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Abstract

Only 60-70% of fertilized eggs may result in a live birth, and very early fetal loss mainly
goes unnoticed. Outcomes that can only be ascertained in live-born children will be
missing for those who do not survive till birth. In this article, we illustrate a common
bias structure (leading to ‘live-birth bias’) that arises from studying the effects of prenatal
exposure to environmental factors on long-term health outcomes among live births only
in pregnancy cohorts. To illustrate this we used prenatal exposure to perfluoroalkyl
substances (PFAS) and attention-deficit/hyperactivity disorder (ADHD) in school-aged
children as an example. PFAS are persistent organic pollutants that may impact human
fecundity and be toxic for neurodevelopment. We simulated several hypothetical scen-
arios based on characteristics from the Danish National Birth Cohort and found that a
weak inverse association may appear even if PFAS do not cause ADHD but have a con-
siderable effect on fetal survival. The magnitude of the negative bias was generally small,
and adjusting for common causes of the outcome and fetal loss can reduce the bias. Our
example highlights the need to identify the determinants of pregnancy loss and the im-
portance of quantifying bias arising from conditioning on live birth in observational
studies.
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Key Messages

health outcomes that manifest only after births.

exposure studies.

¢ ‘Live-birth bias’ may arise in studies using pregnancy cohorts to investigate the impact of prenatal exposures on

¢ Simulation analyses based on information from the Danish National Birth Cohort and several hypothetical scenarios
suggest that weak inverse associations between prenatal PFAS and ADHD in children can be observed even if PFAS
do not cause or prevent ADHD but have considerable effects on fetal survival.

* The magnitude of bias from ‘conditioning on fetal survival’ is generally small; one way to reduce this bias is to adjust
for measured risk factors of the study outcome that also have an impact on fetal survival.

* |t is important to improve our understanding of the determinants of fetal loss and collect such data in pregnancy

Quantitative bias analyses is important to estimate the size of the impact of a ‘live-birth bias’ in observational studies.

Introduction

In life-course and reproductive epidemiology, we often aim
to study whether exposures induce fetal programming as a
function of the time the population is at risk, and that time
starts at conception. However, the total number of concep-
tions in the source population is generally unknown be-
cause of the complex selection phenomena in human
reproduction such that only 60-70% of all fertilized eggs
will likely result in a live birth."* Previous studies that
relied on the rise of human chorionic gonadotropin (hCG)
as a biomarker for detecting pregnancies early estimated
the incidence of early pregnancy loss (EPL; defined as fetal
loss after implantation and before pregnancy was detected
clinically) to range around 20-30% in cohorts of preg-
nancy planners.'®> Using hCG as a biomarker however
does not allow for pregnancy loss detection before im-
plantation, and planned pregnancy might be different from
unplanned pregnancy; thus the rates of EPL in the general
population could be higher.” Genetic, hormonal and im-
munological factors,™* as well as exposure to environmen-
tal chemicals such as endocrine-disrupting compounds,
heavy metals and cigarette smoke,>” affect infertility and
pregnancy loss in humans.

Health effects from exposures in pregnancy that can only
be ascertained in live-born children will be missed if expos-
ures contribute to the abortion of fetuses, thus reducing the
number of exposed life-born conceptions. This fact has be-
come well known in studies of congenital malformations or
birth defects which are thus considered in terms of preva-
lence measures,® since it is known that exposure that re-
duces fetal survival disproportionately among malformed
fetuses will result in lower (‘preventive’) prevalence meas-
ures among the exposed. Basically, exposure moves some
malformations from being identifiable into a window of in-
visibility. Few studies have employed quantitative methods
to examine the impact on effect estimates for childhood or

long-term health outcomes as a consequence of pregnancy
exposures when exposure can cause fetal loss.

Several recent epidemiological studies observed an
unexpected inverse association between prenatal levels
of perfluoroalkyl substances (PFAS) and risk of attention-
deficit/hyperactivity disorder (ADHD) in children.”~'* PFAS
are man-made synthetic chemicals that have been exten-
sively used as surfactants in industrial and commercial appli-
cations such as food packaging material, non-stick pan
coatings, and personal care products. PFAS are extremely
persistent in the environment and in humans; for example,
the estimated biological half-life is around 4 to 8 years for
common PFAS. PFAS can cross the placental barrier, expos-
ing the fetus, and animal studies showed that PFAS are
neurotoxic during development.'>'* However, two previous
reports based on subsets of the Danish National Birth
Cohort (DNBC) unexpectedly showed weak inverse associ-
ations between prenatal PFAS levels and behavioural prob-
lems” or ADHD diagnosis.'” Specifically, children born to
mothers in the highest quartile of perfluorooctanesulfonate
(PFOS) levels, the most common PFAS, were at lower risk
of receiving a diagnosis of ADHD [Risk Ratio=0.79; 95%
confidence interval (CI) 0.64-0.98]. A smaller study in
Sweden estimated an odds ratio of 0.81 (95% CI 0.50-1.32)
for PFOS in umbilical cord serum and ADHD in children."!
Another longitudinal study, conducted in a community that
for decades was highly exposed to perfluorooctanoate
(PFOA) through contaminated drinking water, also reported
higher levels of in utero exposure to PFOA to be associated
with fewer, not more, ADHD symptoms in offspring.'?
There is, however, no biological explanation for PFAS pro-
tecting children or the developing brain from ADHD. Error
due to chance is a possible explanation, but other potential
bias should also be considered.

