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Abstract

INTRODUCTION: Many infants with anotia or microtia (A/M) have co-occurring birth defects,
although few receive syndromic diagnoses in the perinatal period. Evaluation of co-occurring
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birth defects in children with A/M could identify patterns indicative of undiagnosed/unrecognized
syndromes.

METHODS: We obtained information on co-occurring birth defects among infants with A/M
for delivery years 1999-2014 from the Texas Birth Defects Registry. We calculated observed-
to-expected ratios (OER) to identify birth defect combinations that occurred more often than
expected by chance. We excluded children diagnosed with genetic or chromosomal syndromes
from analyses. Birth defects and syndromes/associations diagnosed <1 year of age were
considered.

RESULTS: We identified 1,310 infants with non-syndromic A/M, of whom 38% (N=492)

were diagnosed with co-occurring major defects. Top combinations included: hydrocephalus,
ventricular septal defect, and spinal anomalies (OER 58.4); microphthalmia and anomalies of the
aorta (OER 55.4); and cleft lip with or without cleft palate and rib or sternum anomalies (OER
32.8).

CONCLUSIONS: Some combinations observed in our study may represent undiagnosed/atypical
presentations of known A/M associations or syndromes, or novel syndromes yet to be described in
the literature. Careful evaluation of infants with multiple birth defects including A/M is warranted
to identify individuals with potential genetic or chromosomal syndromes.
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INTRODUCTION

Anotia/microtia is a birth defect in which the outer ear is absent or underdeveloped. In the
United States, the condition has an estimated birth prevalence of approximately 3 cases per
10,000 livebirths (Canfield et al., 2009; Shaw et al., 2004; Stallings et al., 2018). However,
there is variation by sex and race/ethnicity (Canfield et al., 2014; Luquetti et al., 2011),

with higher rates observed in males and Hispanic and Asian individuals compared to non-
Hispanic Whites. There is likewise considerable phenotypic variability among infants with
anotia/microtia (Hunter et al., 2009; Marx, 1926). In grade one microtia, the least severe
form, the ear is small but normal structures are present. In grades two and three (also termed
conchal and lobular, respectively) microtia, more extensive hypoplasia is apparent and there
is often stenosis or atresia of the ear canal (Suutarla et al., 2007; van Nunen et al., 2014). In
anotia, the most severe form, the external ear and external auditory canal are absent. Because
of the high frequency of hearing loss and potential for facial nerve weakness or paralysis
(Luquetti et al., 2012; Suutarla et al., 2007; van Nunen et al., 2014), as well as adverse
psychosocial outcomes across the life course (Mandelbaum et al., 2017; Volpicelli et al.,
2017), anotia/microtia has an enduring impact on the overall health of affected individuals
and on the public health.

Genetic or chromosomal syndromes involving anotia/microtia have been well described,
although they are diagnosed in fewer than 20% of all individuals with anotia/microtia
(Cabrejo et al., 2019; Canfield et al., 2009; Stallings et al., 2018; van Nunen et

al., 2014). Anotia/microtia is a cardinal feature of oculo-auriculo-vertebral spectrum
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(OAVS, which includes Goldenhar syndrome, hemifacial macrosomia, and oculo-auriculo-
vertebral disorder) (Tasse et al., 2005); affected individuals frequently also present with
cardiac (5-40%), nervous system (5-40%), and genitourinary anomalies (10-30%) (Tingaud-
Sequeira et al., 2022). Ear anomalies are likewise a key feature of CHARGE (Coloboma,
Heart defects, Atresia choanae, Retarded growth and development, Genital hypoplasia, Ear
anomalies/deafness) syndrome (Blake & Prasad, 2006); in one cohort of patients with
CHARGE syndrome (N=254), ear anomalies were reported in >90% of individuals (Zentner
et al., 2010). Botto et al. reported severe ear defects in 2.1% of infants with VACTERL
association. However, this definition excluded milder forms of microtia (Botto et al., 1997;
Rittler et al., 1996). Anotia/microtia may also be a feature of trisomies 13, 18, and 21,
Treacher Collins syndrome, and Townes-Brock syndrome (Cabrejo et al., 2019; Kallen et al.,
2004; Rittler et al., 1996; Stoll et al., 2016; van Nunen et al., 2014).

