated with GWG, unadjusted and adjusted for GA, and the z-score, overall

and within study sites. Average RRs across 5000 replicates were calculated with 95% coverage probability to

indicate model bias and precision, where 95% is nominal.

Results: Under a simulated null association, total GWG resulted in a biased mortality estimate (RR = 0.87;

coverage = 0%); estimates adjusted for GA were unbiased (RR = 1.00; coverage = 94%). Quintile-specific RRs

ranged from 0.97–1.03. Similar results were observed for site-specific analyses. The overall z-score RR was 0.97

(84% coverage) with quintile-specific RRs ranging from 0.64–0.90. Estimates were close to 1.0 at most sites,

with coverage from 70–94%. Sites 1 and 6 were biased with RRs of 0.66 and 1.43, respectively, and coverage of

70% and 80%.

Conclusions: Adjusting for GA achieves unbiased estimates of the association between total GWG and neonatal

mortality, providing an accessible alternative to the weight-gain-for-gestational-age z-scores without requiring

assumptions concerning underlying population characteristics.
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Gestational weight gain is as an important predictor

of maternal and child outcomes.1 Total gestational

weight gain, the difference in weight at delivery and

prepregnancy weight, is a summary measure of

weight accumulation throughout pregnancy and is

inherently associated with gestational age. As demon-

strated by Hutcheon et al.2, studies examining the

association between total weight gain and preterm

delivery, or other outcomes associated with gesta-

tional age (e.g. neonatal mortality, birthweight, child

development) are potentially biased when they fail to

appropriately account for gestational age.

Recently, gestational weight gain z-scores have been

proposed as a means to address the correlation

between total weight gain and gestational age at

delivery.3,4 The published z-score charts provide ges-

tational weight gain means and standard deviations

as well as selected percentiles by gestational age.

These charts were created using a population with

repeated measures of weight gain throughout preg-

nancy with the goal of applying them to a sample in
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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-specific 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 specification 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.5–7

There was concern that adjusting for gestational age

may induce collider stratification bias by adjusting for

a potential intermediate between weight gain and

mortality.7 The adjustment approach has the advan-

tage that researchers can specify the model to fit 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 simplified 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.1 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 fixed 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 (t). In addition, birthweight is

the summation of foetal weight accumulated longitu-

dinally across gestation. The DAG in Figure 1

displays a simplification 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

not a woman is still pregnant (i.e. the baby is in utero)

impacts her subsequent maternal and foetal weight,

essentially through having a longer time to accumu-

late weight. Also, maternal weight impacts subse-

quent foetal growth as well as whether or not the

woman may deliver at any particular time point.

Lastly, foetal weight impacts subsequent maternal

weight gain and whether or not a woman will deliver,

potentially acting through obstetrical interventions,

(e.g. early delivery for a growth restricted foetus to

prevent stillbirth), but this is beyond the scope of this

diagram. The right side of the diagram shows that

gestational age at delivery, total gestational weight

gain and birthweight are the summary measures of

the longitudinal process “in utero” time (IUt), maternal

weight (MWt) and foetal weight (FWt), respectively.

Lastly, we assume that IUt and MWt directly impact

neonatal mortality.

Most epidemiological studies only have data on

total gestational weight gain at delivery. Figure 2a dis-

plays the simplified version of Figure 1 by including

only summary measures for the longitudinal pro-

cesses. In this DAG, a critical point is that when sim-

plified to the cross-section at delivery there is

no direct relation between total weight gain and
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gestational age at delivery, but rather a “U” 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.

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

IU0  IU10      IU20 IU30 IUt Gestational age at delivery

MW0 MW10   MW20 MW30      MWt Total gestational weight gain

Time0             Time10      Time20       Time30    Timet

FW0 FW10 FW20 FW30     FWt Birthweight

Neonatal 
mortality

U

Figure 1. Directed acyclic graph representing the longitudinal relations between maternal weight gain, foetal weight, and gestational

age. Where IU represents if the baby is still in utero, MW represents maternal weight gain including maternal, foetal and placental tissue

and fluid expansion, and FW represents foetal weight.

