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Environmental hazards, social inequality, and fetal 
loss: Implications of live-birth bias for estimation 
of disparities in birth outcomes
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Introduction
Many environmental exposures that occur in early pregnancy 
have been linked with increased risk of preterm delivery (live 

birth before 37 completed weeks gestation), such as air pol-
lutants, pesticides, persistent organic pollutants, toxic metals, 
and water contaminants.1–3 Much of the evidence in support of 
these relationships utilizes administrative birth records—which 
only include live births and sometimes stillbirths—to capture 
outcome information. Because these records exclude fetal loss 
before 20 completed weeks gestation, they are subject to left 
truncation.4 Given that harmful environmental exposures may 
also increase early fetal loss,5–8 it is possible that studies which 
evaluate harm from exposures only among gestations that sur-
vive to live birth are biased. This issue has recently received 
increasing attention in the environmental and perinatal epide-
miology and social sciences literature.9–12

Live-birth bias is a form of selection bias that can be induced 
by restricting only to live births when studying in utero expo-
sures. Evidence suggests that up to 30% of conceptions do 
not result in a live birth13,14; therefore, the extent of selection 
is likely to be substantial. Live-birth bias may be larger or 
smaller in magnitude depending on the patterns of exposure, 
outcome, and selection across groups in society. For example, 
women of lower socioeconomic status and women of color are 
exposed to higher concentrations of environmental hazards 
such as air pollution, extreme temperatures, or polluted water, 
and several studies suggest they may also be more susceptible 
to those hazards compared with wealthier or white women; 
these disparities may be due to limited access to quality hous-
ing, prenatal care, healthy food, or higher levels of stress.15,16 
Socially or economically marginalized women may also have 
higher risk for preterm delivery due to other exposures and 
risk factors that are correlated with socioeconomic status or 
as a result of structural racism.17,18 Our inability to capture 
fetal loss in population-level analyses, therefore, may result in 
an underestimation of disparities in the estimated effects of 
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Background: Restricting to live births can induce bias in studies of pregnancy and developmental outcomes, but whether this 
live-birth bias results in underestimating disparities is unknown. Bias may arise from collider stratification due to an unmeasured 
common cause of fetal loss and the outcome of interest, or depletion of susceptibles, where exposure differentially causes fetal loss 
among those with underlying susceptibility.
Methods: We conducted a simulation study to examine the magnitude of live-birth bias in a population parameterized to resemble 
one year of conceptions in California (N = 625,000). We simulated exposure to a non–time-varying environmental hazard, risk of 
spontaneous abortion, and time to live birth using 1000 Monte Carlo simulations. Our outcome of interest was preterm birth. We 
included a social vulnerability factor to represent social disadvantage, and estimated overall risk differences for exposure and preterm 
birth using linear probability models and stratified by the social vulnerability factor. We calculated how often confidence intervals 
included the true point estimate (CI coverage probabilities) to illustrate whether effect estimates differed qualitatively from the truth.
Results: Depletion of susceptibles resulted in a larger magnitude of bias compared with collider stratification, with larger bias among 
the socially vulnerable group. Coverage probabilities were not adversely affected by bias due to collider stratification. Depletion of 
susceptibles reduced coverage, especially among the socially vulnerable (coverage among socially vulnerable = 46%, coverage 
among nonsocially vulnerable = 91% in the most extreme scenario).
Conclusions: In simulations, hazardous environmental exposures induced live-birth bias and the bias was larger for socially 
vulnerable women.

Keywords: preterm birth; Environmental hazard; selection bias; fetal loss; miscarriage; spontaneous abortion; health disparities; 
perinatal health; live-birth bias 
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environmental exposures on adverse birth outcomes between 
socioeconomic or racial/ethnic groups.