Prenatal exposures to PFAS have been suggested to in-
crease the incidence of fetal resorptions and to cause fetal
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and neonatal deaths in animals.'>™'” In humans, PFAS

were shown to interfere with sex hormone and thyroid

1819 and higher prenatal levels of

20,21

hormone homeostasis,
PFAS were associated with reduced fecundity and
increased risk for miscarriage.”” In addition, PFAS may
have an impact on sperm morphology, semen quality and
reproductive hormone levels in men,** which could result
in reduced fecundity and elevate the risk for early preg-
nancy loss.

In this article, we first use directed acyclic graphs to il-
lustrate the common bias structure, namely conditioning
on live-birth status when studying the impact of prenatal
environmental exposures on long-term health outcomes.
Next, we use PFAS and ADHD as an illustrative example to
study the direction and magnitude of the bias; this bias
structure could be generalized to many other environmental
threats and outcomes that share the causal and bias struc-
ture described here. We simulated a few assumed scenarios
based on information taken from the Danish National
Birth Cohort, and investigate whether conditioning on live-
born status may induce sufficiently large bias to explain the
unexpected inverse associations between prenatal PFAS
exposures and ADHD in our and previous studies.

Methods

Bias structure

We use directed acyclic graphs (DAGs) to present the struc-
tural relation between variables. The basic set of rules in
utilizing DAGs has been described elsewhere.”* Two major
sources of biasing paths are uncontrolled confounding
(Supplementary Figure 1a, available as Supplementary data
at IJE online), i.e. the failure to control for a confounder
such as a common cause, and conditioning on a collider or
a common effect of the two variables under study, thus
opening up an otherwise closed path (Supplementary
Figure 1b, available as Supplementary data at IJE online).

Factors that cause both
fetal death and the

outcome \

Environmental
Exposure

Long-term
outcome

[Live Born=1]

Figure 1. A common bias structure in studies of prenatal exposure
to environmental factors on long-term health outcomes where the
environmental exposure causes fetal losses. Only the fetuses that
survived (indicated by live born equal to 1) can be ascertained for
the long-term outcome. Conditioning on live-born status opens up
a collider path from environmental exposure to outcome via other
uncontrolled common causes of fetal survival and the outcome.

A well-known example of collider bias is selection bias re-
sulting from study participants’ differential (in terms of
outcome and exposure) non-response or loss to follow-
up.?’ Competing risk and survivor bias have also been pre-
viously conceptualized as forms of collider bias.*®

Figure 1 shows the common bias structure we propose
for studies of prenatal exposure to environmental factors
and health outcomes that manifest after birth when the
environmental exposure also causes fetal loss. Since out-
comes that can only be ascertained in live-born children
will be missing for all non-surviving fetuses, and if expos-
ures also contribute to loss, when we condition on live-
birth status (as is typical in perinatal and paediatric cohort
studies) we induce a ‘collider(-stratification) bias’ in the
presence of uncontrolled common causes of fetal death and
the health outcome after birth. This type of bias could be
called ‘live-birth bias’ in perinatal and paediatric epidemi-
ology. This live-birth bias is distinct from and can coexist
with the birthweight paradox in smoking-low-birthweight-
mortality studies,”” and with the fetuses-at-risk bias in
maternal-risk-factor-preterm-mortality studies.”® The lat-
ter collider-bias scenarios arise from conditioning on post-
natal variables such as low birthweight, not from missing
data on unobserved fetal loss that could have been the
common consequence of the prenatal exposure under
study and some unknown common causes of the postnatal
outcome under study and fetal loss.

