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Abstract

Purpose: In analyzing pregnancy data concerning drug exposure in the first trimester,
the risk of spontaneous abortions is of primary interest. For estimating the cumula-
tive incidence function, the Aalen-Johansen estimator is typically used, and compet-
ing risks such as induced abortion and livebirth are considered. However, the delayed
study entry can lead to overly small risk sets for the first events. This results in large
jumps in the estimated cumulative incidence function of spontaneous abortions or
induced abortions using the Aalen-Johansen estimator, and consequently in an
overestimation of the probability.

Methods: Several approaches account for early overly small risk sets. The first
approach is conditioning on the event time being greater than the event time causing
the large jump. Second, the events can be ignored by censoring them. Third,
the events can be postponed until a large enough number is at risk. These three
approaches are compared.

Results: All approaches are applied using data of 54 lacosamide-exposed pregnancies.
The Aalen-Johansen estimate of the probability of spontaneous abortion is 22.64%,
which is relatively large for only three spontaneous abortions in the dataset. The con-
ditional approach and the ignore approach have an estimated probability of 7.17%. In
contrast, the estimate of the postpone approach is 16.45%. In this small sample,
bootstrapped confidence intervals seem more accurate.

Conclusions: In the analyses of pregnancy data with rare events, the postpone
approach is favorable as no events are excluded. However, the approach that ignores

early events has the narrowest confidence interval.
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Key Points

o The choice of stabilization method strongly impacts the estimated cumulative incidence.

e Bootstrapped confidence intervals seem more accurate than those based on the asymptotic
theory.

e In a lacosamide-exposed pregnancy cohort, the postpone approach seems favorable as no
event is excluded.

e The approach ignoring only early events has the narrowest bootstrapped confidence interval.

Plain Language Summary

Suppose in a pregnancy outcome study, a spontaneous abortion is observed early when
only a few other pregnant women have entered the study. In that case, it may result in
an unrealistic large probability of spontaneous abortions. There are several possibilities to
deal with this. One approach is to start the observation later. Another approach is to
ignore the events; a third approach is to postpone the events artificially. Applying these
approaches to a dataset regarding lacosamide exposure during pregnancy, the probability
of a spontaneous abortion is 16.45% when using the postpone approach. Using one of
the other approaches results in a much lower probability estimate of 7.17%. Therefore,
the probability estimate of the postpone approach seems to be more realistic and neither
too large nor too low. However, the approach ignoring the early events has the smallest

variability.

1 | INTRODUCTION

Lacosamide is one of the most often used newer antiseizure
medications, but information about its use in pregnancy is limited.
A recent study by the Embryotox Center of Clinical Teratology and
Drug Safety in Pregnancy (TIS Berlin) focused on the safety of

1 Until larger prospective

lacosamide exposure during pregnancy.
studies are available, analysis of small cohorts could provide at
least some preliminary data for counseling inadvertently exposed
women and might identify signals of possible teratogenicity. How-
ever, with small sample sizes, choosing the correct statistical analy-
sis method is especially important to avoid wrong conclusions
about drug safety.

In the analysis of pregnancy outcomes, for example, after drug
exposure during pregnancy, competing events have to be consid-
ered.>® A pregnancy can result in a livebirth (LB), but also a sponta-
neous abortion (SAB), an induced abortion (IA), or a stillbirth are
possible outcomes. Furthermore, pregnancy data are usually not col-
lected upon conception but several weeks later when the pregnancy
is confirmed, for example, by a medical consultation or when women
or their treating physicians contact a Teratology Information Service
(TIS) for drug risk assessment. Therefore, pregnant women enter the
cohort delayed, leading to left truncation.® A consequence is that
the risk set does not only decrease over time but increases and
decreases alternately. When ignoring these challenges, bias is
induced. For example, when ignoring competing events, the probabil-
ity of SAB is overestimated, or when ignoring left truncation, the
probability of SAB is underestimated. In the lacosamide cohort, a
third challenge occurred. There was an early SAB while the risk set

was still small.