The extent to which excluding fetal loss and restricting to 
live-birth biases the effect of interest depends on how that effect 
is defined and on which population researchers would like to 
make inferences.10,11,19 Is the goal to estimate the total effect of 
the exposure on risk of preterm birth or fetal loss among all 
pregnancies? Or is the goal to estimate the effect only among 
live-born children? Often the latter is of higher public health 
importance, because future health outcomes for live-born chil-
dren are defined, whereas spontaneous abortion is an endpoint 
in and of itself. It is possible, however, that exclusion of fetal 
loss as a competing risk or selection mechanism may result in 
significantly underestimating the harmful effects of social and 
environmental exposures on pregnancy outcomes.20 Restricting 
to live births is less likely to induce bias if the target population 
is live births (rather than all conceptions), as is often the case for 
infant, child, or adolescent health outcomes such as autism spec-
trum disorder or schizophrenia that require a child to be alive, 
and to live to a certain age, to be diagnosed.21,22 However, even if 
the parameter of interest is the effect among live births, there are 
still two potential sources of bias that can result from left-trun-
cation. These include collider stratification, in which there is a 
common cause of fetal loss and the adverse pregnancy or child 
health outcome that is unknown or unadjusted for, or depletion 
of susceptibles, in which the exposure differentially causes those 
who have an underlying susceptibility to the outcome to expe-
rience a spontaneous abortion instead.9 This latter example is 
a special case of collider stratification in which susceptibility, a 
common cause of selection and the outcome, interacts with the 
exposure in its effect on fetal loss. In this article, we are focusing 
on preterm birth as the outcome; however, these concepts also 
apply to other adverse pregnancy or developmental outcomes.

No real-life data exist on patterns or determinants of early fetal 
loss that can be generalized to the population at large. Studies 
that have examined early fetal loss have done so among peo-
ple using assisted reproductive technology23 or in small cohorts 
where people are attempting to become pregnant (which fails 
to capture early fetal loss among those with unintended preg-
nancies),14 or in electronic health records among people seeking 
prenatal care, which excludes fetal loss that occurs before con-
tact with the medical system.24 Therefore, previous work in peri-
natal epidemiology has utilized simulations to illustrate how left 
truncation can bias estimates of risk for spontaneous abortion,25 
pregnancy complications,26,27 and delayed child neurodevelop-
ment,28 as well as quantify bias due to conditioning on preterm 
birth or birthweight when estimating risk of neonatal death.29,30

In this study, we apply a simulation framework to quantify the 
magnitude of bias due to left truncation and selection in utero 
on hypothetical estimates of the relationship between exposure 
to an environmental hazard and risk of preterm birth in a pop-
ulation meant to represent 1 year of births in California. First, 
we show how accurately defining the parameter of interest and 
the target population will have important implications for bias 
calculations. Next, we show how the magnitudes of bias from 
collider stratification or depletion of susceptibles are shaped by 
the strength of the relationship between the environmental haz-
ard and risk of spontaneous abortion. Finally, we illustrate that 
higher burden of exposure to environmental hazards among 
socially vulnerable population results in larger magnitudes of 
live-birth bias for these groups.

Methods

Simulation background

We conducted a simulation study that examined a range of 
possible relationships between exposure to an environmental 
hazard during early pregnancy and risk of spontaneous abor-
tion and estimated the live-birth bias when the environmental 

hazard increases risk of both spontaneous abortion and 
preterm birth.

We illustrate scenarios in which live-birth bias is induced by 
collider stratification or by depletion of susceptibles. We also 
included a social vulnerability factor, which represents low 
socioeconomic status or membership in a marginalized racial or 
ethnic group. In our simulation, this factor increases the prob-
ability of exposure to the environmental hazard and is asso-
ciated with a higher risk for preterm delivery, independent of 
the environmental hazard. This is consistent with well-docu-
mented disparities in preterm birth along race and class lines 
and with higher burden of exposure to environmental hazards 
faced by women of color and lower socioeconomic status.31–33 
For example, Black women had a preterm birth prevalence of 
14.1% compared with 9.1% among white women in the United 
States in 2018,34 and Black women were exposed to higher aver-
age levels of air pollution and were more than twice as likely 
as white women to live in the most polluted counties during 
pregnancy.35 In Michigan, Black children experienced higher 
lead exposure in-utero compared with white children,36 and in 
Massachusetts, other environmental hazards, like power plants, 
industrial facilities, landfills, toxic waste sites, and incinerators 
were disproportionately located in neighborhoods with higher 
percentages of low-income and non-white populations.37