Even among infants without a known syndrome or association, co-occurring birth defects
are frequent. Multiple population-based assessments report that >50% of infants with anotia/
microtia are diagnosed with additional malformations, most commonly involving the heart
(10-509%), musculoskeletal (3-25%) or genitourinary systems (10-30%) (Cabrejo et al.,
2019; Canfield et al., 2009; Stallings et al., 2018; Stoll et al., 2016). These recurrent,
apparently non-random constellations of birth defects may well be the consequence of
undiagnosed or even previously unrecognized anotia/microtia syndromes (Paput et al.,
2011). A recent study of 40 patients with isolated, non-syndromic grade 111 microtia
reported that 27 (67.5%) carried rare heterozygous variants in one of 42 genes involved

in external ear formation (Wang et al., 2019), suggesting that careful clinical and molecular
investigation may reveal distinct etiologies in many such cases.

Historically, syndromes and associations involving anotia/microtia were defined and
characterized by “astute clinicians”, who carefully described phenotypic features in series
of patients and recognized recurrent patterns of malformations that reflected possible shared
etiologies (Gorlin et al., 1963; Hall, 1979). However, this approach is challenging when
identifying very rare patterns or attempting to accurately estimate birth prevalence. More
recently, we and others have demonstrated that data from population-based birth defects
registries can be highly useful for identifying, characterizing, and refining the definitions

of birth defect syndromes and associations (Benjamin et al., 2022; Kallen et al., 2004;

Paput et al., 2011; Schraw et al., 2020; van de Putte et al., 2020). These resources are
critical to overcoming the historical barriers to identifying multiple birth defect patterns,
although population-based descriptions of these patterns among infants with anotia/microtia
are largely confined to reports on the prevalence of individual co-occurring defects (Bennun
et al., 1985; Cabrejo et al., 2019; Stallings et al., 2018; Stoll et al., 2016; van Nunen et

al., 2014). These studies have left unanswered questions about co-occurring birth defects
among infants with anotia/microtia, because higher-order combinations were generally not
evaluated and reports of individual co-occurring defects are not adjusted for the generalized,
non-specific clustering of birth defects (Khoury et al., 1990). Therefore, our objective was
to describe two-through five-way birth defect combinations occurring in the setting of non-
syndromic anotia/microtia, using data from a large, population-based birth defects registry.
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The protocol for this study was approved by the Institutional Review Boards of the Texas
Department of State Health Services, University of Texas Health Science Center at Houston,
and Baylor College of Medicine, and conforms to the principles of the Declaration of
Helsinki. The requirement for informed consent was waived as the study involved analysis
of de-identified data from a public health surveillance program. Information on birth

defect diagnoses was obtained from the Texas Birth Defects Registry (TBDR) for all
deliveries to Texas residents between 1999 and 2014, regardless of pregnancy outcome.
TBDR is a population-based, active birth defects surveillance system; registry staff routinely
review records from hospitals, pediatrics clinics, and birthing centers throughout the state

to ascertain cases diagnosed with monitored structural birth defects and chromosomal
abnormalities up to one year of age (Miller, 2006). Records for eligible individuals are
abstracted into an electronic database where they undergo extensive quality control checks,
including frequent manual review by clinical geneticists.

TBDR classifies birth defects using the six-digit Centers for Disease Control modified-
British Paediatric Association codes, referred to as BPA codes (“Appendix A: ICD-9

and CDC/BPA codes,” 2002), and retrieves demographic information from birth and fetal
death records. To facilitate the analysis of distinct groups of related defects, we collapsed
these codes to their four-digit prefixes and excluded sex-specific defects or unspecified
congenital anomalies. We included data from singleton pregnancies that resulted in a
livebirth, stillbirth, fetal death, or termination, and were affected by anotia or microtia
(BPA codes 744.01 and 744.21, respectively) and one or more additional defects. Possible
or probable diagnoses (those that could not be verified by TBDR) were not included in our
analysis. Because our objective was to describe multiple birth defect patterns of unknown
etiology, we excluded subjects diagnosed with chromosomal abnormalities (e.g., trisomy
13, 18, or 21), genetic syndromes (e.g., Treacher Collins or CHARGE syndromes) or birth
defect sequences/associations (e.g., Pierre Robin sequence, VACTERL association) in the
pre-or peri-natal period.

