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Polytomous Logistic Regression as a Tool for Exploring
Heterogeneity across Birth Defect Subtypes: An Example
Using Anencephaly and Spina Bifida
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BACKGROUND: In birth defect epidemiology, phenotypic subgroups are often combined into a composite
phenotype in an effort to increase statistical power. Although the validity of using composite phenotypes
has been questioned, formal evaluations of the underlying assumption of effect homogeneity across compo-
nent phenotypes have not been conducted. METHODS: Polytomous logistic regression was used to assess
effect heterogeneity of several generally accepted neural tube defect (NTD) risk factors across the component
phenotypes of anencephaly and spina bifida. Data for these analyses were obtained from the National Birth
Defects Prevention Study. RESULTS: The use of a composite phenotype has the potential to mask associa-
tions specific to a component phenotype and in some cases the effect of a variable may be misattributed to
the composite phenotype. For example, an association between infant sex and anencephaly (adjusted odds
ratio [AOR], 1.5; 95% CI, 1.1-1.9) was masked when data from all NTDs were analyzed (AOR, 1.1; 95% (I,
0.9-1.3), whereas an association with maternal body mass index that was specific to spina bifida (AOR, 1.9;
95% CI, 1.6-2.4) was attributed to all NTDs (AOR, 1.6; 95% CI, 1.4-2.0). Furthermore, conclusions regarding
effect heterogeneity based on ad hoc comparisons, rather than some formal assessment, may be vulnerable
to considerable subjectivity, as was the case for the association of maternal Hispanic ethnicity with spina
bifida (AOR, 1.4; 95% CI, 1.2-1.8) and anencephaly (AOR, 2.0; 95% CI, 1.5-2.8). CONCLUSIONS: Polytomous
logistic regression provides a useful tool for evaluating putative risk factors for which there is no a priori ba-
sis for assuming effect homogeneity across component phenotypes. Birth Defects Research (Part A) 88:701—
705, 2010. © 2010 Wiley-Liss, Inc.
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INTRODUCTION

In birth defect epidemiology, it is common to combine
phenotypic subgroups, or component phenotypes, for
analysis. Examples of such combined phenotypes, or
composite phenotypes, include neural tube defects

cordant (e.g., spina bifida/anencephaly) for defect type
(Lalouel et al., 1979). Such familial aggregation patterns
suggest that the genetic risk factors for spina bifida and
anencephaly overlap but are not identical.

(NTDs; e.g., anencephaly and spina bifida) and conotrun-
cal heart defects (e.g., tetralogy of Fallot and transposi-
tion of the great arteries). In general, component birth
defect phenotypes include the same or related structures,
and there is evidence of a shared, although not necessar-
ily identical, etiology. For example, anencephaly and
spina bifida are neural tube closure defects that co-segre-
gate within families, but affected relatives are more likely
to be concordant (e.g., spina bifida/spina bifida) than dis-
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Epidemiologic studies also provide evidence that anen-
cephaly and spina bifida share some (Czeizel and Dudas,
1992; Berry et al., 1999; Correa et al., 2008; Mosley et al.,
2009) but not all risk factors (Waller et al., 2007; Rasmus-
sen et al., 2008; Stothard et al.,, 2009). For instance, a
woman’s risk of having a child with either anencephaly
and spina bifida can be significantly reduced by pericon-
ceptional, folic acid supplementation (Czeizel and Dudas,
1992). Furthermore, the teratogenic potential of maternal
pregestational diabetes has been established for both
anencephaly and spina bifida and includes a two- to 10-
fold increase in risk among offspring of diabetic women
compared to the general population (McLeod and Ray,
2002; Mitchell, 2005). Other factors, such as maternal pre-
pregnancy obesity, which is associated with spina bifida
but not anencephaly (Waller et al., 2007; Stothard et al.,
2009;), are related to only one of the component pheno-
types.

In theory, analyses based on component phenotypes
are preferred over those based on the composite pheno-
type, because the former are likely to be relatively etio-
logically homogeneous in comparison with the latter
(Khoury et al., 1992). However, when the effect of a puta-
tive risk factor is similar across the component pheno-
types, analyses based on the composite phenotype will
provide increased power and effect estimate precision,
relative to analyses based on the individual component
phenotypes. These benefits are of particular importance
in birth defect studies, where sample sizes are limited by
the relative rarity of the component phenotypes.