Selection without selection bias

Our first simulation setting illustrates a scenario in which there 
is selection but no selection bias for a target population of live 
births (Figure 1). In this scenario, the binary baseline exposure 
A impacts the outcome Y (risk of preterm birth) and affects the 
risk of fetal loss, C. When we include only live births in the 
analysis, we are conditioning on C, but since C is not a col-
lider, that is, there is no variable besides A that affects C, and 
there is no selection bias. To illustrate this scenario, we gener-
ated A to represent exposure to the environmental hazard using 
a Bernoulli P =( )0 5.  model among 625,000 individuals. This 
number approximates 1 year of births in California (about 
500,000 births plus an extra 125,000 records [an increase of 
25%] to account for spontaneous abortions not included in 
birth records).38,39 For simplicity, we assumed the environmental 
hazard had a constant effect across individuals and that there 
was no confounding by other factors.

We then assigned each individual an underlying risk of 
spontaneous abortion, drawn from the following normal dis-
tribution: r N∼ = =( . , . )µ σ0 2 0 05 . The time to spontaneous 
abortion in weeks was drawn from the following distribution: 
5 1 5 0 5 10+ = =( ) ×Weibull . , .λ γ . This parameterization was 
chosen as it yielded a distribution that approximated the cumula-
tive risk of spontaneous abortion by gestational age observed in 
California women (eTable 1; http://links.lww.com/EE/A121).24 
We then simulated spontaneous abortions, which we refer to 
as C, from a Bernoulli ( )P r z A= + ×  model, in which r is the 
underlying risk drawn from the normal distribution described 
above, z is the absolute effect of exposure on risk among those 
who are exposed, and A is the binary indicator of exposure. We 
chose values of z ∈[ , . ]0 0 2  by increments of 0.01. We selected 
0.2, or 20 per 100 women, as the upper bound for the excess 

Figure 1.  Directed acyclic graph depicting selection with no live-birth bias 
for a target population of live births: the exposure of interest A is a cause of 
preterm birth Y and fetal loss C. Conditioning on C does not affect the esti-
mation of causal effect of A on Y because C is not a collider.

http://links.lww.com/EE/A121
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risk of spontaneous abortion due to the environmental hazard 
because it allowed us to estimate the impact of exposure on 
live-birth bias under an extreme, but still potentially plausible, 
scenario.

The underlying time to birth was simulated from the fol-
lowing model: 43 1 75 1 2 3− = =( ) ×Weibull λ γ. , . . This param-
eterization was chosen as it approximated the distribution of 
live births by gestational age and the prevalence of preterm 
birth in California (eTables 2 and 3; http://links.lww.com/EE/
A121).38,39 Among exposed women, an amount s was sub-
tracted from the underlying time to birth, to represent the 
effect of the environmental hazard on gestational length in 
weeks, where s ∈ −[ . , , . ]0 05 0 0 05 . These values were chosen 
as they are similar to observed associations between in utero 
exposure to environmental hazards and gestational age at 
birth.40 The outcome was preterm birth, which we call Y, and 
was classified as live births with a time to birth of less than 37 
weeks completed gestation.

Live-birth bias due to collider stratification

Next, we created a simulation that induced live-birth bias by 
including a confounder of fetal loss and preterm birth, which we 
call U. When conditioning on live births, the presence of U cre-
ates collider stratification bias, because both A and U point into 
C, creating a backdoor path between A and Y (Figure 2). We also 
add the social vulnerability factor W, which was drawn from a 
Bernoulli( . )P = 0 5  model, so that approximately half the pop-
ulation is assumed to experience this social vulnerability. The 
unmeasured confounder was drawn from a Bernoulli( . )P = 0 2  
model, so approximately 20% of the population was assumed 
to have this factor that increased risk of both spontaneous abor-
tion and preterm birth. We generated the exposure as a func-
tion of the social vulnerability factor, to reflect the fact that 
political, economic, and discriminatory forces expose lower 
income women and especially women of color to higher bur-
dens of environmental hazards. The exposure was drawn from 
a Bernoulli( . . )P W= + ×0 1 0 25  model, in which W represents 
the social vulnerability factor.

