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Abstract

In vitro fertilization (IVF) is an increasingly common method of assisted reproductive technology.
Because of the careful observation and followup required as part of the procedure, IVF studies
provide an ideal opportunity to identify and assess clinical and demographic factors along with
environmental exposures that may impact successful reproduction. A major challenge in analyzing
data from IVVF studies is handling the complexity and multiplicity of outcome, resulting from both
multiple opportunities for pregnancy loss within a single IVF cycle in addition to multiple IVF
cycles. To date, most evaluations of IVF studies do not make use of full data due to its complex
structure. In this paper, we develop statistical methodology for analysis of IVF data with multiple
cycles and possibly multiple failure types observed for each individual. We develop a general
analysis framework based on a generalized linear modeling formulation that allows
implementation of various types of models including shared frailty models, failure specific frailty
models, and transitional models, using standard software. We apply our methodology to data from
an IVF study conducted at the Brigham and Women’s Hospital, Massachusetts. We also
summarize the performance of our proposed methods based on a simulation study.
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1. Introduction

In vitro fertilization (IVF) is an increasingly common method of assisted reproductive
technology that by 2003, accounted for 1% of all births in the U.S [1]. In the U.S. the
number IVF cycles increased from < 46, 000 in 1995 to > 120, 000 in 2005. The increase in
popularity of IVF and its concurrent collection of risk factor and outcome data has
motivated a number of research studies to identify and assess factors that impact IVF
success rates. Of particular interest have been efforts to evaluate modifiable risk factors,
such as obesity and alcohol intake [2, 3, 4], as well as widespread environmental exposures
including pesticides, polychlorinated biphenyls (PCBs), and other endocrine disruptors [5, 6,
7].

Our research is motivated by an IVF study conducted by the Brigham and Women’s
Hospital (from hereon referred to as the BWH study) and including married couples newly
enrolled for IVVF treatment between 1994 and 2003 at three clinics in the Boston area. The
IVF process involves hormonally controlling the ovulatory process, removing ova (eggs)
from the woman’s ovaries and fertilization with sperm. The fertilized egg (zygote) is then
transferred to the patient’s uterus with the goal of establishing a successful pregnancy. A
successful live-birth occurs only when all the preceding steps were successful.

In the BWH Study, a cycle of IVF treatment usually began with use of a GnRH-a
(Gonadotropin-releasing hormone) in a long (down regulation) or short (flare) regimen.
Ovarian response was monitored by measuring serum estradiol levels and the number and
size of follicles by ultrasound. Generally, when there were two or more follicles with a
diameter of equal to or greater than 18 millimeters, human chorionic gonadotropin (hCG)
was administered to replicate the pre-ovulatory surge of luteinizing hormone (LH).
Transvaginal oocyte recovery generally occurs 36 hours after hCG administration, and the
oocytes were then inseminated by mixing them with approximately 50-300 thousand sperm
or by intracytoplasmic sperm injection (ICSI). If insemination was successful, the embryos
were cultured for several days (ranging from two to five) prior to uterine transfer. Some or
all of the embryos were transferred to the uterine cavity via transfer catheter and about 18
days after embryo transfer, a blood pregnancy (#-hCG) test was performed. If the serum S
hCG test was positive, women would then undergo additional testing to monitor the rise in
FhCG levels and a pelvic ultrasound was performed to determine whether there is clinical
evidence of a pregnancy (observation of at least one fetal heartbeat). If a clinical pregnancy
was detected on ultrasound, follow-up of couples was arranged to document whether the
pregnancy ended in a live birth or in miscarriage, ectopic pregnancy, molar pregnancy, or
stillbirth. The cycle was considered to be successful only if the pregnancy ended in the
delivery of at least one live newborn.

A failure to achieve a live birth can occur at multiple points during the I\VVF cycle. Among
the most common failure types were failed implantation, early fetal loss (this corresponds to
a pregnancy that was detected via a rise in hCG levels, but which did not progress to the
point where a fetal sac could be detected) and spontaneous abortion (SAB) corresponding to
the natural termination of a clinically detectable pregnancy. If a failure occurs, the woman
may choose to drop out of treatment or decide to continue for another IVF cycle. In the
BWH Study, women could have up to six IVF cycles. Please refer to Figure 1 for a graphical
description of a IVF cycle with the three main failure types marked.