Gestational age at 
delivery Neonatal mortality

Total gestational 
weight gain

U

Gestational age at 
delivery Neonatal mortality

Total gestational 
weight gain

U

Gestational age at 
delivery Neonatal mortality

Total gestational 
weight gain

U

Gestational age at 
delivery Neonatal mortality

Total gestational 
weight gain

U

C

C

z-score z-score

(a) (c)

(b) (d)

Figure 2. Directed acyclic graphs representing the association between total gestational weight gain (panel a, c) or the weight-gain-for-

gestational-age z-score (panel b, d) and neonatal mortality. Where “U” represents the longitudinal feedback trajectory of maternal weight

gain and gestational age across gestation and “C” represents a confounder of the gestational age at delivery and neonatal mortality relation.
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interest to represent its suggested use in epidemio-

logic studies.3

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. It is

important to note that collider bias generally tends to

be smaller in magnitude than confounding bias,9,10

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 (2002–2008).11

Data were extracted from maternal and neonatal elec-

tronic medical records. All study procedures were

reviewed and approved by each participating site’s

Institutional Review Board.

For this analysis, we utilised data from the first 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/m2) 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 (n = 65 669). We limited the data to

deliveries ≤40 weeks as the weight-gain-for-gestational-

age z-score chart stops at 40 weeks.3

Total gestational weight gain was calculated as the

difference between a mother’s prepregnancy weight

as recorded on her medical chart and her weight

recorded at her time of delivery. A corresponding

weight-gain-for-gestational-age z-score was calculated

for each woman based on published z-score charts.3

As a weight gain below �9.18 kg does not produce

a valid z-score, we excluded potentially implausible

weight gain observations <�9.18 (n = 8; 0.01%) or

>50 kg (n = 18; 0.03%) leaving a total of 65 643 deliv-

eries. We categorised total weight gain and z-scores

into quintiles. Gestational age at delivery was based

on the best obstetric estimate available. Neonatal mor-

tality was obtained from the neonatal hospital record.

Our goal was to assess the different methods under

a null scenario in which the true association between

weight gain and neonatal mortality was known

(RR = 1.0) and thus departures from an estimated

RR = 1.0 represent bias. To achieve this, we removed

the observed neonatal mortality variable and gener-

ated a new outcome for each maternal-neonatal pair

from a Bernoulli distribution with probability com-

mensurate with the gestational-age specific rates of

neonatal mortality observed in the entire CSL dataset.

Based on the original CSL distribution, the probability

of mortality at 24 weeks was 20% and decreased to

0.04% among neonates born at 40 weeks. Thus in the

simulated data, the original correlation between gesta-

tional age and gestational weight gain was retained,

but the direct link between gestational weight gain

and mortality was broken and neonatal mortality was

only directly associated with gestational age at deliv-

ery. We repeated the process 5000 times, each time

randomly generating a new neonatal mortality for

each observation. In supplemental simulations (data

not shown), we generated the simulated outcome

based on site-specific neonatal mortality rates by ges-

tational age to encompass potential site-specific effects

on mortality rates. Results from this scenario were

consistent with the results presented below.

Relative risks of neonatal mortality associated with

gestational weight gain were approximated by calcu-

lating odds ratio estimates under a logistic regression

model.12 The first set of models used total gestational

weight gain as the exposure of interest, unadjusted

and adjusted for gestational age at delivery. The

second set of models used the weight-gain-for-

gestational-age z-score as the exposure of interest.