Spontaneous abortions were drawn from the following 
model: Bernoulli( . )P r z A U= + × + ×0 2 , in which similar to 
above, r is the underlying risk of spontaneous abortion and z is 
the effect of the environmental hazard on fetal loss.

For those without the social vulnerability factor ( )W = 0 , the 
underlying time to birth was simulated from the same model 
described above: 43 1 75 1 2 3− = =( ) ×Weibull λ γ. , . . For those 
with the social vulnerability factor ( )W = 1 , the underlying time to 

birth was simulated from 42 5 1 75 1 2 3. . , .− = =( ) ×Weibull λ γ .  
This has the consequence of increasing the baseline preva-
lence of preterm birth among those with the social vulnerabil-
ity factor. The final live birth time was calculated as follows: 
t s A U− × − ×0 5. , where t is the underlying live birth time, 
s ∈ −[ . , , . ]0 05 0 0 05  is the amount that exposure affects time to 
birth, and those with U = 1  have an additional 0 5.  gestational 
weeks subtracted from their underlying live birth time.

We created a superpopulation of N = 5,000,000 individu-
als, simulated as described above. We used this superpopula-
tion to calculate the true effect of the environmental hazard 
on risk of preterm delivery if there was no fetal loss, overall 
and within strata of the social vulnerability factor. We then 
randomly sampled 625,000 individuals without replacement 
from the superpopulation for our analyses. This allowed us to 
calculate confidence interval (CI) coverage of our estimates. 
This procedure is described in more detail in the statistical 
analysis section.

Live-birth bias due to depletion of susceptibles

Depletion of susceptibles refers to the phenomenon in which 
it is only those who are both susceptible and exposed who 
experience an effect of the environmental hazard on fetal loss. 
Therefore, those who are susceptible to the hazard’s effect are 
differentially selected out of the live-birth cohort. Stated another 
way, susceptibility acts as an effect modifier of the environmen-
tal hazard on the risk of spontaneous abortion. This scenario is 
the same as the collider stratification simulation except we gen-
erated a susceptibility variable that operates similarly to U, the 
unmeasured confounder described earlier, which interacts with 
the exposure to affect fetal loss. This data-generating mecha-
nism looks the same as that represented in Figure  2, because 
effect modification cannot be clearly represented on a directed 
acyclic graph.

Statistical analysis

We used linear regression to estimate absolute differences in 
risk of preterm birth due to the environmental hazard. In the 
scenario in which there was no selection bias, models were run 
on the full set of conceptions (including spontaneous abortions 
as an adverse outcome in combination with preterm birth), the 
truncated set (only including live births), and the counterfactual 
set (the full set of conceptions including all live births had spon-
taneous abortions not occurred). The full and truncated data 
sets correspond to having an entire conception cohort versus 
only those that survived to be included in birth records, respec-
tively. The counterfactual set allows us to compare the effects of 
exposure on risk of preterm birth had spontaneous abortion not 
occurred, that is, to include those who would have been at risk 
for preterm birth had they survived.

For the scenarios in which there is live-birth bias, either 
due to collider stratification or depletion of susceptibles, we 
estimated the effects of the environmental hazard using linear 
regression in the counterfactual and the truncated settings only, 
since the target population was live births. We controlled for 
social vulnerability as a confounder in the overall analyses, and 
also stratified by the social vulnerability factor.

To minimize the influence of sample size variation on the 
results, we used Monte Carlo simulation with 1000 replica-
tions. To assess whether the bias was strong enough to result 
in a qualitatively different inferential conclusion from the 
truth, we evaluated the CI coverage across the simulations by 
assessing whether the 95% CI of the truncated data set in the  
N = 625,000 population included the point estimate of the 
counterfactual data set in the N = 5,000,000 superpopulation.

We used R version 3.5.0 for this simulation; annotated code 
is available in the eAppendix; http://links.lww.com/EE/A121.