The specific questions we are interested in are: (1) What are the covariates (demographic
and clinical) that are associated with risk of a IVF failure due to different failure types? (2)
Does age contribute to the odds of IVF failure, and if so, is age related to each of the failure
types differently? In other words, is there an interaction between age and failure type? (3)
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Does BMI of a woman contribute to the odds of IVF failure and does the effect of BMI
differ across failure types? The complex structure of the IVVF data presents several statistical
challenges to answer these questions and there is a need for appropriate statistical
methodology for the analysis of these complex data.

Many data analysis techniques have been employed to analyze I\VVF data, ranging from
simple binomial tests to sophisticated models designed specifically for use with IVF data.
Penman et al. [8, 9] describe methodology for simultaneously modeling the different stages
of IVF procedure by considering the stage as an ordinal response, where the response is the
highest of these stages successfully achieved and modeling the conditional probability of
being in a particular category, given that the response is in the same or higher category.
Spiers et al. [10] proposed the ’EU’ (embryo/uterus) model which relies on the fact that
successful pregnancy depends upon both the health of the mother (i.e., “uterine receptivity™)
and the viability of the transferred embryos (i.e., “embryo quality”). In general, these
methods have not fully exploited or adjusted for the repeated measures nature of many IVF
data sets.

Pregnancy outcomes are widely-recognized to be correlated within a single woman, such
that women with adverse outcomes for previous pregnancies (preterm birth, still birth, SAB,
low birth weight, and birth defects) are more likely to have adverse reproductive outcomes
in their current pregnancy. The wide range of reproductive outcomes demonstrating such
intra-woman clustering has led to the need to consider early reproductive outcomes, and not
simply those associated with a recognized pregnancy [11, 12]. Dukic and Hogan [13]
extended the EU model to allow for heterogeneity of patients in embryo viability as well as
correlation between the embryo viabilities using a hierarchical Bayesian formulation. This
was achieved by allowing patient specific effects in the regression model for viability of the
embryo. Recently, Missmer et al. [14] extended the EU method to the multiple cycle setting
and also discussed simpler approaches based on modeling time to successful pregnancy. The
approach in [14] is based on ideas of discrete survival analysis [15, 16], modeling the cycle-
specific probability of a successful pregnancy. Such discrete survival models have also been
used for modeling the probability of conception at each menstrual cycle for women
conceiving naturally [5, 17, 18].

None of these approaches, however, account for the multiple types of IVF failure which are
possible within a single cycle for the same woman, as well as the multiple I\VVF cycles
potentially experienced per woman. While there is a rich literature on the analysis of
repeated multivariate data [19]-[22], these do not take account of the sequential or time
ordered nature of IVF data. Perhaps the most closely related work is that of Chen et al. [23]
and Ryan [24] who used correlated multinomial models to analyze multiple outcome data
from developmental toxicity studies where littermates are assessed for various types of
reproductive failure.

In this paper, we develop statistical methodology for analysis of IVF data when multiple
cycles and possibly multiple failure types are observed for each individual. Within each
cycle, the three outcomes we consider are mutually exclusive. Our approach accommodates
this fact explicitly by modeling the probability of failure occurring at each stage conditional
on “success” at the previous stage. For example, the only cycles considered for the outcome
of chemical pregnancy are the ones for which there was a successful implantation, and so
on. The risk sets are then defined conditional on success at the previous stage. Thus, the
model proposed in this article falls in a class of discrete survival models (e.g., [14, 15, 16]),
where the probability of failing at each stage is modeled conditional on succeeding in the
previous stage.
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The rest of the article is organized as follows. In Section 2, we develop a general
methodology based on a generalized linear modeling formulation that will allow us to
implement various types of models ranging from shared frailty models and failure specific
frailty models to transitional models. In Section 3 we demonstrate our proposed
methodology by applying it to analyze I\VF data, followed by a discussion in Section 4.