Optimally, analyses of putative birth defect risk factors
should be based on individual phenotypes when the effect
of the factor is heterogeneous across the component pheno-
types and on the composite phenotype when it is not
(Khoury et al., 1982). However, because there is often little a
priori knowledge regarding potential effect heterogeneity
for a given risk factor, separate analyses of the component
and composite phenotypes are often conducted, and in gen-
eral, conclusions regarding effect heterogeneity are based
on visual inspection of, and ad hoc comparisons between,
effect estimates and confidence intervals (Canfield et al.,
2009a; Canfield et al., 2009b; Glynn and Rosner, 2004;
Harville et al., 2005; Rowland et al., 2006). Although meth-
ods that allow for formal (i.e., statistical) evaluation and
modeling of effect heterogeneity across component pheno-
types are available (Glynn and Rosner, 2004), they have not
been applied in studies of birth defects.

Polytomous logistic regression (PLR), a method com-
monly used to assess nominal outcomes with more than
two levels (Hosmer and Lemeshow, 2000), can also be
used to assess effect heterogeneity across component phe-
notypes and estimate adjusted measures of effect for the
component or the composite phenotypes, as appropriate
(Glynn and Rosner, 2004). To illustrate the potential utility
of this approach in epidemiologic studies of birth defects,
we used PLR to formally assess heterogeneity of the effects
of several, generally accepted NTD risk factors, across the
component phenotypes of anencephaly and spina bifida.
As these risk factors have been extensively studied, our
purpose was to validate previous conclusions regarding
effect heterogeneity, which were based on ad hoc compari-
sons (Shaw et al.,, 2003; Canfield et al., 2009a; Canfield
et al., 2009b; Stothard et al., 2009) and illustrate the poten-
tial utility of PLR for future studies of NTDs and other
composite birth defects phenotypes.
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METHODS
Study Subjects

The study population included case and control
infants/fetuses, from the National Birth Defects Preven-
tion Study (NBDPS), with estimated dates of delivery
between October 1, 1997, and December 31, 2004. Details
of the NBDPS have been published elsewhere (Yoon
et al., 2001). In brief, the NBDPS is an ongoing, popula-
tion-based, case—control study of major structural birth
defects. Cases are or have been ascertained through 10
surveillance systems in the United States (Arkansas, Cali-
fornia, Georgia/Centers for Disease Control and Preven-
tion, Jowa, Massachusetts, New Jersey, New York, North
Carolina, Texas, and Utah) and include live births, still-
births, and induced pregnancy terminations. Infants/
fetuses with single-gene disorders or chromosome abnor-
malities are excluded from the NBDPS, and all cases are
classified as either isolated or multiple by clinical geneti-
cists (Rasmussen et al., 2003). Control subjects include
unaffected live births randomly selected from birth certif-
icates or birth hospitals. The mothers of cases and con-
trols complete a one-hour computer-assisted telephone
interview (CATI) that includes sections on maternal con-
ditions and illnesses, lifestyle and behavioral factors, and
multivitamin use.

For the present study, cases were limited to include
infants/fetuses with a diagnosis of anencephaly (n =
290) or spina bifida (1 = 630). NBDPS cases with a diag-
nosis of both anencephaly and spina bifida (n = 3), an
NTD other than anencephaly or spina bifida (craniorachi-
schisis, n = 9; encephalocele, n = 121), and those classi-
fied as complex cases (n = 2) were excluded. Cases and
controls for whom the mother was reported to have
maternal pregestational diabetes (1 = 10 cases; n = 29
controls) or use anticonvulsants (n = 15 cases; n = 35
controls) were excluded, because these exposures were
relatively rare and are strong risk factors for NTDs.

Data for infant and maternal characteristics that are
generally accepted to be associated with NTD risk were
obtained from the CATI and included the following:
infant sex (male/female), maternal race/ethnicity (non-
Hispanic White, non-Hispanic Black, Hispanic, and
other), maternal use of folic acid supplements in the
month prior to conception through the month following
conception (any/none), and maternal body mass index
(BMI). Maternal BMI (weight [kg] / height [m?]) was
categorized according to the National Heart, Lung and
Blood Institute cutoff points as underweight (<18.5 kg/
m?), average weight (18.5-24.9 kg/ m?), overweight (25.0-
29.9 kg/m~), and obese (>30.0 kg/mz).