Figure 2.  Directed acyclic graph depicting live birth bias: the exposure of 
interest A is a cause of preterm birth Y and fetal loss C. Fetal loss and preterm 
birth also share an unmeasured common cause U. A social vulnerability factor 
W is a common cause of A and Y. By conditioning on C, as we do when using 
only live births in analyses, we create a backdoor path from the exposure to 
preterm birth.

http://links.lww.com/EE/A121
http://links.lww.com/EE/A121
http://links.lww.com/EE/A121
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Results
In the first simulation setting, the spontaneous abortion prev-
alence was 25.1%, the preterm birth prevalence was 10.4%, 
and the environmental hazard exposure prevalence was 50%. 
This is the scenario when, for a target population of live births, 
there is selection but no selection bias, because there is no col-
lider stratification or other mechanism that induces bias. The 
effect estimates in the full and truncated data sets, which cor-
respond to all conceptions and live births, respectively, demon-
strate how critical it is to define the target population before 
determining whether restriction to live births induces bias 
(Figure 3). As the association between exposure and sponta-
neous abortion increased in magnitude (from a risk difference 
of 0 to 0.20, or 0 to 20 per 100 women), the effect of exposure 
on the risk of a pregnancy not resulting in a term birth (i.e., 
ending in spontaneous abortion or preterm delivery) among 
all conceptions increased linearly. Meanwhile, the effect in the 
truncated data set, which represents just live births, remained 
unchanged, with a modest risk difference effect size of 0.003, 
or 0.3 per 100 women. The estimates from the counterfactual 
and truncated data sets are the same on average, indicating 
that as long as the target population is live births (rather than 
all conceptions) restricting to live births in this scenario does 
not create bias.

In the presence of collider stratification, however, condition-
ing on live births opens the backdoor path between the environ-
mental hazard and preterm birth, thus inducing bias even if the 
target population is live births. In the collider stratification sce-
nario, the prevalence of the environmental hazard was 22.5%, 
the prevalence of spontaneous abortion was 26.3%, and the 
prevalence of preterm birth was 11.1% on average. As the rela-
tionship between the environmental hazard and spontaneous 
abortion strengthened, the live-birth bias increased (Figure 4). 
This bias was modest in magnitude, and although it was larger 

for those in the socially vulnerable group (Figure 5), the cover-
age probabilities were not adversely affected (Figure 6).

The bias due to depletion of susceptibles was more pro-
nounced, although the pattern was similar to that observed 
in the collider-bias scenario (Figure  7). In this scenario, the 
prevalence of the environmental hazard was 22.5%, the prev-
alence of spontaneous abortion was 20.5%, and the prevalence 
of preterm birth was 11.3%. Furthermore, the difference in 
bias between those with and without social vulnerability was 
larger (Figure  8). The CI coverage also varied more substan-
tially by social vulnerability status. The coverage of the trun-
cated estimate remained above 90% for those who were not 
in the socially vulnerable group for all but the most extreme 
simulation scenario. However, the coverage for those in the 
socially vulnerable group dropped precipitously, especially once 
the effect of exposure on spontaneous abortion exceeded a risk 
difference of 0.1 (Figure 9).

We repeated these analyses for alternate scenarios in which 
the exposure had no effect or had a protective effect on risk of 
preterm birth. The patterns were identical to those presented 
here (eFigures 1–6; http://links.lww.com/EE/A121).

Discussion

This simulation study demonstrates that live-birth bias can 
result in underestimation of effects of hazardous environmental 
exposures on preterm birth, especially among socially vulnera-
ble groups who are more likely to experience the exposure and 
have greater risk for preterm delivery. Our findings suggest that 
exclusion of fetal loss from studies of preterm birth likely biases 
effect estimates downward and, therefore, may hinder identifi-
cation of harmful exposures regardless of whether the desired 
level of inference is all conceptions or all live births. Depletion 
of susceptible fetuses, in particular, resulted in larger live-birth 
bias, whereas the bias due to collider stratification was smaller 
in magnitude. Our finding that the extent of downward bias 
was more pronounced for women with the social vulnerability 
factor suggests current models may underestimate disparities in 
maternal and infant health as a result of harmful environmental 
exposures.