2. Model Formulation and Analysis
2.1. Analysis of Multiple Cycle IVF Data

To develop our proposed modeling framework, it is convenient to think of the observable
data as corresponding to a set of outcomes (success/failure) observed at each failure
opportunity (failed implantation, SAB etc), indexed by the identity of the subject under
study, the cycle of observation as well as the nature of the failure at each opportunity. In our
subsequent analysis of the BWH Study data, we consider the three most common failure
types: implantation failure, chemical pregnancy only or spontaneous abortion (SAB). Let N
be the number of subjects in the study and M denote the total number of failure opportunities
observed in the data set (the number of rows in the data matrix). Note that in general M > N
as one subject may contribute several rows to the data matrix. Suppose that p; denotes the
probability that a failure has occurred at the ith failure opportunity, and F; and C; denote the
failure type and cycle number associated with the ith failure opportunity. The main
challenge will be to appropriately account for the correlation induced by having repeated
cycles assessed on each woman, as well as having multiple failure types possible within
each cycle.

2.1.1. Generalized Mixed Effects Model—One simple approach involves the inclusion
of a subject-specific random effect, specifically:

logit (pi):XiTﬁﬁ—aJi.,

where J; denotes the identity of the person corresponding to the ith failure opportunity and
ay; is a person-specific random effect. Here X; is the design vector corresponding to the ith
failure opportunity.

It is important to note that one woman within one IVF cycle may encounter only one or
multiple failure opportunities depending on the outcome of that cycle. For example, suppose
a woman experiences implantation failure in one cycle. In this case, the woman can no
longer go through the next stages of the cycle anymore and thus only encounters one failure
opportunity with observed response Y = 1 indicating a failure. However, if a woman
experiences failure at chemical pregnancy stage in a cycle, it is already implied that she has
successfully moved past the implantation stage. Thus she encounters two failure
opportunities with observed responses Y1 = 0 and Y, = 1, indicating that the outcome of the
first stage was a success but the outcome of the second stage was a failure. Note that in both
the cases, we do not record the response of the subsequent failure types/stages since the
women can no longer continue the IVF cycle. Thus the generalized linear mixed model
described above in fact models the probability of failure at each stage conditional on success
at the previous stage. An easy way to structure the observed data in this way is provided in
Section 2.2.

By careful definition of covariates in X;, we can accommodate a wide range of models.
Suppose, for example, we wanted a simple model where each of the failure types of interest
(failed implantation, chemical pregnancy and SAB) were each separately modeled as linear
functions of age. Then we would define
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(Xi1, Xi2, Xi3)=[I(F;=1), I(F;=2), I(F;=3)]
(Xia, Xis, Xi)=[age x I(F;=1),age x I(F;=2),age x I(F;=3)].

A slightly more complex model would allow for the person-specific random effect to vary
by failure type. This can be accommodated by including failure-specific random effects for
each woman (@y, 1, @3;, 2, @y, 3). In this case we write

3
logit(pi)=X{ B+) I(F=k)w, ,,
k=1

where I(-) denotes the indicator function and where (wy, @, ws) follows a Normal(0, R)
distribution where R is an unknown covariance matrix.

These two models are special cases of the more general mixed effects model
logit(p:)=X{ B+U[ 7,

where yis a vector of appropriate random effects and U; is a covariate vector of 0’s and 1’s.
We provide several examples below to demonstrate the model construction process.

Our particular model of interest is the shared frailty model with age and failure type
interaction; that is, we include both the main effect of women’s age as well as interactions
between age and the three failure types as our covariates, along with person-specific (but not
failure-specific) frailties in the model. To incorporate subject-specific frailties, ay;, we
define the covariate vector U; = (U, ..., Ujn) " such that forj =1, ..., N, Uij=1(=3)
where N is the number of subjects and define y= (ay, ..., an)". In the example given in

Table 1, when modeling p; to p7, we will use Uy = ...= U7 = (1, 0, ..., 0)T. To model the
random effects, one typically assumes a;=Normal(0, o2 ). In our framework, this translates
tO 7:(07 O—ZIN )

One can easily fit such a model using a generalized linear mixed effects model. An easy way
to structure the observed data to facilitate the model fitting is provided in Section 2.2. This
can be easily implemented in already available statistical software packages such as PROC
GLIMMIX and PROC NLMIXED in SAS, and the ‘nlme’” and *Ime4’ packages in R.

2.1.2. Transitional Models—An alternative to random effects models are transitional
models, which in our case correspond to modeling each failure opportunity as a function of
what has happened for the same study subject previously. In general, in any given cycle of a
woman, one models the probability of a particular failure type by a logistic regression model
where the covariate vector includes covariates relating to history of past observations, and
present and past covariates for the woman. In particular, conditional on the covariates one
can use the transition model

logit(p;) =X B,
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where X; is the covariate vector, appropriately constructed to capture relevant past history at
each failure opportunity.