Possible theories for PFAS and ADHD

We propose three scenarios based on what we consider
realistic, given existing knowledge regarding associations
between PFAS, ADHD and fetal survivals, and measured
as well as unmeasured risk factors of ADHD. However, we
emphasize that the proposed scenarios are hypothetical,
i.e. they are based on the assumption that PFAS can influ-
ence human fecundity and increase risk of fetal death.
While research indicated that PFAS may impact fetal

15-17.20-22 ore studies and data are still needed to

loss,
evaluate whether PFAS lead to fetal death in humans.
In the first scenario (Figure 2a), there is no causal relation
between PFAS and ADHD. However, exposure to PFAS
decreases the chance of conception (C) and fetal survival
before clinical detection of pregnancy (S1) or a live birth
(S2). Based on the literature, we introduce a variable R
which represents a set of known risk factors for ADHD
that also influence conception and fetal survival, specific-
ally maternal socioeconomic status,”” smoking®® and psy-
chological stress.® In addition, the variable U represents a
set of unmeasured, possibly unknown, risk factors for
ADHD that reduce fecundity and fetal survival. Some pos-
sible candidates for U include predisposition due to genetic
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(a) Conception Known and
[c=1] «——— measured risk
factors (R)
Fetal survival \
PEAS 6-12 weeks ADHD
[S1=1]
v
Fetal survival

Live born ("‘“--_____ Unknown or

[52=1] unmeasured

risk factors (U)

(b) Conception Known and
[C=1] measured risk
l factors (R)
Fetal survival
6-12 weeks
/ (s1=1)

PFAS ADHD

| \
Fetal survival )\ /

Live born «._______H‘H Unknown or
[52=1] unmeasured

risk factors (U)

Figure 2. (a) DAG of scenario 1 where no causal relation between PFAS and ADHD in the simulated pregnancy cohort. However, conditioning on con-
ception and fetal survival (C, ST and S2) opens up biasing paths from PFAS to ADHD through risk factors of ADHD (R and U). (b) DAG of scenario 2
where a causal relation (direct effect) between PFAS and ADHD was assumed. Conditioning on C, S1 and S2 would induce similar collider biases to

those described in (a).

Known and

4..--*"""‘ measured risk

factors (R)

Conception
[C=1]

|

Fetal survival
PRAS —————> 6-12 weeks ADHD

[S1=1]
‘lv u1
Fetal survival
Liveborn
[s2-1] \
uz2
u3

Figure 3. DAG of scenario 3 where no causal relation between PFAS
and ADHD in the simulated pregnancy cohort. Conditioning on concep-
tion and fetal survival (C, S1 and S2) opens up biasing paths from PFAS
to ADHD through risk factors of ADHD (R, U1 and U2). U2 and U3 are
determinants of PFAS thus would additionally contribute confounding
biases in this scenario.

factors or other environmental toxins.>>*® In the second
scenario (Figure 2b), the same set of variables was em-
ployed as in scenario 1 but here we now claim that pre-
natal exposure to PFAS causes a small increase in ADHD
risk [odds ratio (OR) =1.2 or 1.5] in children.

In addition, we also examine a third scenario (Figure 3)
where we assumed no causal relation between PFAS and
ADHD, and simulated three unknown or unmeasured risks
factors (U1, U2 and U3). The third scenario is more com-
plicated since it takes into consideration both collider bias
and uncontrolled confounding. We simulated U1 to repre-
sent some unknown genetic predisposition that is a strong
risk factor of ADHD (OR =35) and has a strong effect on
fetal survival (OR =0.3). U2 represents unmeasured envir-
onmental and lifestyle factors that are moderately associ-
ated with ADHD (OR =2) and fetal survival (OR =0.5),
and are also positively correlated with PFAS exposures

(OR =1.5). U3 represents potential unmeasured confound-
ing factors that are common causes of PFAS and ADHD.

Simulations and statistical analysis

We used Monte Carlo techniques to perform simulations,
basing our parameter priors on information from the
Danish National Birth Cohort (DNBC). The DNBC is a
nationwide cohort study that followed about 100000
pregnancies and children with the aim to study pregnancy
complications and diseases in offspring in relation to
causes operating during pregnancy and early life (for de-
tails see Olsen et al.>*). Pregnant women were recruited by
general practitioners after their pregnancies were clinically
recognized at around 6-12 weeks of gestation. According
to maternal report, 75% of the enrolled pregnancies were
planned and 25% were partially planned or not planned.
ADHD diagnoses in children were ascertained based on
ICD-10 diagnoses through linkage with admission records
from all general and mental health hospitals in Denmark.
Maternal PFAS levels during pregnancy in the DNBC have
previously been ascertained and reported.'®*° PFOS and
PFOA are the most frequently detected PFAS, that is they
were detected in all maternal plasma samples measured
from the DNBC."?

We simulated a cohort consisting of 92000 live-born
singletons, i.e. the number in the DNBC with ~3% of all
children developing ADHD. We assumed that about 20%
of EPL remained undocumented and thus these pregnan-
cies were not enrolled in the DNBC, and that 5% of fetal
deaths occurred after cohort enrolment as documented pre-
viously in studies reporting on miscarriages and abortions
in the DNBC.>® We compared women with PFAS levels
in the highest quartile with all others, thus generating a
binary PFAS variable with the prevalence of exposure set
as 25%. In all three scenarios, fixed priors were used for
the prevalence of known risk factors (R) and the relation
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between R and ADHD or fetal loss. In addition, a range of
input levels were assigned to the unmeasured risks factors
(U1, U2 and U3), including their presumed prevalence and
the strength of their associations with ADHD and fetal
loss. The list of variables with their assumed prevalence
and strengths of associations are presented in Table 1.