The Aalen-Johansen estimator is the typical choice to estimate
cumulative incidences in a left-truncated competing risk setting.*
Therefore, it is often used to estimate the event probabilities in
pregnancy data. But events in overly small risk sets result in
implausibly large jumps in the Aalen-Johansen estimates.>® Due to
these large jumps, the probability of an event might be overesti-
mated. A first way to account for these jumps is to use a condi-
tional approach by conditioning on the event time being greater
than the time at which the large jump can be observed. This
approach can also be called a landmarking approach using a single
landmark.? The conditional approach is easy to implement but limits
the interpretability.

As an alternative, Friedrich et al.> suggested ignoring these events
by censoring them. The approach is the extension of Lai and Ying” to
competing risks and is well-motivated based on advanced statistical
methods. They suggest only counting events if at least n, individuals
are at risk and censor them otherwise. The choice of n,;, was based
on tuning parameters. A cross-validation combined with a 632-boot-
strap can be used to obtain these tuning parameters while the predic-
tive ability is assessed via the Brier score.> As ignoring events is not
the most natural approach, especially for rare events, Rousson et al.®
suggest postponing the events until the number of events is suffi-
ciently large. Via simulations, they derive a cutoff value of ng;, =10
as a rule of thumb.

Friedrich et al.’> and Rousson et al.® apply their approaches to the
same dataset containing data about pregnancies exposed to statins.®
While Rousson et al.® compare their approach to the one of Friedrich
et al.,” they apply it slightly differently by only ignoring events at the
beginning and not in overly small risk sets at the end of the study

observation period. Furthermore, they use the gestational age
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measured in weeks on a discrete time scale. In contrast, Friedrich
et al.” treat the same measurement as continuous.
In the following, we use the lacosamide data of the TIS Berlin to

compare the approaches of Friedrich et al.> and Rousson et al.®

2 | METHODS
21 | Data

The TIS Berlin offers risk assessment on drug exposure during
pregnancy. Each year, there are approximately 15 000 requests from
healthcare providers and patients, resulting in more than 4000 follow-
ups with complete information on pregnancy outcomes. At the first
consultation, drug exposure and maternal characteristics are docu-
mented. Information about the pregnancy outcome is collected after
informed consent is given by mailed questionnaires about 8 weeks
after the expected delivery date. The lacosamide cohort consists of
lacosamide-exposed pregnancies prospectively ascertained between
2009 and 2020. One primary outcome was the risk of SAB.

2.2 | Statistical analysis
We consider a competing risk setting subject to left truncation and
right-censoring. The competing events are SAB, IA, and LB. The focus
is on the cumulative incidence function (CIF), that is, the probability of
a specific event, either SAB, IA, or LB, until the end of follow-up.

The following five approaches for estimating the CIF are

considered:

1. The standard Aalen-Johansen estimator;

2. The conditional approach using the Aalen-Johansen estimator but
conditioning on the event time being large enough that at least
Nmin individuals are at risk;

3. The ignore approach of Friedrich et al.” censoring events when less
than npi, individuals are at risk;

4. The ignore only early approach only censoring events at the begin-
ning of the follow-up until n, individuals are at risk;

5. The postpone approach of Rousson et al.® postponing events until

at least n,;, individuals are at risk.

A mathematical formulation of the five approaches is displayed in
Section 1 of the Supporting Information.

The focus of comparing the five approaches is on the point
estimates at the maximum follow-up time and the corresponding
confidence intervals (Cls).

The Cls of the five approaches are calculated in two different
ways. First, they are calculated based on the asymptotic theory of
weak convergence of the Aalen-Johansen estimators’ and using a
complementary log-minus-log transformation.>'° However, in small
sample sizes, as in the lacosamide cohort, the asymptotic theory might

not hold. Therefore, we also use a nonparametric bootstrap in which

we sample Nrgp =1000 times with replacement from the data,
estimate the variance and apply the complementary log-minus-log

transformation afterwards.