Note that one could also construct a multiple outcome version of a discrete time survival
model by simply including indicator variables of pregnancy stages (I(F; = 1), I(F; = 2), I(F;
= 3)), cycle numbers (I(C; = 1), I(C; = 2), and so on) and their interactions in X; in addition
to other covariates for that failure opportunity. Thus we would have a different intercept
corresponding to a particular cycle and failure type as a woman progresses through multiple
cycles. We will use this model in our data analysis as well.

2.2. Observed Data Structure

Let Y be the outcome, a vector of binary failure type indicators for each failure opportunity
(implantation failure, chemical pregnancy only or SAB) in each cycle that a woman receives
IVF, J the vector of ID codes indicating which woman was being treated, C the vector of
cycle numbers that the failure occurred and F the vector of outcome types.

To illustrate, consider data corresponding to two women: woman 1 experiences implantation
failure in cycle 1, SAB in cycle 2 but has a live birth in cycle 3 while woman 2 has a live
birth in cycle 1. Then woman 1’s contribution to the outcome vector would be recorded as Y
=(1,0,0,1,0,0,0),C=(1,2,2,2,3,3,3)and F=(1,1, 2, 3,1, 2, 3). The ID vector J
would simply take the value 1. The first “1’ in the outcome vector is indicator of
implantation failure at cycle 1 (we do not record indicators of the other two failure types for
cycle 1 as the woman was not in the risk set for those failures). The following two 0’s
indicate that the woman did not experience implantation failure or chemical pregnancy only
in cycle 2, the following ‘1’ indicates the indicator for SAB in cycle 2, and last three 0’s in Y
indicate that the a failure did not happen at any of the three failure opportunities in cycle 3.
Woman 2’s contribution to the outcome vector would be recorded as Y = (0, 0, 0), C= (1, 1,
1)and F = (1, 2, 3). The ID vector J would simply take the value 2. For each of the recorded
failure opportunities, let X be the measured covariates, such as woman’s age, past
reproductive history, Gonadotropin dose used in the I\VF procedure, and number of embryos
transferred. We record the data in a tabular form as given in Table S1 in Supplementary
Materials. In our example, woman 1 contributes 7 rows to the data matrix while woman 2
contributes 3. Notice that the first failure encountered during any IVF cycle becomes the
terminal event for that cycle, and thus the woman can no longer advance to future stages.

3. IVF Data Analysis

In this section we demonstrate our proposed methods by applying them to an IVF study
conducted at Brigham and Women’s Hospital, the BWH Study. The data set contains 2, 562
women with a total of 4, 785 IVF cycles, each woman having between 1 and 6 cycles,
depending on her outcome. In this analysis, we only consider those women who had at least
one embryo transferred. There were 2, 346 such women contribution a total of 3, 985 cycles
(there were 10 cycles with unknown failpoint and were excluded from our analysis). Among
these cycles, 2, 227 resulted in implantation failure (IF), 315 in chemical pregnancy only
(CP), 217 in SAB, and 1, 152 in live birth. There were 74 cycles (2% of the total number of
cycles) that resulted in failure types other than IF, CP or SAB (e.g., ectopic pregnancy,
molar pregnancy, and stillbirth). Hence, we focus on the three most common failure types,
namely, IF, CP and SAB. Note that we did not discard the 74 cycles with other failure types.
Our data structuring procedure allowed us to keep them in the analysis; we simply do not
create separate endpoints for these failure types. After organizing the data, there were a total
of 7, 128 failure opportunities. Noting that every woman can have up to three failure
opportunities in each IVF cycle she goes through, the total number of failure opportunities
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for a particular individual across IVF cycles varied from a minimum of 1 to a maximum of
14.

We reiterate that the specific questions we are interested in are: (1) What are the covariates
(demographic and clinical) that are associated with risk of a I\VF failure due to different
failure types? (2) Does age contribute to the odds of IVVF failure, and if so, is age related to
each of the failure types (FI, CP and SAB) differently? In other words, is there an interaction
between age and failure type? (3) Does BMI of a woman contribute to the odds of IVF
failure and is there an interaction between BMI and failure type?