We used SAS 9.3 (SAS Institute, Cary, NC, USA) to per-
form all simulations and analyses.’® We generated binary
values for the ‘exogenous’ variables (i.e. variables that
have no arrow pointing towards them as shown in DAGs
in Figure 2 and Figure 3) including PFAS in the first two
scenarios, and known or unknown risk factors of ADHD
(R and U’s) in all scenarios, by random draws from inde-
pendent Bernoulli distributions such that: PFAS ~ B(1,
0.25), R~B(1, 0.4) and U’s ~B(1, P(U=1)). For variables
that have causal determinants (arrows that point towards
them) such as conception (C), ADHD, and PFAS in the
third scenario, simulations were conducted based on the
following equations.

In scenarios 1 and 2:

C~B (1, (1/(1+4exp(—(og(P(C=1)/(1-P(C=1)))+
log(ORc.pras) *PFAS + log(OR¢.g)*R +1og(OR¢.y) *U)))))

In scenario 1:

ADHD ~B (1, (1/(1+ exp(—(log(P(ADHD = 1)/(1 — P(AD
HD =1))) +log(OR sprip-r) *R + 10g(OR sprip-u) *U)))))

In scenario 2:

ADHD ~B (1, (1/(1 + exp(—(log(P(ADHD = 1)/(1 — P(AD
HD =1))) +log(OR sprip-r) *R + l0g(OR sprip-u) *U + log
(ORApHD-pEAS) *PFAS)))))

In scenario 3:

C~B (1, (1/(14exp(—(log(P(C=1)/(1 —P(C=1)))+log
(ORC.pras) *PFAS + log(ORc r)*R + log(OR.u1)*UT +
log(ORc.12)*U2)))))

ADHD ~B (1, (1/(1 + exp(—(log(P(ADHD = 1)/(1 — P(AD
HD =1))) +1og(ORappp-r)“R + log(ORAppp-u1) “Ul +
log(ORApHp-u2) U2 +10g(OR Appp-u3) *U3)))))

PFAS~B (1, (1/(1 +exp(—(log(P(PEAS = 1)/(1—P(PFAS —
1))) + log(ORpgas &) *R + log(ORpras.u2) *U2 + log
(ORpras-u3)*U3)))))

For fetal survival in early pregnancy (S1) and live birth
of infants (S2), we used conditional probabilities to assign
values to S1 and S2 such as:

In scenarios 1 and 2:

SI~B (1, (1/(1+exp(—(log(P(ST=1)/(1=P(S1 =1))) +
log(ORg1.pras) *PFAS + log(ORg;r)*R +log(ORs;.y)*
Uy c=1

Table 1. Priors for the simulation studies

Specified relation (ORs) in scenario 3

Specified relation (ORs) in scenarios 1 and 2

Prevalence

Abbreviation

Variables®

ORppasr = 1.55 ORppas.ur = 1.5;

no causal determinants

25% exposed

PFAS

Perfluoroalkyl substances

1.5,3,0.5,0.3

ORpras-us
OR(;_R = 05, ORC-PFAS = 08, 05,

ORC_R = 05, OR(;_ppAS = 08, 05,

95%

Conception

ORC~U1 = 0.3, ORC~U2 =0.5
ORSLR = 05 5 ORSl—PFAS = 08, 05,

ORc.y=0.8,0.5,0.3
ORSIAR = 05, ORS]—PFAS = 08, 05,

80% survived among all

S1

Fetal survival in early gestation

= 03, ORSLUZ = 05

ORs1.u1
ORg2.r

0.8,0.5,0.3
0.5; ORs2-ppas = 0.8, 0.5;

ORS 1-U
ORSZ—R

conceptions

0.5; ORSZ—PFAS = 08, 05,

95% survived among those

S2

Fetal survival at birth?

0.3; ORSZ—UZ = 05

ORsz.u1
no causal determinants

0.8,0.5,0.3

ORgzu
no causal determinants

survived in early gestation

40%

R

Known and measured risk factors that

impact on fetal survival

no causal determinants

no causal determinants

20% or 40%;

U=

U (scenarios 1 and 2);

Unknown or unmeasured risk factors

=20%

20%, U3

3% among live-born

Ul=10%, U2

U1,U2,U3 (scenario 3)

ADHD

SH

ORApHD-R = 8; ORApHD-UI

2,5,10;

ORApHD-pras = 1.2, 1.5 (scenario2 only)

ORApHD-R = 8; ORApHD-U

Attention-deficit/hyperactivity

ORApHp-u2 =25 ORppHp-.uz =2, 4

disorder

yes, 0 =no).