For comparison with the published literature, we summarized demographic information
using counts and percentages and generated an UpSet plot (Conway et al., 2017; Lex et
al., 2014) to visualize the number of individuals with co-occurring defects in the five most
common categories (heart, musculoskeletal, central nervous system, gastrointestinal, and
circulatory). Then, we used our Co-Occurring Defects Analysis (CODA) software platform
(Benjamin et al., 2019) to evaluate two-through five-way combinations involving anotia/
microtia. CODA estimates the ratio of the observed number of cases of a birth defect
combination to the number that would be expected if the defects occurred independently,
adjusted for the nonspecific tendency of birth defects to cluster (OER) (Benjamin et al.,
2019; Khoury et al., 1990). We focused our reporting on combinations with OER >1 (that
is, those that occurred more often than expected by chance) that were observed in five or
more individuals and were not redundant with other, higher-order combinations that had a
greater OER. In addition, we did not include the two-way combination of anotia/microtia
with ear anomalies causing hearing impairment, as we felt that hearing loss alone did not
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necessarily constitute a second, distinct birth defect when anotia/microtia was present. All
statistical analyses were conducted in R version 4.0.5 (R Core Team, Vienna, Austria).

We identified 6,181,631 livebirths, 172,488 individuals with birth defects, and 1,322
individuals with anotia/microtia. Among these, we included 467 singleton births with
multiple birth defect phenotypes involving anotia/microtia in further analyses (36.3%

of singleton births with anotia/microtia). Included individuals were predominantly male.
Mothers of cases were predominantly Hispanic. Relative to the reference population of

all livebirths in Texas, cases were more often delivered by women who were overweight

or obese, or who were diagnosed with diabetes (Table 1). Co-occurring defects most
commonly involved the cardiac (137 individuals, 29.3%), musculoskeletal (114 individuals,
24.4%), nervous (50 individuals, 10.7%), or gastrointestinal systems (44 individuals, 9.4%)
(Figure 1). Heart and musculoskeletal defects were observed alone (59 and 43 individuals,
respectively), in combination with each other (25 individuals), as well as with anomalies of
the central nervous (10 individuals) or gastrointestinal systems (8 individuals).

Using CODA, we identified 107 recurrent birth defect combinations involving anotia/
microtia that occurred more often than expected by chance. Of these, 31 were two-way
combinations, 65 were three-way combinations, and 11 were four-way combinations
(no five-way combinations were observed in at least five individuals). We observed
three combinations with OER>50 (Table 2), involving heart defects co-occurring with
musculoskeletal anomalies, hydrocephalus, or microphthalmia. Other top combinations
involved cardiovascular and rib/sternum/spine defects in combination with one another,
orofacial clefts, eye/ear/face/neck anomalies, and renal anomalies (e.g., cleft lip +/— cleft
palate, other anomalies of the ribs and sternum, OER=32.8; ostium secundum type atrial
septal defect, spinal anomalies, other anomalies of the ribs and sternum, OER=31.3).
Microcephalus was an additional feature of several top combinations.

DISCUSSION

A substantial proportion of children with anotia/microtia are diagnosed with co-occurring
birth defects, but these patterns have not been evaluated systematically. We characterized the
spectrum of multiple birth defect phenotypes involving anotia/microtia, using data from a
large, population-based birth defects registry, to identify infants with patterns suggestive of
undiagnosed or unrecognized anotia/microtia-related syndromes or associations. Top birth
defect combinations identified by CODA most often involved the co-occurrence of cardiac,
musculoskeletal, or nervous system defects in combination with one another, orofacial clefts,
and microphthalmia. These combinations seem consistent with certain syndromes in which
anotia/microtia is a common feature (described below), and our results suggest that careful
evaluation of children with multiple birth defect phenotypes involving anotia/microtia is
warranted to rule out such syndromes.