Several covariates are measured for each woman. Some covariates are woman-specific, such
as body mass index (BMI) at the initial cycle, treatment site (coded 1, 2 or 3), study
enrollment period (1994-1998 versus 1999-2003), history of previous livebirth (yes versus
no) and age at the initial cycle. Other covariates are cycle-specific, such as ampules of
gonadotropin (continuous), GnRH-a regimen (down regulation or flare), whether or not
intracytoplasmic sperm injection (ICSI) was used, and number of embryos transferred. Table
1 presents overall and failure type specific summary of these covariates. There were some
missing values in some of the covariates. We have excluded the women with such missing
covariates from our analysis.

We first fit a model which incorporates the data from repeat IVF cycles and multiple IVF
failure types, with a separate intercept for each failure type but assuming common relative
effects of all covariates on the failure outcomes (see Table 2). The relatively large value of
the intercept associated with implantation failure reflects the fact that this is the most
common failure type. The results suggest that a number of factors being associated with the
risk of reproductive failure (see further discussion presently).

Although the results in Table 2 do not suggest much association with BMI, we include this
variable since it has been reported in the literature as being important. For example, Zhang
et al. [25] found that obese women had a significantly lower fertilization rate and fewer
oocytes retrieved, but had similar rates of miscarriage and live births as women of normal
weight, suggesting the potential of differential effects of obesity on different IVF failure
types. Thum et al. [4] and Bellver et al. [3] also observed differential impact of obesity or
extreme BMI (>35) on IVF outcomes. To accommodate such potential variation across
failure types, we fit two different models incorporating (1) age-failure type interaction terms
while adjusting for BMI as a linear covariate, and (2) BMI-failure type interactions adjusting
for age as a linear covariate. In the age-failure type interaction model, we use age categories
(<35, 35-37, 38-40, >40 years) and include interaction of each failure type with these
categories while using age < 35 years as the reference group. In the BMI-failure type
interaction model, we used four BMI categories: underweight (BMI< 18.5), normal (18.5 <
BMI < 25), overweight (25 < BMI < 30) and obese (BMI = 30), with the normal category as
the reference group.

For each of the two scenarios described above, we also implemented transitional models
where we included interaction terms involving cycle number (dummy variables representing
1 as reference group, 2, 3 and = 4) and failure types to assess the trajectory of baseline
failure probabilities for each failure type across cycles. The logistic mixed effects models
were fitted using the glmer() function in R package Ime4. The transitional models were
fitted using gIm() function in R.

The odds ratios (ORs) and their 95% confidence intervals (Cls) for the covariates are
reported in Table 2 based on the models assuming common effects of covariates on the three
failure types (i.e., without interactions between age or BMI with failure type). We observed
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estimated intercepts for chemical preghancy and SAB intercepts which were significantly
smaller than 1.0, indicating that the risks of failure due to chemical pregnancy and to SAB
were lower than that for implantation failure. In addition, from the results in Table 2, it is
clear that having a history of a successful previous live birth, use of GhnRH-a in a long
regimen (down regulation) and having more embryos transferred significantly reduces the
odds of failure. In contrast, a higher dose of gonadotropin and older age (38-40 or over 40
years old) were associated with increased odds of failure. Use of intracytoplasmic sperm
injection (ICSI) and BMI category were not found to be significantly associated with IVF
failure. The estimated associations were very similar for the mixed and transitional models,
and the width of 95% Cls also suggested similar levels of precision for the two types of
models.

Previous research has indicated significant associations of BMI with fertility outcomes [26,
27], but our initial models did not confirm such associations. Models allowing for separate
effects of BMI category on each IVVF outcome, shown in Table 3 and Figure S1 (in
Supplementary materials), also provided no support for higher risk of I\VF failures for
women classified as either underweight, overweight, or obese. However, results of models
allowing the effect of age to vary over the IVF failure types (Table 3 and Figure 2) indicated
that while those in higher age groups had significantly higher odds of failure across all
failure types, the association with age was particularly strong for SAB.