Total weight gain and the z-score were examined as

both a linear function and as quintiles. We estimated
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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 specification of

the underlying the relationship between gestational

age and weight gain. The average risk across the 5000

replicates was calculated based on exp ðb̂Þ. The cover-

age probability was calculated as an indicator of the

model’s ability to provide unbiased estimates of the

risk and corresponding estimated standard error,

where nominal coverage is 95%. Departures from 95%

are indicative of bias in the point estimate or its stan-

dard error. Empirical standard error of b̂ was calcu-

lated as an indicator of model precision.

Results

As expected in the United States, maternal demo-

graphics of the women in this cohort varied greatly by

study site (Table 1). For example, site 6 was predomi-

nantly non-Hispanic white (81.5%), while site 12 was

predominantly Hispanic (58.0%). The proportion of

married women varied across sites as did the per cent

of women who smoked prior to pregnancy. On aver-

age, the normal weight women in the cohort gained

15.19 kg (standard deviation (5.70)) across pregnancy.

There was approximately a 2 kg discrepancy in total

weight gain between the sites with the lowest

(14.3 kg) and highest (16.2 kg) average total weight

gain. Total weight gain was positively correlated with

gestational age at delivery at all sites and correlations

ranged from 0.07 at site 6 to 0.24 at site 1 (P < 0.001)

(data not shown). The average weight-gain-for-

gestational-age z-score exceeds the standard normal

implied by the z-statistic with an overall mean of

�0.18 and a standard deviation of 1.07. The mean

ranged from �0.01 to �0.32 depending on study site,

indicating that on average the women in the cohort

gained less than the women from which the z-score

charts were developed. Across the 5000 simulations

the average neonatal mortality rate was 0.22% (0.04)

and was stable by site.

Table 2 displays the simulation study results for the

full cohort examining total gestational weight gain

unadjusted and adjusted for gestational age at deliv-

ery and the z-score. The simulated true effect was no

association between weight gain and neonatal mortal-

ity. As expected, when total gestational weight gain

was the exposure of interest, the overall results were

biased away from the null (average RR = 0.87) with

0% coverage, indicating that over the 5000 replicates

of the simulations the estimated 95% confidence inter-

vals always failed to cover the true RR of 1.0. How-

ever, once adjusted for the corresponding gestational

age, the average RR was null (RR = 1.00) with 94%

coverage. The average RR for the adjusted quintiles

ranged from 0.97 to 1.03, with 94–95% coverage. The

overall z-score model resulted in an average RR close

to the expected null (0.97), but had a low coverage rate

(84%), indicating that the observed bias is real (as

opposed to random simulation variation), or the stan-

dard errors are being underestimated. The z-score

model parameterised as quintiles resulted in RR rang-

ing from 0.64 with quintile 3 to 0.90 with quintile 5

and coverage probabilities from 63% to 94%.

Table 3 describes the results by study site. The

unadjusted estimated RR ranged from 0.78 at site 1 to

0.91 at site 6. After adjustment for gestational age the

RR ranged from 0.97 to 1.00 with over 93% coverage

at all sites. The z-score model results were highly vari-

able depending on study site with estimates close to

the true value of 1.0 at most sites, with confidence

interval coverage ranging from 0.70 to 0.94, but only

five of the 12 sites exceeding 90% coverage. In addi-

tion, risk estimates at some sites were noticeably

biased, with the risk of neonatal mortality per z-score

unit ranging from a 34% decreased risk (site 1,

RR = 0.66, coverage = 70%) to a 43% increased risk

(site 6, RR = 1.43, coverage = 80%). Further investiga-

tion suggested that this bias was likely due to a failure

to remove the residual correlation between gestational

weight gain and gestational age.

In addition, risk estimates from the z-score model

were noticeably less precise than those from the

model with total weight gain adjusted for gestational

age. Standard error estimates of the regression coeffi-

cient under the z-score method were 2 to 5 times

higher than those from the gestational age adjusted

model. Thus, even when the z-score method produces

unbiased estimates of the relative risk, the loss in pre-

cision can be detrimental, particularly when com-

pared to the high levels of precision available via

straightforward adjustment of gestational age.