In the present study, 36% of singletons with anotia/microtia had co-occurring defects.
This proportion is somewhat lower than in other assessments, which reported co-occurring
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defects in 40-80% of individuals (Cabrejo et al., 2019; Guo et al., 2021; Stallings et al.,
2018; Stoll et al., 2016). These included infants with known syndromes or associations,
who are more likely to have co-occurring defects. In the National Birth Defects Prevention
Study (NBDPS), which likewise excluded children with most known syndromes or
associations, 31% of individuals with anotia/microtia were classified as having multiple
defects (Howley et al., 2022). We most often observed co-occurring defects in the cardiac
and musculoskeletal systems (~25% of individuals), followed by the nervous, circulatory,
and gastrointestinal systems (~10% of individuals). While there is variability in the literature
regarding the frequency of individual co-occurring defects, these estimates are consistent
with a report from thirty population-based U.S. birth defects surveillance systems (Stallings
etal., 2018).

The two studies most comparable to ours applied CODA to data from the TBDR and
National Birth Defects Prevention Study (NBDPS) (Benjamin et al., 2022; Howley et al.,
2022). The study utilizing TBDR data - which focused on the top 5% of combinations
observed among at least five individuals that involved multiple organ systems and were not
suggestive of known syndromes - did not report on combinations involving anotia/microtia
(Benjamin et al., 2022). However, the large OERS previously observed for combinations
involving co-occurring diaphragm and spine anomalies were also observed in this study
with anotia/microtia. In the report from NBDPS, two multiple birth defect combinations
involving anotia/microtia were seen among the top 20% of all combinations. These involved
anotia/microtia with 1) sacral agenesis and anorectal atresia (OER=28.9) or 2) oral clefts,
cardiac malformations, and limb deficiencies (OER=20.2) (Howley et al., 2022). These
phenotypes partially overlap those observed in our study (cardiac malformations, oral clefts,
spinal anomalies), and adjusted OERs were of a similar magnitude. Although we observed
a wider spectrum of co-occurring defects overall, none of the top combinations in our study
involved sacral agenesis or anorectal atresia.

Anotia/microtia is required for a diagnosis of OAVS (Cousley & Calvert, 1997; Tasse et
al., 2005) and can be present in CHARGE syndrome (Hall, 1979; Hittner et al., 1979)

and (less frequently) VACTERL association (Botto et al., 1997; Rittler et al., 1996).

OAVS is characterized by eye, ear, craniofacial, and spinal defects. Infants with Goldenhar
syndrome may also be diagnosed with orofacial clefts (particularly cleft palate), as well as
cardiac, renal, and limb defects. CHARGE syndrome and VACTERL association overlap
phenotypically with OAVS (Bergmann et al., 2003; Kallen et al., 2004), and many of the
top combinations reported in this study are broadly consistent with these conditions. For
example, the combination of anotia/microtia, congenital hydrocephalus, ventricular septal
defect, and spinal anomalies includes features of OAV'S (Castori et al., 2006; Tingaud-
Sequeira et al., 2022), whereas infants with anotia/microtia, renal agenesis, and spinal
anomalies, may not have met the clinical criteria for a diagnosis of VACTERL as they

did not have three or more of the hallmark features. We note that the absence of birth
defect combinations that involve hallmark features of CHARGE syndrome and VACTERL
association is unsurprising, given that we excluded infants with syndromes/associations
diagnosed prenatally or within the first year of life from our analyses.
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We observed multiple combinations involving co-occurring anotia/microtia and cleft lip with
or without cleft palate. The combination of these phenotypes was reported in three members
of a consanguineous Iranian family with bilateral microtia, mixed symmetric severe to
profound hearing impairment, and partial cleft palate who were homozygous for a missense
variant in HOXAZthat affects HOXA2’s DNA binding activity (Alasti et al., 2008). This
emphasizes the possible (perhaps probable) presence of individuals with undiagnosed single-
gene syndromes in our study.

Alternatively, certain top combinations may represent developmental field defects (DFDs),
such as those in which anotia/microtia co-occurred with other craniofacial defects, orofacial
clefts, or heart defects. Duncan and Shapiro reported an association between hemifacial
macrosomia and VACTERL (Duncan & Shapiro, 1993), which others have attributed to the
fact that they are both primary field defects (Martinez-Frias et al., 1998). DFDs may be
useful in explaining the co-occurrence of multiple birth defect phenotypes that do not appear
consistent with known syndromes, such as the co-occurrence of anotia/microtia with spinal
and diaphragm anomalies (the latter is also an occasional feature of CHARGE syndrome)
(Stoll et al., 2008).