For our transitional model, the inclusion of interaction terms between cycle number (dummy
variables representing 1 as reference group, 2, 3 and = 4) and failure types allowed us to
assess the trajectory of baseline failure probabilities for each failure types across cycles. As
illustrated by the odds ratios presented in Figure 3, we observed a significantly higher odds
of failed implantation as a woman undergoes more cycles. This pattern was not as clearly
demonstrated for other failure types, although those undergoing a 4th IVVF cycle had a
suggestion of higher risk of failure for chemical pregnancy and SAB as well. Thus, the
transitional model allows for direct estimation of the increased risk of each failure type
associated with prior I\VVF failures.

Comparing between the mixed effects and the transitional models, we see that the AIC of
the transitional model is slightly higher than that of the mixed effects model. This suggests
that transitional model may not offer an improved fit to the data compared to the mixed
model. For comparison to the models described above, we also fit simpler models based on
the approach most often used to evaluate 1\VF outcomes [28, 4, 25]. These models consider
only the first IVF cycle, and evaluate each of the different IVF failure types separately
without accounting for their chronological ordering or intercorrelation. The results of the
mixed model and transitional model, both of which allow multiple failure types and control
for repeated IVF cycles, provide greater efficiency in estimating covariate effects than does
the traditional model which focuses on a single outcome and uses only the first IVF cycle.
For example, when assuming a common effect of all covariates on the three I\VF failure
types or when allowing for varying effects of age or BMI on failure type, there were
significant associations of IVF failure with all covariates with the exception of ICSI and
BMI. In contrast, when evaluating SAB or chemical pregnancy as separate outcomes (Table
S2 in Supplementary Materials), only age >40 shows a significant association with IVF
failure.

Allowing for separate effects of covariates on each failure type had no appreciable effect on
the precision of parameter estimates over the common covariate effect model in applying
our approaches for the BWH IVF study. For example, the estimated ORs and 95% Cls for
IVF failure among women with previous live birth were 0.81 (0.69, 0.95) under a common
effect of age and 0.80 (0.68, 0.94) for the mixed model with age by failure type interaction.
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In contrast, the separate models for implantation failure, chemical pregnancy, and SAB
based only on first IVF cycles yielded estimated ORs (and 95% Cls) for IVF failure of 0.82
(0.65, 1.02), 0.76 (0.50, 1.16), and 0.72 (0.43, 1.18), respectively, for women with a
previous live birth. The estimates for SAB are particularly prone to lack of precision in the
single cycle, separate outcome analysis given that only those women with successful
implantation failure and verification of a fetal sac (not only a chemical pregnancy) are
considered in the “risk set”.

4. Discussion

We have presented a general and flexible framework to analyze IVF data involving multiple
repeated ordered outcomes per individual. Our approach is based on generalized linear
modeling formulation that allows us to model multiple failure types simultaneously.

There are a few existing approaches such as continuation ratio models [8, 9], or the ‘EU’
(embryo/uterus) model [10], and various extensions [29, 30, 13] that attempt to model IVF
data. Penman’s continuation ratio approach views the 1\VVF stage as an ordinal response,
where the response is the highest of these stages successfully achieved and models the
conditional probability of being in a particular category, given that the response is in the
same or higher category. Spiers’ ‘EU’ (embryo/uterus) approach relies on the fact that
successful pregnancy depends upon both the health of the mother and the viability of the
transferred embryos. Specifically, the ‘EU’ approach formulates the probability of
implantation of embryos by modeling each embryo’s own inherent viability and the
receptivity of the uterus of the mother. However, this approach does not take the different
failure types (following implantation) into account. In general, these methods do not fully
exploit the multivariate nature of the data, as opposed to our proposed method. A major
advantage of our approach is that our model can account for multiple cycles, with possibly
different outcomes, for each woman. We have applied this approach in evaluating
association of environmental exposures including chlorinated chemicals with I\VVF outcomes
[7, 31], and it offers promise for evaluating exposures of other types as well as modifiable
risk factors on complex reproductive outcomes.

We also identified several factors affecting odds of failure in an IVF cycle by analyzing the
BWH IVF study data. It is interesting to note that the estimated odds ratios for some
parameters (e.g. failure specific intercepts in Table 3) differ between the age-failure type and
BMiI-failure type interaction models. However the directionality of the estimates remained
unchanged and hence the inference remains qualitatively unchanged. The approach we
developed provided greater precision in estimating the effects of covariates than the standard
approach of considering only the first IVF cycle and treating each IVF outcome separately.
For example, separate analyses of each individual I\VVF outcome identified no significant
association of a previous live birth with IVVF failure, while our unified model including all
failure types and all IVF cycles provided evidence of a significant protective effect. The
flexibility of allowing covariate effects to vary by I\VVF failure type through the inclusion of
interaction terms is an advantage which appeared to result in minimal loss of power in
detecting associations.