3 | RESULTS

The lacosamide study cohort comprised 54 prospectively ascertained
pregnancies, resulting in three SABs (5.56%), eight IAs (14.81%), and
43 livebirths (79.63%). These crude event proportions are no valid
probability estimates, as they neglect the left truncation.? Compared
with Hoeltzenbein et al.,* we excluded one stillbirth for technical pur-
poses. Furthermore, we considered a twin pregnancy resulting in two
livebirths as one event. More descriptive information of the lacosamide
cohort can be found in the Section 2 of the Supporting Information.

The reported pregnancies entered the study cohort between ges-
tational week 4.57 and 40.15, with a median entry time of gestational
week 10. Compared with other observational studies based on the
Embryotox cohort of the TIS of Berlin, this is late as the median entry
time in the other studies is about gestational week 8.1112 The gesta-
tional age of enrollment of 13 pregnancies was after gestational week
24, when per definition, SABs can no longer be observed. However,
this does not limit the interpretability of the results, as the time-
to-event framework can account for this by implicitly letting the
hazard of the SAB drop to O at week 25.

Figure 1 displays the number of pregnancies under study and the
event times of the lacosamide cohort. The first event is a SAB in
gestational week 6.00 when only six women are at risk. Twelve preg-
nancies are already at risk at the time of the second event. Further-
more, at gestational week 40.57, only nine pregnancies are still at risk.
The overly small risk set for the first event results in a jump in the
Aalen-Johansen estimate of a SAB of 1/6=0.167. There are only
three SABs but eight IAs in the data. Nevertheless, the estimated
cumulative incidences using the Aalen-Johansen estimator are 22.6%
for SAB and 30.49% for IA. Therefore, there is a concern that the
cumulative incidence of SAB may be overestimated. In Figure 2, all
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FIGURE 1  Number of pregnancies at risk in the lacosamide

cohort. The dots below the curve mark the event times.
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(A) Aalen-Johansen estimator

(B) Conditional approach

FIGURE 2 Stacked estimated
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estimated cumulative incidences are displayed, and Table 1 reports
the estimated cumulative incidences with corresponding 95% Cls.

In the conditional approach, we condition on the event time to be
greater than the event time of the first event (i.e., gestational week
6.00). In the conditional approach, the first SAB is excluded. Conse-
quently, only two SABs are observed, and as a result, the estimated
cumulative incidence of a SAB is smaller than the standard Aalen-
Johansen estimator. The estimated cumulative incidences of IA and
LB are greater than in the standard approach (Figure 2B). The Cls are
comparable with the bootstrapped ones being slightly larger (Table 1).

In the ignore approach, deriving the tuning parameter by the cross-
validation and the 632-bootstrap resulted in a minimum prediction
error for nmin = 1, corresponding to the standard Aalen-Johansen esti-
mate. From a practical perspective, the choice of ny;, =10 as sug-
gested by Rousson et al.® may be more appropriate. The consequence
of using ny, =10 instead of n.,;, =1 is that the first event is cen-
sored instead of counted, and therefore, the rather large jump of 1/6

is avoided. Further choices of n.,;, are displayed and discussed in the

40

Section 4 of the Supporting Information. In contrast to the conditional
approach, the first SAB is censored and not excluded. When also cen-
soring the events in the end, the estimated cumulative incidences of
Figure 2C are obtained. For SAB and IA, they correspond to the ones
of the conditional approach. As the last nine events are censored, the
estimated cumulative incidence of LB is smaller than the conditional
approach. The 95% Cls of the model-based and the bootstrap approach
of LB and IA are similar (Table 1). In contrast, the model-based CI of
SAB is much wider than the bootstrapped one and hardly informative.
Censoring the last nine LBs has, in this application, the undesir-
able property of preventing the estimated outcome probabilities from
summing up to 100%. Therefore, we restrict the censoring to the first
trimester by choosing s, =13 in the ignore only early approach
(Figure 2D). The estimated cumulative incidences and model-based
95% Cls coincide with the ones of the conditional approach. The
ignore only early approach results in the smallest Cls for SAB.
Although the point estimate is rather low, the Cl is narrow compared