Discussion

We have described the complexity gestational weight

gain measures by demonstrating that total weight gain

is a composite variable of cumulative weight gain. While

this may seem intuitive, in practice it has implications
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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 fixed 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 finding is supported by our simulated model of

no true association between weight gain and neonatal

mortality, where we demonstrated that efficient

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.5–7 Using simulated data, we found that when

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

Model

GWG GWG adjusted for GA z-score

Mean RRa

Standard

error 95% CI coverage Mean RRa

Standard

error 95% CI coverage Mean RRa

Standard

error

95%

CI coverage

Linearb 0.87 0.02 0% 1.00 0.02 94% 0.97 0.08 84%

Quintilesc

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%

CI, confidence interval; GA, gestational age at delivery; GWG, gestational weight gain; RR, mean relative risk across 5000 replicates.
aExpected 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 per z-score unit increase.
cGestational weight gain quintile cut points (kg): 1, �9.1–10.9; 2, 10.9–13.6; 3, 13.6–15.9; 4, 15.9–19.5; 5, 19.5–49.0.

Table 3. Site specific 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

Site n

GWG GWG adjusted for GA z-score

Mean RRa

Standard

error 95% CI coverage

Mean

RRa

Standard

error

95%

CI coverage

Mean

RRa

Standard

error

95%

CI 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%

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

ulations is 1.0. Simulations were repeated 5000 times.
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adjusted for gestational age, total weight gain can

be used to obtain unbiased estimates of the true

association with neonatal mortality assuming no

unmeasured confounding. The average rate of weight

gain, calculated as total weight gain divided by the

length of gestation, has been previously used to par-

tially account for the time at risk; however, this

approach also produces biased results.2 The rate of

weight gain method partially corrects for gestational

length, but ratio measures require strong assumptions

and therefore regression-based approaches are pre-

ferred.13 Using this straightforward adjustment-based

approach, we were able to break the link between

weight gain and gestational age. This adjustment

directly permits investigators to test various func-

tional forms of this variable in relation to the outcome.

Another advantage is that the model permits flexibil-

ity in identifying the most appropriate relationship

between potential confounders, such as race or socio-

economic status, with the exposure and outcome.

Recently, a weight gain for gestational age z-score

was proposed as a method to address the bias in ges-

tational weight gain analyses due to the inherent cor-

relation with gestational age.3 While this method

likely performs well when correctly specified, such

that the z-scores adequately represent the underlying

population, our findings suggest that violations in

these assumptions, such as applying z-score derived

in one population to another, can result in z-score esti-

mates that are no longer independent of gestational

age, retaining residual confounding of gestational age,

and subsequently resulting in biased estimates. In

additional simulations (not shown here), we verified

that when assumptions are appropriately met, both

the z-score model and the adjusted model produce

unbiased estimates, but the z-score model is subject to

considerably reduced precision. We leveraged exist-

ing data from a multi-site cohort to evaluate how

changing the underlying demographics of the sample

impacted the ability of the z-score to fully remove con-

founding due to gestational age. Overall the z-score

method produced biased results of the estimated RR

and its standard error. Although the bias of the RR

estimate at some of the sites appeared minimal, the

low CI coverage rates suggest that either the bias is

non-negligible, or the z-score model is underestimat-

ing the standard error, or both. Theoretically, if the

study sample for a given site were similar to the

population from which the z-scores were created,

estimates from the z-score model would be unbiased;