This finding is especially relevant in the context of the high 
prevalence of preterm birth among Black women in California 
and the United States.38 While not much evidence exists regard-
ing determinants of early fetal loss by race in the United 
States, one study found higher risk of self-reported miscarriage 
among Black compared with white women in the Southeastern 
states.41 Additionally, the male-to-female live birth ratio (i.e., 
the sex ratio) has been used to assess fetal loss as male fetuses 
are presumed to be more vulnerable to in utero stressors. For 
example, evidence shows the sex ratio decreased after the 11 
September 2001 terrorist attacks42 and after the collapse of the 
East German economy,43 and increased after the Clean Air Act 
Amendments of 1970.44 Analysis of California births from 1960 
to 1996 shows that Black women have consistently lower sex 
ratios compared with white women in California.45 Therefore, 
evidence suggests Black women may experience greater early 
fetal loss, potentially related to their higher burden of exposure 
to environmental hazards and other forms of structural racism. 
In combination with our simulation results, this suggests that 
current estimates of disparities in adverse birth outcomes by 
race are likely underestimated.

Previous studies have examined magnitudes of collider strati-
fication bias and have found them in general to be small, unless 
the relationships between U and either the A and Y variables are 
very strong. For example, one prior study examined the poten-
tial magnitudes of collider stratification bias in a general set-
ting,46 and found having odds ratios of 4, 8, and 16 between U 
and A or U and Y would result in biases on the odds ratio scale 
of 1.14, 1.43, and 1.93, respectively.46 Additionally, a study that 

Figure 3.  Effect of exposure on the risk of a pregnancy not resulting in term 
birth among all conceptions or all live births when there is no unmeasured 
common cause of fetal loss and preterm birth.

http://links.lww.com/EE/A121
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Figure 4.  Effect of exposure on the risk of preterm birth among people with and without social vulnerability in the counterfactual and truncated data when there 
is collider stratification bias. The counterfactual data captures the risk of preterm birth if there were no spontaneous abortion, while the truncated data limits to 
live births.

Figure 5.  Bias in effect estimates among people with and without social vulnerability due to collider stratification.
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examined collider-stratification bias as a potential explanation 
for the birthweight paradox found that collider stratification 
bias was sufficient to explain the paradox when the relationships 
between exposure, birthweight, and outcome were strong,30 that 
is, when A reduced birthweight C by 400 g, U reduced birth-
weight C by 500 g, and U increased risk of neonatal mortality 
Y by 20%. However, others have shown that when interaction 
exists between variables involved in collider stratification, the 
biases can be much larger.47 For example, a simulation study 
examining collider-stratification bias due to mortality in studies 
of cognitive decline found that biases were substantially larger 
when interaction existed between the exposure A and unmea-
sured confounder U to affect the censoring variable C.48 Given 
that depletion of susceptibles is a form of collider stratification 
with interaction between the susceptibility factor and the expo-
sure, our findings that depletion of susceptibles corresponded to 
larger estimates of live-birth bias compared with collider strati-
fication are consistent with those found in prior work.

To make our simulation as realistic as possible, we selected 
parameters based on published estimates whenever possible. 
However, there is little evidence about drivers of fetal loss or 
potential magnitudes of effects of environmental exposures 
on fetal loss before 20 weeks. We attempted to account for a 
variety of possible scenarios by drawing an underlying risk of 
spontaneous abortion from a normal distribution, and varying 
the potential effects from 0 to 0.2, or 0 to 20 per 100 women, 
on the additive scale. Additionally, we simulated the socially 
vulnerable group to experience a greater burden of exposure 
and higher risk for preterm birth but not a larger effect of the 
exposure on fetal loss, because, to our knowledge, no studies 
have demonstrated the latter relationship. It is possible, how-
ever, that socially vulnerable women experience higher preva-
lence of other risk factors that have been linked to increased 
risk of fetal loss, including alcohol use, smoking, or other 
substance use,49–51 or experience higher prevalence of compli-
cations that might increase risk of miscarriage such as infec-
tion and depression.52,53 We would expect a higher prevalence 
of fetal loss or a stronger effect of environmental hazards on 
fetal loss to increase live-birth bias; therefore, our results for 
the socially vulnerable group may be conservative. We also 
selected multiple potential effects of exposure on preterm birth 
among those who did not experience fetal loss, where exposure 
either (1) reduced risk of preterm birth; (2) had no effect on 
preterm birth; or (3) increased risk of preterm birth. We found 
in each of these three cases that selection bias resulting from 
left-truncation of the data would cause absolute downward 
bias of the true effect (eFigures 1–6; http://links.lww.com/EE/
A121). Therefore, researchers might find an effect estimate that 
is more protective than the truth, protective while no true effect 
exists, or no effect despite there being a harmful effect for sce-
narios 1, 2, and 3, respectively.