with the other approaches.
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TABLE 1 Estimated event probability (i.e., the estimated
cumulative incidence) at the maximum gestational week 41.43 and
95% confidence intervals (Cls). The Cls are calculated in two different
ways: based on the asymptotic theory of the Aalen-Johansen
estimator (95% Cl) or based on a bootstrap (95% BS Cl). LB, livebirth;
SAB, spontaneous abortion; IA, induced abortion.

Probability (in %) 95% Cl 95% BS CI
Standard Aalen-Johansen estimator
LB 46.87 [26.45; 72.81] [26.26; 73.11]
SAB 22.64 [5.81; 66.74] [5.51; 68.76]
1A 30.49 [14.72; 56.41] [13.48; 59.87]

Conditional Aalen-Johansen estimator

LB 56.25 [36.99; 77.22] [35.77; 78.64]

SAB 7.17 [1.73; 27.16] [1.72; 27.32]

1A 36.58 [19.54; 61.48] [18.41; 63.91]
Ignore approach npyi, =10

LB 4571 [25.52; 71.83] [27.80; 68.20]

SAB 7.17 [0.10; 99.49] [0.92; 45.18]

1A 36.58 [18.01; 64.82] [19.45; 61.67]
Ignore only early approach n;, = 10

LB 56.25 [36.99; 77.22] [35.77; 78.64]

SAB 7.17 [1.73; 27.16] [1.72; 27.32]

1A 36.58 [19.54; 61.48] [18.41; 63.91]
Postpone approach ng, = 10

LB 50.62 [31.56; 73.10] [30.81; 74.14]

SAB 16.45 [4.80; 48.17] [4.85; 47.82]

1A 32.92 [17.02; 57.47] [16.10; 59.70]

The postpone approach does not censor or delete the events in
small risk sets. The SAB at gestational week 6.00 is postponed 2 days
to gestational week 6.29. Figure 1 shows that at 6.29, there are nine
pregnancies at risk and, due to still counting the postponed event,
Nmin =10 is reached. Furthermore, we restricted the postpone
approach to the first trimester by choosings, =13. The estimated
cumulative incidence of SAB using this approach is greater than the
one excluding or ignoring the first event but smaller than the one
obtained with the standard Aalen-Johansen estimator (Figure 2E).
Compared with the ignore early approach, the other two estimated
cumulative incidences are reduced in the postpone approach. How-
ever, in comparison with the standard Aalen-Johansen estimates,
they are increased. Both approaches to calculating 95% Cls obtain
similar results, with the bootstrapped ones being slightly larger.

The Cls of all approaches are substantially overlapping. However,
the bootstrapped Cls of the conditional and the approach ignoring
only early events are smaller than the other approaches.

4 | DISCUSSION

The standard Aalen-Johansen estimator can overestimate a cumulative

incidence if an event occurs in an overly small risk set. The conditional

approach restricts the interpretability of the resulting cumulative inci-
dences. The ignore approach also accounts for late small risk sets, which
are a minor problem compared with early ones. In the ignore only early
approach, events are ignored, which strongly affects the estimated
cumulative incidence if the number of events of this type is small. How-
ever, in the postpone approach, the event times are artificially alternated.