however, this property is difficult to ascertain given

only the observed study sample. We hypothesise that

the observed bias was most likely due to misspecifica-

tion of the gestational weight gain and gestational age

relationship, which led to incompatibility of the

z-score when applying it to a sample outside of the

population used for the reference charts. It is apparent

that the weight gain distribution in our cohort differ-

ent from the reference population as the average

z-score varied from �0.01 to �0.32 depending on

study site, indicating that there is large variation in

women’s weight gain distribution across the United

States. Notably, conformance to a mean of 0 and

variance of 1 does not necessarily guarantee against

misspecification. For example, at site 1 the average

z-score was �0.01 with a standard deviation of 1.00,

but the resulting relative risk estimate was biased by

34%. Although we did not evaluate the site-specific

results by quintiles, due to the small number of cases

by site, the overall quintile simulation results showed

even greater bias than the linear models. Therefore,

researchers should be cautious when applying the

published z-score charts to their own data as it may

not be properly specified to adequately remove con-

founding due to gestational age. As such, it is impor-

tant to recognise that the bias estimates provided in

this analysis are specific to the study population at

hand and should not be applied as a means to correct

bias in other studies.

It has been suggested that nationally representative

charts for gestational weight gain are needed.3,4

Similar to birthweight z-scores,14 if developed, nation-

ally representative charts would be useful for compar-

ing weight gain trajectories across populations or

trends in total weight gain15 and would have the

advantage of standardising for changes in gestational

age between populations or in time. As demonstrated

in our analyses, however, the z-score may not ade-

quately remove the bias due to confounding from ges-

tational age in epidemiological studies, when utilised

to relate total weight gain and pregnancy outcomes.

When respective assumptions are correctly speci-

fied, the regression-based approach and the z-score

both yield unbiased estimates. The z-score method,

however, implicitly relies on correct specification of

the relationship between gestational age and weight

gain used to calculate the values in the z-score chart.

These assumptions cannot be validated using only

the data on hand, and misspecification of the z-score

model can result in z-score values that are not
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independent of gestational age. The regression-based

approach, however, has a more flexible framework

to test the assumed relationship between gestational

age and weight gain, and does not rely on the cor-

rect estimation of additional parameters as well as

the commutability of an external data set (via the

z-score chart), to the study population. We have pro-

vided the algebraic proofs for these concepts in

Appendix A.

The interpretation and use of anthropometric

z-scores has been an important area of discussion for

many years.14,16 Z-score reference charts maybe useful

for comparing maternal weight gain across popula-

tions, just as is done with child weight-for-age

z-scores; however, extensive research would be

required to determine optimal z-score cut points asso-

ciated with healthy outcomes before being translated

into practice and making clinical decisions. Further-

more, using the z-score charts in clinical practice

would require that women use z-score charts to moni-

tor their weight gain, as opposed to tracking their

weight in pounds, which may add an additional layer

of complexity to helping women achieve a healthy

weight during pregnancy. As we have shown that for

epidemiological analyses the z-score must be specific

to the source population, z-scores may be incompara-

ble across studies, further complicating the public

health interpretation.

Some limitations of this research warrant discus-

sion. Our simulations only covered the scenario of a

null association between weight gain and mortality,

and were not intended to provide a comprehensive

study of all possible scenarios. Theoretically, so long

as the DAG holds, the models should demonstrate

similar results under other scenarios, specifically, the

z-score model will be biased when applied to a

study sample that differs fundamentally from the

population used to generate the z-scores. The magni-

tude of the bias and confidence interval coverage

rates, however, will vary depending on the true

association between weight gain and mortality. Also,

in Figure 1, we made the assumption of no mea-

sured or unmeasured confounding variables. If

unmeasured confounding of the gestational age-

mortality relation is present, neither the proposed

regression-based method nor the z-score can avoid

collider bias,10 and more advanced methods such as

marginal structural models or g-estimation may be

necessary.17 Therefore, all relevant measured con-

founding variables should be considered in the

model with the goal of reducing unmeasured con-

founding. Another important outcome clearly related

to gestational age at delivery is preterm delivery.