There is an ongoing debate in the perinatal epidemiology 
literature regarding the implications of live-birth bias when 
studying effects of in utero exposures on conditions that are 
diagnosed only among babies who survive until a certain 

Figure 6.  Coverage probabilities among people with and without social vul-
nerability when there is collider stratification bias. The horizontal dotted line is 
at the 95% coverage level.

Figure 7.  Effect of exposure on the risk of preterm birth among people with and without social vulnerability in the counterfactual and truncated data when there 
is depletion of susceptibles. The counterfactual data captures the risk of preterm birth if there were no spontaneous abortion, while the truncated data limits 
to live births.

http://links.lww.com/EE/A121
http://links.lww.com/EE/A121
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age.10,28,54,55 This debate tends to center on whether it is advis-
able to account for fetal deaths when the population at-risk of 
these conditions is children, not all conceptions. In this case, 
we agree that the relevant target population for estimating risk 
of childhood diseases is children who survive long enough to 
be diagnosed. It is possible the data-generating mechanism for 
such a question resembles Figure 1, in which there is selection 
but no selection bias for a target population of live births. In 
this scenario, we agree that restriction to live births, without 
additional analysis, could be a reasonable approach. However, 
researchers cannot be certain that there are no unmeasured 
common causes of fetal loss and the outcome and, as the 
results of this study show, failing to account for those factors 
is a threat to internal validity, even when the target population 
is live births or children who survive to a certain age. Adjusting 

for common causes of fetal loss and adverse pregnancy out-
comes will not change the target population nor the question 
of interest—but it will reduce the bias induced by collider 
stratification and depletion of susceptibles. Therefore, we must 
improve our understanding of the mechanisms and risk factors 
for fetal loss. Otherwise, our estimates of hazardous environ-
mental exposures will continue to fall victim to the problem of 
unknown unknowns—we do not know what factors may be 
biasing our results or by how much.

Addressing this challenge is especially important for groups 
that face social or economic marginalization because, as our 
simulation results show, the magnitude of live-birth bias can 
be larger for these populations that may already experience 
a greater burden of exposure and have higher prevalence of 
preterm birth. Thus, without accounting for live-birth bias, we 
may underestimate true disparities in pregnancy outcomes across 
race, class, or other dimensions of social inequity. Therefore, 
excluding early pregnancy losses from studies of harmful expo-
sures and preterm delivery not only likely biases downwards the 
true public health costs of these exposures; it likely underesti-
mates the risk attributable to these exposures to an even greater 
degree for women of color and lower-income women. This may 
be especially true in countries like the United States, where there 
are large discrepancies in health by socioeconomic status and 
race/ethnicity, and may be less relevant in countries with rel-
atively less social inequality. To better understand the magni-
tudes of these biases in real populations, it would be necessary 
to improve our efforts to identify or enroll pregnancy cohorts 
in which early pregnancy loss can be studied.20,56 Capturing 
the relationship between hazardous social and environmental 
exposures and early fetal loss is important to elucidate potential 
interventions that reduce preventable pregnancy loss and to bet-
ter characterize risk factors for both fetal loss and preterm birth 
that, if adjusted for, could reduce live-birth bias and improve 

Figure 8.  Bias in effect estimates among people with and without social vulnerability due to depletion of susceptibles.

Figure 9.  Coverage probabilities among people with and without social vul-
nerability when there is bias due to depletion of susceptibles. The horizontal 
dotted line is at the 95% coverage level.
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our understanding of how to reduce disparities in adverse birth 
outcomes due to environmental hazards.
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