Statistical Methods

PLR was used to evaluate heterogeneity of the effects of
each risk factor across the component NTD phenotypes
(Glynn and Rosner, 2004). Two composite phenotypes
were considered: (1) NTDs (anencephaly and spina bifida)
and (2) isolated NTDs (isolated anencephaly and isolated
spina bifida). Each composite phenotype was assessed
using a step-up strategy, in which a baseline model with
all variables constrained to have equal effect estimates
across the component phenotypes was first fitted to the
data. Next, a model in which the variable with the highest
p value in the baseline model was allowed to vary across
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Table 1
Characteristics of Infants with Neural Tube Defects and Control Infants, National Birth Defects
Prevention Study, 1997-2004

Spina Isolated spina Isolated
Characteristic bifida (%) bifida (%) Anencephaly (%)  anencephaly (%)  Controls (%)
Infant sex
Male 302 (50.0) 272 (49.4) 101 (40.7) 94 (40.9) 2965 (50.4)
Female 302 (50.0) 279 (50.6) 147 (59.3) 136 (59.1) 2924 (49.6)
Maternal factors:
BMI (kg/m?)
Underweight (<18.5) 22 (3.8) 20 (3.8) 17 (6.4) 16 (6.5) 321 (5.7)
Normal (18.5-24.9) 278 (48.0) 252 (47.9) 145 (54.3) 132 (53.9) 3184 (56.4)
Overweight (25.0-29.9) 134 (23.1) 120 (22.8) 61 (22.9) 56 (22.9) 1249 (22.2)
Obese (>30) 145 (25.1) 134 (24.5) 44 (16.4) 41 (16.7) 887 (15.7)
Folic acid supplement use”
Nonuser 307 (50.3) 279 (50.1) 137 (48.6) 124 (47.7) 2890 (49.3)
User 304 (49.7) 278 (49.9) 145 (51.4) 136 (52.3) 2978 (50.7)
Race/ethnicity
Non-Hispanic White 331 (54.2) 304 (54.7) 136 (48.6) 128 (49.6) 3497 (59.6)
Non-Hispanic Black 56 (9.2) 48 (8.6) 24 (8.6) 20 (7.8) 671 (11.4)
Hispanic 190 (31.1) 172 (30.9) 97 (34.6) 88 (34.1) 1321 (22.5)
Other 34 (5.5) 32 (5.8) 23 (8.2) 22 (8.5) 383 (6.5)
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*Use of folic acid supplements in the month before pregnancy through the first month of pregnancy.

the component phenotypes was fitted to the data and a
likelihood ratio test (LRT) comparing the two models was
used to evaluate heterogeneity of the effect of the risk fac-
tor across the component phenotypes. When the LRT had
p > 0.05, the effect of the risk factor was considered to be
homogeneous, and the variable remained constrained in
subsequent models. The variable with the next highest
p value was then allowed to vary across the component
phenotypes, and the procedure was repeated until a LRT
with p < 0.05 was identified. When p < 0.05, the effect of
the variable was considered to be heterogeneous across the
component phenotypes and a model that allowed this vari-
able to vary across the component phenotypes became the
baseline for the next set of likelihood ratio tests (Glynn and
Rosner, 2004; Wei et al., 2004). A step-down analysis was
also performed in which the initial model allowed all vari-
ables to vary across the component phenotypes, and LRTs
were used to evaluate successive, constrained models. All
models included a variable for study center. Analyses
were performed using Stata version 10 (StataCorp LP,
College Station, TX).

RESULTS

Participation rates for the NBDPS were 71% among
mothers with spina bifida-affected pregnancies, 72%
among mothers with anencephaly-affected pregnancies,
and 68% among control mothers. The distributions of
selected demographic characteristics and risk factors for
case and control infants/fetuses and mothers are pre-
sented in Table 1.

The adjusted odds ratios (AORs) generated from a
baseline PLR model in which all effect estimates were
allowed to vary across anencephaly and spina bifida (i.e.,
the initial base model in the step-down approach), and
from a baseline model in which all effect estimates were
set to be equal for anencephaly and spina bifida (i.e., the
initial model in the step-up approach) are presented in
Table 2. These effect estimates are analogous to what
would be obtained from logistic regression analyses of

the component and composite phenotypes, respectively.
Visual inspection of the point estimates for anencephaly
and spina bifida suggests that the effects of at least a sub-
set of the study variables differ across these component
endpoints. For example, the AOR for female sex is 1.5 for
anencephaly (95% CI, 1.1-1.9), whereas it is 1.0 for spina
bifida (95% CI, 0.9-1.2). However, in some instances ad
hoc decisions regarding heterogeneity would be difficult,
and formal assessment of effect heterogeneity is not pos-
sible based on the data presented in Table 2. This is evi-
dent with maternal Hispanic ethnicity, for which the
AOR is 1.4 (95% CI, 1.2-1.8) for spina bifida and 2.0 (95%
CI, 1.5-2.8) for anencephaly.