Some of the combinations observed in our study may be attributable to maternal exposures.
In particular, maternal pre-gestational diabetes has been associated with multiple birth defect
phenotypes including hemifacial macrosomia and VACTERL association. Diabetes has

been linked to sacral agenesis (which, with anotia/microtia, was one of the combinations
identified in the NBDPS report), and, separately, ear anomalies. Pre-gestational or
gestational diabetes was diagnosed in 16% of women whose pregnancies resulted in a case
with anotia/microtia compared to 4% of all pregnancies resulting in livebirths; diabetes is
estimated to affect 6-7% of pregnant people in the U.S. population (Deputy et al., 2018).

Our study has several strengths. First, we used data from a large, population-based active
surveillance registry. Our relatively large sample size enabled the evaluation of rare

birth defect combinations (including some with estimated birth prevalence less than one
case per million), which may be difficult or impossible in other settings. Secondly, the
CODA platform can evaluate high-order birth defect combinations and accounts for the
tendency of birth defects to cluster, which may otherwise bias estimates of birth defect
co-occurrence. Thus, CODA produces robust estimates of co-occurrence and can identify
complex combinations that may be especially helpful for characterizing syndromes or
associations. Despite these, our study also has certain limitations. While we excluded
infants with known syndromes or associations, it is possible that these were undiagnosed in
some cases, as not all children undergo comprehensive clinical and molecular investigation.
This may have led to the inclusion of some cases with previously described syndromes

or associations in this cohort. We lacked information on developmental, behavioral, and
neuropsychological outcomes, and on diagnoses made >1 year of age, as these data are not
recorded by TBDR. Likewise, we could not distinguish microtia based on grade, and were
unable to perform a separate analysis of anotia, which was diagnosed in <5% of individuals.

Am J Med Genet A. Author manuscript; available in PMC 2024 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Schraw et al. Page 8

CONCLUSIONS

We identified 467 infants with multiple birth defect phenotypes involving anotia/microtia

in Texas during the delivery years 1999-2014. Cardiac and musculoskeletal anomalies were
frequent, and combinations with large adjusted observed-to-expected ratios in Co-Occurring
Defects Analysis were generally consistent with patterns seen in OAVS, VACTERL
association, or CHARGE syndrome. Our findings suggest that anotia/microtia-related
syndromes or associations may be present in a substantial proportion of individuals who

do not receive a diagnosis by one year of age. Careful evaluation of such infants is warranted
to rule out syndromic disease, assess for additional features such as hearing loss and
developmental delay, and optimize reproductive counseling approaches.

ACKNOWLEDGMENTS

This project was supported by a grant from the Eunice Kennedy Shriver National Institute of Child Health &
Human Development (1R01HD093660-01A1). The Texas Birth Defects Registry is supported in part by funds from
the Title V Maternal and Child Health Block Grant. The project sponsors had no active involvement in the project.
The authors also wish to acknowledge the contributions of the many staff members at the Texas Department of State
Health Services who made this research possible.

DATA AVAILABILITY STATEMENT:

The investigators are prohibited by the terms of the data use agreement from sharing the
underlying data publicly. Data may be obtained by application to the Texas Birth Defects
Registry and Texas Department of State Health Services Institutional Review Board.

REFERENCES

Alasti F, Sadeghi A, Sanati MH, Farhadi M, Stollar E, Somers T, & Van Camp G (2008, Apr). A
mutation in HOXAZ2 is responsible for autosomal-recessive microtia in an Iranian family. American
Journal of Human Genetics, 82(4), 982-991. 10.1016/j.ajhg.2008.02.015 [PubMed: 18394579]

Appendix A: ICD-9 and CDC/BPA codes. (2002). Teratology, 66 Suppl 1, S218-219. 10.1002/
tera.90015 [PubMed: 12239749]