?All variables were generated as binary responses (1

About hypothetical 92 000 live-born were generated.
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Table 2. Simulation results® of PFAS and ADHD in a hypothetical live-born birth cohort (scenario 1 assuming a true null effect of

PFAS on ADHD)
Pr(U=1)" ORapmp-U ORc.u, ORs1.u, ORso.y =

0.8 0.5 0.3

Crude OR Adjusted OR® Crude OR Adjusted ORP Crude OR Adjusted OR?
where ORc.pras, ORs1-pras, ORsa.pras = 0.8
0.2 2 0.98 1.00 (0.90-1.09) 0.97 0.99 (0.89-1.10) 0.97 0.99 (0.89-1.10)
0.2 S 0.97 0.99 (0.91-1.08) 0.96 0.98 (0.90-1.08) 0.95 0.97 (0.88-1.07)
0.2 10 0.97 0.99 (0.92-1.06) 0.96 0.97 (0.90-1.05) 0.94 0.95 (0.87-1.04)
0.4 2 0.97 0.99 (0.91-1.09) 0.97 0.99 (0.90-1.09) 0.96 0.98 (0.87-1.09)
0.4 S 0.97 0.99 (0.92-1.06) 0.96 0.98 (0.90-1.05) 0.94 0.96 (0.87-1.04)
0.4 10 0.97 0.99 (0.94-1.05) 0.95 0.97(0.91-1.03) 0.93 0.94 (0.87-1.02)
where ORc.pras, ORs1.pras, ORsa.pras = 0.5
0.2 2 0.92 0.99 (0.89-1.11) 0.90 0.98 (0.87-1.09) 0.90 0.97 (0.86-1.08)
0.2 S 0.91 0.98 (0.89-1.07) 0.87 0.94 (0.85-1.04) 0.85 0.91 (0.82-1.00)
0.2 10 0.90 0.97 (0.90-1.06) 0.85 0.91 (0.84-0.99) 0.81 0.86 (0.78-0.94)
0.4 2 0.92 0.99 (0.89-1.10) 0.89 0.97 (0.86-1.08) 0.87 0.94 (0.83-1.06)
0.4 S 0.91 0.97 (0.90-1.06) 0.85 0.92 (0.84-1.00) 0.81 0.86 (0.77-0.95)
0.4 10 0.90 0.97 (0.91-1.04) 0.84 0.90 (0.83-0.96) 0.77 0.81(0.74-0.89)

?Assume fixed priors for Pr(R =1) = 0.4, OR¢c.r, ORgyr, ORg> g = 0.5, ORAppp.R = 8.
hAdjusted for R (known and measured risk factors that impact on fetal survival).

€ Prevalence of unknown or unmeasured risk factors.

S2~B (1, (1/(1+exp(—(log(P(52=1)/(1=P(S2 = 1))) +
log(ORg;.pras) *PFAS + log(ORg,.r) *R + log(ORs,.y) *
Uy st=1

In scenario 3:

S1~B (1, (1/(1+exp(—(log(P(S1=1)/(1-P(S1=1)))+
log(ORpgas.s1)“PFAS +1og(ORs;r)*R + log(ORsy.y1)*
U1 +1log(ORs112)*U2))))) | C=1

S2~B (1, (1/(1+exp(—(log(P(S2=1)/(1-P(S2=1)))+
log(ORs2pras) *PFAS + log(ORsz r)*R + log(ORgy1) *
U1 +log(ORg1.y2)*U2))))) | S1=1

For each simulated dataset, we performed logistic re-
gression analysis of ADHD status in children with prenatal
PFAS as exposure, restricted to live births only (S2=1),
further assuming that all children survived after birth until
time of diagnosis and that there was no loss to follow-up
preventing us from knowing the outcome status. The ana-
lysis was repeated for different simulation parameter val-
ues in each scenario. We reported odds ratios (ORs) and
95% simulation intervals using the 2.5, 50 and 97.5 per-
centile following 1000 simulation draws. We compared es-
timates with or without adjustment for known common
causes of ADHD and fetal death. We calculated ‘bias ratio’
defined as assumed OR.. divided by ORcgimace (using
the point estimate) to examine magnitude of bias. When
no bias is present then the bias ratio is equal to one,
and greater departures from 1 indicate larger magnitude
of bias.

We also conducted sensitivity analyses by varying the
sample size of the simulated cohort (using 50% or 10% of
the sample size of the DNBC), increasing the percentage
of EPL, or assuming that PFAS only had an impact on
EPL but not on conception or clinically recognized preg-
nancy loss.