Preterm delivery (gestational age <37 weeks) as

defined today, is a deterministic function of gesta-

tional age at delivery. Thus, when investigating

preterm delivery as an outcome, adjusting for

gestational age as we did in our models of neonatal

mortality can result in non-convergence due to over-

fitting. We have shown previously that models

designed for time to event variables can successfully

overcome these issues.18 Many outcomes (e.g. cogni-

tive development) related to gestational weight gain

can benefit from the proposed adjustment method,

but the specific DAG should be considered for each

question and no single approach fits all situations.

We have shown that total gestational weight gain

can be used to achieve unbiased results when the out-

come is associated with gestational age by simply

adjusting for gestational age at delivery. Furthermore,

applying z-score charts to external studies outside of

the underlying population can lead to misspecifica-

tion, and even when assumptions are appropriately

met, the z-score model is subject to reduced precision.

Thus, because of the added complexity of calculation

and interpretation, as well as the substantial efficiency

loss, the utility of the z-score is unclear and caution is

warranted before they are implemented in epidemio-

logical studies. It is important to note that neither total

weight gain nor the z-score allow for the examination

of critical windows in gestation, when the level of

weight gain may be more or less important for the

respective outcome. Similarly, both methods assume

that rank preservation and women continue on the

same trajectory of weight gain across gestation rela-

tive to their peers. Therefore, serial measures of

weight gain remain optimal. Emerging research sug-

gests that gestational weight gain may be modifiable

and therefore a potential target for reducing risk of

adverse outcomes.19 Thus, achieving unbiased esti-

mates of the relation between weight gain and preg-

nancy outcomes is important for improving maternal

and child health.
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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:

GWGðtÞ ¼ w0 þ w1tþ w2t
2 þ e1; 1

where the e10s are identically distributed with mean 0

and variance r2. 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:

Z ¼ GWGðtÞ � ÊðGWGjtÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffidVarðGWGjtÞ
q ¼ e

r
:

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 e1 is independent of gestational

age with mean 0.

Suppose, however, that model (1) is misspecified,

and in fact, the true model for GWG includes an inter-

action between gestational age (t) and pre-pregnancy

body mass index (BMI), such that:

GWGðtÞ ¼ w0 þ w1tþ w2t
2 þ w3ðBMI � tÞ þ e2:

Then fitting model (1) will violate the assumption of

independence between the errors and t, since the error

terms are now inclusive of the interaction term:
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e1 ¼ w3ðBMI � tÞ þ e2:

which is clearly correlated with t. Thus, z-scores cal-

culated based on fitting 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 result in 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 (GWGtot) is measured

at delivery (t = GAdel), and:

logit½PrðY ¼ 1jZÞ�

¼ aþ Zb ¼ aþ GWGtot � ÊðGWGtotjGAdelÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffidVarðGWGtotjGAdelÞ
q

0
B@

1
CAb:

For simplicity, let us suppose that Var(GWGtot|

GAdel) = 1 at all gestational ages to retain the original

scale for the log-odds (b). Then

logit½PrðY ¼ 1jZÞ� ¼aþ Zb ¼ aþ ðGWGtotÞb� ðŵ0bÞ
� ðŵ1bÞGAdel � ðŵ2bÞGA2

del

¼ a� þ ðGWGtotÞbþ b�1GAdel

þ b�2GA2
del

:

Note that this model can be accomplished by fitting

a logistic regression with total GWG as the exposure

of interest, with gestational age at delivery (GAdel)

and GA2
del as covariates. In addition, a direct model

permits more flexibility in choosing the functional

form of the covariates (e.g. GAdel and GA2
del), or addi-

tional terms (e.g. BMI * GAdel). Furthermore, it does

not restrict estimation of b by pre-specifying the rela-

tionship between gestational weight gain and gesta-

tional age, as defined by Model (1) and its estimated

parameters (w). Application of z-scores generated

under a misspecified model can result in biased infer-

ence that is untestable using only the study sample. In

conclusion, while the z-scores will theoretically per-

form well under correct specification, it may be

preferable to limit the required assumptions to those

that can be tested via regression models on the study

sample.
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