If the dataset is small, bootstrapped Cls are more appropriate. For
the lacosamide data, the results of the approach ignoring only early
events and of the conditional approach are equal. Furthermore, both
have smaller bootstrapped Cls than the other approaches. A small
simulation study (see Section 3 of the Supporting Information)
showed that if the focus is on the probability of a rare event that may
occur early, the postpone approach seemed the most favorable. How-
ever, at the same time, there might be a bias in estimating the proba-
bility of the competing event. In the lacosamide data, one SAB is
either ignored or postponed by using the different approaches. But as
there are only three SABs in total, not counting the one event strongly
impacts the estimate. From an applied point of view, excluding or
ignoring may not be favorable if the events are rare. In the postpone
approach, the event is counted but delayed by 2 days. From a clinical
perspective, it is of minor importance if one SAB occurred at week
6.00 or week 6.29. Moreover, the exact time of SABs is often
unknown. Therefore, the point estimate of the postpone approach
seems the most realistic as a SAB probability of 7.17% is highly
protective and seems a result of excluding one SAB. In contrast, a
probability of 22.64% obtained with the standard Aalen-Johansen
estimator resulted from one event while the risk set was still small.
Consequently, in the published analysis of the lacosamide data,® we
decided to report the postpone approach. In general, the choice
between the ignore early approach and the postpone approach
depends on the application and the focus of estimation. In datasets
with rare events where the exact event times are of less importance
and the main interest is in the point estimate of the CIF, as in
pregnancy data, postponing may be favorable to avoid losing events.
However, if the interest is in obtaining the smallest Cl, the approach
of ignoring early events can be preferred. Furthermore, artificially
postponing events may be unreasonable, for example, in transplant
data, where the exact day of transplantation is important.

Due to the small number of SABs, one might argue that calculat-
ing an estimator of the CIF is not meaningful with only three events.
Nevertheless, reporting the crude rate of 5.56% is more misleading as
the left truncation is neglected, leading to an arguably underestimated
risk of a SAB after lacosamide exposure.

The sample size in the lacosamide cohort is rather small. If possi-
ble, larger numbers of exposed pregnancies are required to evaluate
pregnancy outcomes. However, the number of exposed pregnancies,
especially for newer drugs, is limited, as these are usually avoided
during pregnancy. Nevertheless, information about possible risks
associated with exposure might be required for counseling women
inadvertently exposed.

A more formal way to decide what stabilization method to use
might be with a cross-validated Brier score similar to the cross-valida-

tion and 632-bootstrap of the tuning parameter in Friedrich et al.®
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Here, the choice of nyi, =10 is based on simulations conducted
by Rousson et al.® A modification based on the postpone approach
was already applied to pregnancy data by Suarez et al.® They used
Nmin = 50 and estimated the cumulative incidences using the Fine and
Gray model.}* However, their cohort is quite large compared with the
one of Rousson et al. and the lacosamide cohort. The cross-validation
in the approach of Friedrich et al.> was rather unsatisfying in the laco-
samide cohort in that it led to ny,j» = 1. In the lacosamide cohort, the
standard Aalen-Johansen estimator is used if ny, is smaller than 6. If
Nmin is between 6 and 11, the displayed results are obtained. The
results for ny,i, =12 are displayed in the Supporting Information.
However, Ny, = 12 limits the interpretability of the results as no con-
clusions about abortions before gestational week 9 can be made as all
events prior are censored or omitted. Furthermore, in the postpone
approach, another large jump occurs at the gestational week of the
first events.

The lacosamide cohort differs from the statin cohort of Friedrich
et al.> and Rousson et al.® as, for example, the gestational age is
reported more precise in week plus days and not only in weeks. Often
only single individuals entered at a particular entry time. Therefore,
when we postponed the first event, we postponed it until exactly
10 individuals were at risk. In contrast, in the statin cohort, the event
is postponed to the next week when 28 other individuals are at risk.
In the lacosamide data, summarizing the time in weeks does not alter
the estimated probabilities much. Moreover, using discrete-time sur-
vival methods'® does not solve the problem in the lacosamide data.

The information on whether the study entry time alters the risk
of experiencing an event can be investigated.'**® In the lacosamide
data, for IA and SAB, there may be a dependence between the risk
and the study entry time. There are several ways to account for
dependent left truncation (e.g., Beaudoin and Lakhal-Chaieb,'?
Stegherr et al.,*® and Vakulenko-Lagun et al.2%). Using these approaches
while simultaneously accounting for overly small risk sets is a point of

future research.
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