Results

In scenario 1 where we assumed a null association among
PFAS and ADHD to be true, we observed a ‘protective’
effect of PFAS on ADHD among live births after condition-
ing on fetal survival (Table 2). As expected, the magnitude
of the inverse associations became stronger with increas-
ingly stronger associations between PFAS and conceptions,
early and late pregnancy loss. Moreover, protective associ-
ations also strengthened when the effect sizes for the influ-
ence of unmeasured risk factors on ADHD and pregnancy
loss increased. The largest protective effect estimates were
ORrude =0.77 (95% simulation interval 0.70-0.83; bias
ratio =1.30) and OR,gjusted =0.81 (95% simulation inter-
val 0.74-0.89; bias ratio=1.23). Adjusted ORs were
closer to the null than crude ORs, illustrating that control-
ling for known risk factors for ADHD and fetal deaths
attenuates the negative bias slightly and moves the estimate
closer to the true value. Results were similar when the
prevalence of the unknown factors was assumed to be 0.2
or 0.4.
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Table 3. Simulation results® of PFAS and ADHD in a hypothetical live-born birth cohort (scenario 2 assuming a true causal

OR =1.2 of PFAS on ADHD)

Pr(U=1)" ORapmp-U ORc.u, ORs1.u, ORso.y =

0.8 0.5 0.3

Crude OR Adjusted OR® Crude OR Adjusted ORP Crude OR Adjusted OR?
where ORc.pras, ORs1-pras, ORsa.pras = 0.8
0.2 2 1.17 1.20 (1.08-1.31) 1.16 1.19 (1.08-1.32) 1.16 1.19 (1.08-1.30)
0.2 S 1.15 1.18 (1.09-1.28) 1.14 1.17 (1.07-1.28) 1.13 1.16 (1.05-1.26)
0.2 10 1.14 1.17 (1.09-1.25) 1.12 1.15 (1.07-1.24) 1.10 1.13 (1.04-1.23)
0.4 2 1.16 1.19 (1.10-1.30) 1.16 1.19 (1.08-1.30) 1.15 1.18 (1.06-1.30)
0.4 S 1.15 1.18 (1.11-1.26) 1.13 1.16 (1.08-1.25) 1.11 1.14 (1.04-1.23)
0.4 10 1.13 1.17(1.11-1.23) 1.11 1.14 (1.07-1.22) 1.08 1.11 (1.03-1.19)
where ORc.pras, ORs1.pras, ORsa.pras = 0.5
0.2 2 1.10 1.19 (1.07-1.32) 1.08 1.17 (1.08-1.30) 1.08 1.16 (1.04-1.29)
0.2 S 1.08 1.17 (1.07-1.27) 1.04 1.12 (1.02-1.23) 1.01 1.08 (0.98-1.19)
0.2 10 1.06 1.14 (1.06-1.23) 1.00 1.07 (0.99-1.17) 0.95 1.02 (0.94-1.11)
0.4 2 1.09 1.19 (1.08-1.31) 1.06 1.16 (1.03-1.29) 1.08 1.13 (1.01-1.26)
0.4 S 1.07 1.16 (1.08-1.26) 1.01 1.09 (1.01-1.19) 0.96 1.03 (0.93-1.13)
0.4 10 1.05 1.14 (1.07-1.22) 0.98 1.05 (0.98-1.13) 0.90 0.96 (0.88-1.03)

?Assume fixed priors for Pr(R =1) = 0.4, OR¢c.r, ORgyr, ORg> g = 0.5, ORAppp.R = 8.
bAdjusted for R (known and measured risk factors that impacted on fetal survival).

€ Prevalence of unknown or unmeasured risk factors.

In scenario 2, we assumed a moderate causal relation
(true OR=1.2 or 1.5) between PFAS and ADHD.
Assuming the true OR of prenatal PFAS exposure and
ADHD to be 1.2, conditioning on fetal survival resulted in
a bias towards the null, but only few ORs crossed the null
and fell below 1 (bias ratios range from 1.03 to 1.33 for
crude ORs, and 1.00 to 1.25 for adjusted ORs) (Table 3).
Similarly attenuated but still positive associations were
seen when we assumed a stronger size effect of PFAS on
ADHD (true OR =1.5), but none of the point estimates
fell below 1 (Table 4). Again, adjusting for known com-
mon causes of ADHD and fetal death removed some of
the negative bias and moved effect estimates closer to
the assumed true OR in this simulation study (bias ratios
1.03-1.38 for crude OR and 1.00-1.28 for adjusted OR).

Table 5 shows the results in scenario 3 (assumed true
OR =1 for PFAS and ADHD) in which we assumed pres-
ence of uncontrolled confounding in addition to selection
bias due to fetal death. The observed association of PFAS
and ADHD appeared to be either positive or negative in
this scenario, and largely depended on the direction and
magnitude of the uncontrolled confounding effect; the
strongest inverse association between PFAS and ADHD
(ORadjusted = 0.73, bias ratio=1.37) was estimated with
PFAS having a presumed strong impact on fetal
loss (ORppas.c;, ORpras.si;, ORprassx =0.5) and strong
uncontrolled negative confounding bias (ORapup.us =4,
ORy3.pras = 0.3, prevalence of U3 =0.2).