Motivated by the IVF data set in hand, we focused on three main failure types (failed
implantation, chemical pregnancy and SAB). It may happen that a woman experiences an
outcome which is not among the three main outcomes. Our approach can easily
accommodate this kind of situation. For example, suppose a woman experiences therapeutic
abortion (TAB) in cycle 1. In this case, TAB is situated between chemical pregnancy and
SAB in the order of failure points. Hence the outcome vector would be recorded as Y = (0,
0),F=(1,2)and C= (1, 1). The two 0’s in Y indicate that the woman did not experience
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implantation failure or chemical pregnancy only in cycle 1. Note that we do not record the
indicator for SAB in cycle 1 as the woman was not in the risk set for SAB.

Apart from identifying the demographic and clinical factors affecting IVF success, IVF
studies offer great promise and potential as an avenue for identifying effects of
environmental exposures on IVF outcomes. Participants in IVF studies often provide
frequent biological specimens (urine, blood) to allow detection of pregnancies. The
availability of these specimens can also be used to evaluate exposures to relatively common
endocrine disruptors such as pesticides, phthalates, PCBs, heavy metals such as mercury and
lead, and other exposures of interest. The statistical approach we developed here can be used
to improve understanding of where in the pathway of reproduction potential insults may
have occurred, based on critical windows of exposure. Techniques similar to those outlined
for evaluating effects of covariates which may vary across failure types can be applied to
assess whether there are differential effects of exposure across IVF outcomes. By
incorporating interaction terms between exposure levels and failure types in the mixed or
transitional models, additional insights on underlying mechanisms of disruption may be
elucidated.

Finally, one important issue is to consider the situation where the number of cycles of a
woman is correlated with her failure probabilities, that is, the cluster size is informative of
the final outcome. In such situation, the estimates of the covariate effects may be biased and
typical estimation procedures such as generalized estimating equations, may not provide
valid results. A few techniques have been developed to address this issue. Dunson et al. [32]
developed a method for jointly modeling cluster size and multiple categorical and
continuous outcomes using a Bayesian approach as a generalization of the standard
continuation ratio models. Neuhaus and McCulloch [33] consider the situation where cluster
sizes and responses share random effects which are independent of the covariates. Then they
show that if one uses maximum likelihood methods that ignore informative cluster sizes,
only little bias is observed in the covariate effects that are uncorrelated with the random
effects. However, for the covariate effects that are associated with the random effects, the
estimators can be biased. In our analysis of the IVF data, we have not modeled the cluster
size jointly with the response. In the light of the results of [33], our analysis is still reliable if
the covariates are independent of the random effects associated with the cluster size and the
IVF outcome. However, the issue of statistically determining whether covariates are
dependent of the random effects has not been discussed much in the literature, to the best of
our knowledge. We recognize that the issue of informative cluster size is in fact an
important issue especially in IVF studies and is a topic for further research in future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A graphical display of a typical IVF cycle with three main failure types underlined.

Sat Med. Author manuscript; available in PMC 2015 May 10.

Page 13



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Maity et al.

Page 14

— = Failed implantation
— = Chemical pregnancy
- SAB

3.0

15 2.0 25
1 1

Log odds of failure

1.0

05

0.0

-0.5
1

Age Groups

3.0
|

—— Failed implantation
= = Chemical pregnancy
+ SAB

Log odds of failure
15 20 25
1 L

1.0

0.5

0.0

-0.5
|

Age Groups

Figure 2.

Results of IVF data analysis. Displayed are the log odds ratios for interaction of age group
by failure type with 95% confidence intervals for logistic mixed model (top panel) and
transitional model (bottom panel).
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Figure 3.