Use of the step-up PLR strategy to formally assess the
evidence for effect heterogeneity, indicated that, in these
data, there was significant heterogeneity in the associa-
tions of anencephaly and spina bifida with infant sex
(female vs. male: AOR [spina bifida], 1.0, AOR [anence-
phaly], 1.5, Preterogeneity = 0.02) and maternal BMI (obese
vs. normal: AOR [spina bifida], 1.9; AOR [anencephaly],
1.1, Pheterogeneity = 0.01), but not with maternal pericon-
ceptional use of folic acid supplements, which was not
associated with either component endpoint, or maternal
race/ethnicity (Table 3). Similar conclusions regarding
effect heterogeneity were reached when the step-down
procedure was used (Glynn and Rosner, 2004) and when
the analyses were restricted to include cases with isolated
anencephaly and spina bifida (results not shown).

DISCUSSION

The NBDPS provides a rich data source for assessing
birth defect risk factors (Yoon et al., 2001), as well as the
opportunity to explore novel methods, such as PLR, that
may help to define the complex etiologies of these condi-
tions. However, as with any study, the NBPDS has some
limitations that must be considered when evaluating
study results. Most relevant to the present study is the
potential for differential ascertainment of cases with
anencephaly and spina bifida resulting from under-ascer-
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Table 2
Polytomous Logistic Regression Models® for Spina Bifida, Anencephaly, and the
Composite NTD Phenotype, National Birth Defects Prevention Study, 1997-2004

Component phenotypes

Composite phenotype

Spina bifida (n = 613)

Anencephaly (n = 282) NTDs (n = 895)

Characteristic® AOR (95% CI) AOR (95% CI) AOR (95% CI)
Infant sex
Male 1.0 1.0 1.0
Female 1.0 (0.9-1.2) 1.5 (1.1-1.9) 1.1 (0.9-1.3)
Maternal factors:
BMI (kg/m?)
Underweight (<18.5) 0.8 (0.5-1.3) 1.1 (0.6-1.9) 0.9 (0.6-1.3)
Normal (18.5-24.9) 1.0 1.0 1.0
Overweight (25.0-29.9) 1.2 (0.9-1.5) 1.0 (0.7-1.4) 1.2 (0.9-1.4)
Obese (>30) 1.9 (1.6-2.4) 1.1 (0.7-1.5) 1.6 (1.4-2.0)
Folic acid supplement use
Nonuser® 1.0 1.0 1.0
User 1.0 (0.9-1.2) 1.1 (0.8-1.4) 1.1 (0.9-1.2)
Race/ethnicity
Non-Hispanic White 1.0 1.0 1.0
Non-Hispanic Black 0.8 (0.6-1.1) 0.9 (0.5-1.4) 0.8 (0.6-1.1)
Hispanic 14 (1.2-1.8) 2.0 (1.5-2.8) 1.6 (1.3-1.9)
Other 1.0 (0.7-1.5) 1.7 (1.1-2.9) 1.2 (0.9-1.7)

?All models included a variable for study center.
PAll variables were assessed simultaneously.

“Use of folic acid supplements in the month before pregnancy through the first month of pregnancy.

tainment of potential subjects among pregnancy termina-
tions. Such under-ascertainment appears likely, given
that the participation rates were similar among the anen-
cephaly and spina bifida cases, whereas the number of
anencephalic cases (n = 282) was substantially lower
than the number of spina bifida cases (1 = 613). Previous
studies have, however, demonstrated that the potential
for this bias is minimal when cases are ascertained
through active surveillance (as is the case in the majority
of NBDPS centers) and can be further minimized by
adjusting for study center (as was done in the current
study) to account for differences in case ascertainment
(Canfield et al., 2009b). Further, although such potential
biases should clearly be considered when interpreting
results about potential risk factors, they are less relevant
to discussions regarding the selection of statistical meth-
ods, such as in the present study.