In sensitivity analyses, inverse associations between
PFAS and ADHD persisted but were smaller in magnitude
when PFAS only affected EPL but not conception or clinic-
ally observed abortions (Supplementary Figure 2, available
as Supplementary data at IJE online). The point estimates
remained the same but simulation intervals widened when
we reduced the size of the simulated cohort
(Supplementary Figure 3, available as Supplementary data
at IJE online), and results changed minimally even when
we increased the prevalence of EPL considerably to 50%
(Supplementary Table 1, available as Supplementary data
at IJE online).

Discussion

In this article we illustrated a common bias mechanism
where if the exposures of interest reduced success of con-
ception and influenced fetal survival, especially affecting
exposed fetuses at higher risk for the outcome, we would
expect to find a negative bias in studies that could neces-
sarily only examine live-born children for the outcome of
interest. Our simulations that based on information taken
from the Danish National Birth Cohort and several hypo-
thetical scenarios suggest the weak inverse associations
observed for prenatal PFAS and ADHD in school-aged
children can appear even if PFAS do not cause ADHD but
have considerable effects on fetal survival. The magnitude
of the bias was generally small given the parameter values
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Table 4. Simulation results® of prenatal PFAS levels and ADHD in a hypothetical live-born birth cohort (scenario 2 assuming a

true causal OR = 1.5 of PFAS on ADHD)

Pr(U=1)" ORapmp-U ORc.u, ORs1.u, ORso.y =

0.8 0.5 0.3

Crude OR Adjusted OR® Crude OR Adjusted ORP Crude OR Adjusted OR?
where ORc.pras, ORs1-pras, ORsa.pras = 0.8
0.2 2 1.45 1.50 (1.38-1.62) 1.45 1.49 (1.36-1.62) 1.44 1.48 (1.36-1.63)
0.2 S 1.42 1.47 (1.36-1.57) 1.41 1.45 (1.34-1.56) 1.39 1.44 (1.33-1.56)
0.2 10 1.37 1.42 (1.33-1.51) 1.36 1.40 (1.31-1.50) 1.34 1.38 (1.29-1.49)
0.4 2 1.44 1.49 (1.37-1.61) 1.43 1.48 (1.37-1.61) 1.42 1.47 (1.34-1.62)
0.4 S 1.40 1.46 (1.37-1.55) 1.39 1.44 (1.34-1.54) 1.36 1.41 (1.30-1.53)
0.4 10 1.36 1.41 (1.34-1.49) 1.33 1.39 (1.30-1.46) 1.30 1.35(1.26-1.44)
where ORc.pras, ORg1.pras, ORgo pras = 0.5
0.2 2 1.37 1.49 (1.36-1.63) 1.34 1.46 (1.33-1.61) 1.34 1.45 (1.30-1.61)
0.2 5 1.33 1.45 (1.34-1.57) 1.27 1.39 (1.27-1.51) 1.25 1.35(1.22-1.48)
0.2 10 1.28 1.39 (1.30-1.50) 1.21 1.31(1.21-1.42) 1.16 1.25(1.14-1.37)
0.4 2 1.36 1.48 (1.35-1.61) 1.32 1.44 (1.31-1.59) 1.30 1.42 (1.26-1.57)
0.4 S 1.31 1.44 (1.34-1.53) 1.24 1.36 (1.25-1.47) 1.18 1.28 (1.16-1.39)
0.4 10 1.26 1.38 (1.31-1.47) 1.18 1.28 (1.20-1.37) 1.09 1.17 (1.08-1.26)

?Assume fixed priors for Pr(R =1) = 0.4, OR¢c.r, ORgyr, ORg> g = 0.5, ORAppp.R = 8.
bAdjusted for R (known and measured risk factors that impacted on fetal survival).

€ Prevalence of unknown or unmeasured risk factors.