Results of IVF data analysis. Displayed are the log odds ratios for IVF cycle number by
failure type interaction terms with 95% confidence intervals for age by failure type
transitional model (top panel) and BMI by failure type transitional model (bottom panel).
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Table 2

Evaluation of IVVF and Participant Characteristics on IVF Failures in Brigham and Women’s Hospital IVF
Study, for Mixed and Transitional Models Assuming Common Covariate Effects on IVF Failure Types

IVF and Participant Characteristics ~ Mixed Model Transitional Model

1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

OR (95% Cl)

OR (95% Cl)

Intercepts

Implantation failure

Chemical pregnancy

SAB

Gonadotropin dose

Embryos transferred

Previous livebirth
Down regulation
ICSI
BMI Categories
<185
18.5-25
25-30
>30
Age Categories
<35
35-37
38 -40
> 40

1.00 (referent)
0.21 (0.18, 0.24)
0.20 (0.17, 0.24)
1.26 (1.17, 1.36)
0.73 (0.68, 0.78)
0.81 (0.69, 0.95)
0.79 (0.67, 0.92)
0.99 (0.86, 1.14)

1.07 (0.73, 1.56)
1.00 (referent)
1.03 (0.87, 1.22)
1.00 (0.80, 1.25)

1.00 (referent)
1.09 (0.92, 1.30)
1.58 (1.31, 1.90)
3.42 (2.67, 4.36)

1.00 (referent)
0.23 (0.19, 0.28)
0.21(0.17,0.27)
1.27 (1.18, 1.37)
0.73 (0.68, 0.78)
0.80 (0.68, 0.94)
0.78 (0.66, 0.91)
1.00 (0.87, 1.15)

1.07 (0.73, 1.57)
1.00 (referent)
1.03 (0.87, 1.22)
1.01 (0.80, 1.26)

1.00 (referent)
1.09 (0.92, 1.30)
1.59 (1.32, 1.92)
3.49 (2.73, 4.47)

AIC

7679.0

7694.0

IVF=in vitro fertilization; OR=0dds ratio; Cl=confidence interval; ICSI=intracytoplasmic sperm injection; BMI=body mass index;
SAB=spontaneous abortion; AIC=Akaike’s Information Criterion
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Evaluation of IVVF and Participant Characteristics on IVF Failures in Brigham and Women’s Hospital IVF

Study, for Mixed and Transitional Models Allowing Varying Effects of Covariates on IVF Outcomes

IVF and Participant Characteristics

Age-failuretypeinteraction

BM I -failuretypeinteraction

Mixed Model
OR (95% CI)

Transitional Model

OR (95% Cl)

Mixed Model
OR (95% CI)

Transitional Model

OR (95% ClI)

Intercepts
Implantation failure
Chemical pregnancy
SAB
Gonadotropin dose
Embryos transferred
Previous livebirth
Down regulation
ICSI
BMI (continuous)

Age (continuous)

1.00 (referent)
0.22 (0.17, 0.27)
0.13(0.10, 0.18)
1.26 (1.17, 1.36)
0.72 (0.67, 0.78)
0.80 (0.68, 0.94)
0.79 (0.67, 0.92)
0.99 (0.86, 1.14)
0.99 (0.98, 1.01)

1.00 (referent)
0.21(0.17, 0.27)
0.12 (0.09, 0.17)
1.20 (1.13, 1.29)
0.78 (0.78, 0.83)
0.84 (0.73, 0.96)
0.83(0.72, 0.95)
1.01 (0.90, 1.14)
0.99 (0.98, 1.01)

(see Figure 2)

1.00 (referent)
0.20 (0.16, 0.24)
0.19 (0.16, 0.24)
1.25 (1.16, 1.34)
0.74 (0.69, 0.79)
0.79 (0.67, 0.92)
0.78 (0.67, 0.91)
1.02 (0.89, 1.17)

(see Fig S1 in Supplementary Materials)

1.09 (1.06, 1.11)

1.00 (referent)
0.20 (0.16, 0.24)
0.17 (0.13, 0.22)
1.20 (1.12, 1.28)
0.79 (0.74, 0.84)
0.82 (0.72, 0.94)
0.81(0.71, 0.94)
1.03 (0.91, 1.16)

1.07 (1.05, 1.09)

AIC

7652.0

7692.0

7701.0

7738.4

IVF=in vitro fertilization; OR=odds ratio; Cl=confidence interval; SAB=spontaneous abortion; ICSI=intracytoplasmic sperm injection; BMI=body
mass index; AIC=Akaike’s Information Criterion
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