Because of the rarity of individual birth defects, epide-
miologic studies often combine data for presumably
related (i.e., component) birth defects in an effort to
improve study power. In general, decisions to combine
phenotypes are appropriately based on multiple lines of
evidence, which may include embryological, develop-
mental, genetic, clinical, and epidemiologic data indicat-
ing that the conditions share common, although not nec-
essarily identical, features (Khoury et al., 1982). In ac-
knowledgment of the potential for etiologic heterogeneity
across component phenotypes, analyses are often con-
ducted using the composite phenotype and repeated
using each of the component phenotypes. However, such
analyses do not allow for formal evaluation of effect het-
erogeneity across the component phenotypes and there-
fore do not directly address which set or sets of effect
measures provide the most valid estimates of effect.
Moreover, within a given multivariable model, such anal-
yses require that all effect measures be estimated for
either a component or a composite phenotype, when in
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reality it may be appropriate to estimate some effect
measures based on the composite and others based on
the component phenotypes.

PLR can be used to assess effect heterogeneity across
component phenotypes and, within a given multivariable
model, can provide effect measure estimates for either
the composite or component phenotypes as appropriate.
To illustrate the potential utility of PLR in epidemiologic
studies of birth defects, we used this approach to exam-
ine several established NTD risk factors. Our results indi-
cate that analyses based on the composite NTD pheno-
type have the potential to mask associations that are spe-
cific to a component phenotype (e.g., infant sex and
spina bifida) as well as to misattribute the effects of a
variable to the composite phenotype (e.g., BMI and
NTDs). Further, these analyses indicate that conclusions
regarding effect heterogeneity based on ad hoc compari-
sons of the effect estimates obtained from each of the
component phenotypes may be vulnerable to consider-
able subjectivity (e.g., maternal race/ethnicity).

Given the considerable amount of research that has
been conducted on this set of NTD risk factors, the spe-
cific findings of this study are not surprising and are
largely consistent with our understanding of NTD epide-
miology. (Although the lack of evidence for an associa-
tion between maternal use of folic acid supplements and
both anencephaly and spina bifida may appear to conflict
with the majority of studies assessing this relationship,
this finding is consistent with a previous NBDPS study
[Mosley et al., 2009], which used a slightly different mea-
sure of folic acid fortification. It is likely that the lack of
an association between folic acid and NTDs in the
NBDPS reflects the post—folic acid fortification status of
the study population.) However, these analyses serve to
illustrate the potential weaknesses of studies that do not
formally evaluate and model effect heterogeneity. More-
over, they demonstrate the potential utility of the PLR
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Table 3
Final Polytomous Logistic Regression Model®
Assessing Effect Heterogeneity of Established NTD
Risk Factors between Spina Bifida and Anencephaly,
National Birth Defects Prevention Study, 1997-2004

Spina bifida Anencephaly

(n=613) (n=282)
AOR AOR  p value for
Characteristic” (95% CI) (95% CI) difference
Infant sex
Male 1.0 1.0 0.02
Female 1.0 (0.8-1.2) 1.5 (1.1-1.9)

Maternal factors:
BMI (kg/m?)
Underweight (<18.5)
Normal (18.5-24.9)
Overweight
(25.0-29.9)
Obese (>30)
Folic acid supplement use®,

0.8 (0.5-1.3) 1.1 (0.6-1.9)  0.01
1.0 1.0
1.2 (1.0-1.5) 1.0 (0.7-1.4)

1.9 (1.6-2.4) 1.1 (0.7-1.5)

Nonuser 1.0 0.92
User, B1-P1 1.1 (0.9-1.2)¢

Race/ ethnicity‘ll
Non-Hispanic White 1.0 0.16
Non-Hispanic Black 0.8 (0.6-1.1)
Hispanic 1.6 (1.3-1.9)
Other 1.2 (0.9-1.7)

?All models included a variable for study center.

PAll variables were assessed simultaneously.

“Use of folic acid supplements in the month before pregnancy
through the first month of pregnancy.

9Effect estimates are not significantly different across the com-
ponent phenotypes of spina bifida and anencephaly; therefore
the final model provided effect estimates for the composite phe-
notype (NTDs).

°Although these analyses used a different definition of folic
acid use than that used by Mosley et al. (2009) in a previous
analyses of NBDPS data, the results obtained based on the two
different definitions are similar and provide little evidence of an
association between maternal, periconceptional use of folic acid
and risk of NTDs in offspring in this study population.

approach for analyses aimed at assessing putative disease
risk factors for which there may be little if any prior in-
formation regarding effect heterogeneity.
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