Table 5. Simulation results® of prenatal PFAS levels and ADHD in a hypothetical live-born birth cohort

(scenario 3 assuming no effect of PFAS on ADHD and multiple uncontrolled risk factors of ADHD)

ORprasu2 ORApHD-U2 ORprasu3 ORapHp-U3 ORcrras; ORsypras, ORsapras =

0.8 0.5

Adjusted OR Adjusted OR
1.5 2 1.5 2 1.07 (0.99-1.16) 1.02 (0.93-1.12)
1.5 2 3 2 1.17 (1.09-1.28) 1.12 (1.02-1.22)
1.5 2 0.5 2 0.94 (0.86-1.03) 0.90 (0.81-0.99)
1.5 2 0.3 2 0.90 (0.82-0.99) 0.86 (0.77-0.95)
1.5 2 1.5 4 1.14 (1.05-1.23) 1.09 (1.00-1.19)
1.5 2 3 4 1.39(1.30-1.49) 1.33(1.23-1.43)
1.5 2 0.5 4 0.85(0.78-0.93) 0.82(0.73-0.89)
1.5 2 0.3 4 0.77 (0.70-0.84) 0.73 (0.67-0.81)

?Assume fixed priors for Pr(R=1)=0.4, Pr(U1 =1)=0.1, Pr(U2=1)=0.2, Pr(U3=1)=0.2, ORcr, ORg;r, ORs; g =0.5,
ORc.u1, ORs1.u1, ORsz.y1 = 0.3, ORc12, ORs1.12, ORsz.02 = 0.5, ORappp-r = 8, ORApHp.U1 = 5, ORADHD U2 = 2.
bAdjusted for R (known and measured risk factors that impacted on fetal survival).

we specified (bias ratios range from 1.0 to 1.4 for all esti-
mates in scenario 1 and 2). Adjusting for common causes
of the outcome that also influence fetal deaths may be a
practical way to reduce or eliminate the ‘live-birth bias’.
When studying childhood diseases as well as long-term
health effects that result from fetal exposure, conditioning
on live birth is inevitable since only those who survive are
candidates for (at risk of) longer-term health outcomes.
Our limited simulation study illustrates that if exposed
fetuses are at higher risk of both fetal death (as a

competing outcome) and the outcome of interest, either we
underestimate the total adverse effect by only considering
those who survive till birth, or the exposure may even ap-
pear to be protective if the exposure has no effect on the
outcome. Conditioning on birth status opens up a ‘collider’
path and induces bias via other uncontrolled factors that
cause both fetal death and the outcome. This bias mechan-
ism can also be conceptualized as a form of competing risk
bias, as illustrated previously.?®” Studies relating prenatal
exposures to long-term health outcomes require reflection
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on the influence of competing mortality risks, but many
studies at present have to assume no competing risks or
that fetal deaths happen at random.

The aetiology of ADHD is not well understood, but
both environmental and genetic factors are expected to
contribute.’>** Several cross-sectional studies have re-
ported a positive correlation between current serum level
of PFAS and ADHD in children;*®** however, recent lon-
gitudinal studies found some unexpected inverse associ-
ations between prenatal PFAS levels and ADHD risks in
children.'®"'* Our simulation study provided an alterna-
tive explanation where PFAS are having an impact on fetal
loss and lead to bias suggesting protective associations for
prenatal PFAS and ADHD. PFAS may have eliminated
some of the fetuses most susceptible to ADHD, thus result-
ing in lower prevalence of ADHD cases in children through
follow-up.

Some caveats should be considered when interpreting
our simulation results. We used the PFAS and ADHD ex-
ample merely to illustrate the magnitude and direction of
possible biases induced by conditioning on live-born status
in observational research if the assumptions we made here
hold. Although prenatal exposure to PFAS was shown to
cause fetal and neonatal deaths in animals, it is still
debated whether PFAS may have an impact on conception
or fetal loss in humans.*>*"*® Moreover, it is in general
reasonable to believe that there are uncontrolled risk fac-
tors for ADHD, but knowledge of whether or how strong
these factors are correlated with fecundity and fetal loss is
limited; we thus varied the strength of the presumed associ-
ations for all unknown factors and presented multiple
scenarios from simulations. The estimates in our study
should also not be directly compared with previous reports
based on actual data and models from the DNBC, because
we used much simpler scenarios with all variables having
a binary response and we also assumed that there are no
effect measure modifications and no other forms of bias
such as measurement error present.

‘Live-birth bias’ is unavoidable in life-course epidemi-
ology studies that investigate the impact of prenatal
exposures on long-term health outcomes. For the bias
mechanisms we proposed, one way to reduce the bias
from conditioning on fetal survival in size is to adjust
for common causes of the outcome and fetal loss.
Researchers should consider adjusting for measured risk
factors of the study outcome that potentially can also im-
pact on fecundity and fetal development, such as if the ex-
posures under study were suspected to cause fetal death.
This also highlights the needs for improving our under-
standing of the determinants of pregnancy loss that are
currently not well known, and the importance of collecting
such data in pregnancy exposure studies. Some of the risk

factors for pregnancy loss could possibly cause or be asso-
ciated with childhood outcomes studied under the fetal
programming hypothesis. However, most likely these fac-
tors are unknown or difficult to measure, such as genetic
factors and environmental chemical factors. Thus quantita-
tive bias and sensitivity analyses should be conducted to
evaluate the potential impact and magnitude of this bias
on the results.

Supplementary Data

Supplementary data are available at IJE online.
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