Benjamin RH, Scheuerle AE, Scott DA, Navarro Sanchez ML, Langlois PH, Canfield MA, Northrup
H, Schaaf CP, Ray JW, McLean SD, Chen H, Swartz MD, Lupo PJ, & Agopian AJ (2022, Apr).
Birth defect co-occurrence patterns in the Texas Birth Defects Registry. Pediatric Research, 91(5),
1278-1285. 10.1038/541390-021-01629-w [PubMed: 34193968]

Benjamin RH, Yu X, Navarro Sanchez ML, Chen H, Mitchell LE, Langlois PH, Canfield MA, Swartz
MD, Scheuerle AE, Scott DA, Northrup H, Schaaf CP, Ray JW, McLean SD, Lupo PJ, & Agopian
AJ (2019, Nov 1). Co-occurring defect analysis: A platform for analyzing birth defect co-occurrence
in registries. Birth Defects Res, 111(18), 1356-1364. 10.1002/bdr2.1549 [PubMed: 31313535]

Bennun RD, Mulliken JB, Kaban LB, & Murray JE (1985, Dec). Microtia: a microform of hemifacial
microsomia. Plastic and Reconstructive Surgery, 76(6), 859-865. [PubMed: 4070453]

Bergmann C, Zerres K, Peschgens T, Senderek J, Hérnchen H, & Rudnik-Schéneborn S (2003,

Aug 30). Overlap between VACTERL and hemifacial microsomia illustrating a spectrum of
malformations seen in axial mesodermal dysplasia complex (AMDC). American Journal of Medical
Genetics. Part A, 121a(2), 151-155. 10.1002/ajmg.a.20167 [PubMed: 12910495]

Blake KD, & Prasad C (2006, Sep 7). CHARGE syndrome. Orphanet Journal of Rare Diseases, 1, 34.
10.1186/1750-1172-1-34 [PubMed: 16959034]

Botto LD, Khoury MJ, Mastroiacovo P, Castilla EE, Moore CA, Skjaerven R, Mutchinick OM,
Borman B, Cocchi G, Czeizel AE, Goujard J, Irgens LM, Lancaster PA, Martinez-Frias ML, Merlob
P, Ruusinen A, Stoll C, & Sumiyoshi Y (1997, Jul 11). The spectrum of congenital anomalies of

Am J Med Genet A. Author manuscript; available in PMC 2024 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Schraw et al.

Page 9

the VATER association: an international study. American Journal of Medical Genetics, 71(1), 8-15.
[PubMed: 9215761]

Cabrejo R, Persing J, & Alperovich M (2019, Mar/Apr). Epidemiologic Assessment of Microtia in
Over 23 Million Consecutive United States Births. Journal of Craniofacial Surgery, 30(2), 342-346.
10.1097/s¢cs.0000000000004885 [PubMed: 30418290]

Canfield MA, Langlois PH, Nguyen LM, & Scheuerle AE (2009, Nov). Epidemiologic features

and clinical subgroups of anotia/microtia in Texas. Birth Defects Research. Part A: Clinical and
Molecular Teratology, 85(11), 905-913. 10.1002/bdra.20626 [PubMed: 19760683]

Canfield MA, Mai CT, Wang Y, O’Halloran A, Marengo LK, Olney RS, Borger CL, Rutkowski
R, Fornoff J, Irwin N, Copeland G, Flood TJ, Meyer RE, Rickard R, Alverson CJ, Sweatlock
J, & Kirby RS (2014, Sep). The association between race/ethnicity and major birth defects
in the United States, 1999-2007. American Journal of Public Health, 104(9), e14-23. 10.2105/
ajph.2014.302098

Castori M, Brancati F, Rinaldi R, Adami L, Mingarelli R, Grammatico P, & Dallapiccola B (2006, Jul
15). Antenatal presentation of the oculo-auriculo-vertebral spectrum (OAVS). American Journal of
Medical Genetics. Part A, 140(14), 1573-1579. 10.1002/ajmg.a.31290 [PubMed: 16761296]

Conway JR, Lex A, & Gehlenborg N (2017, Sep 15). UpSetR: an R package for the visualization of
intersecting sets and their properties. Bioinformatics, 33(18), 2938-2940. 10.1093/bioinformatics/
btx364 [PubMed: 28645171]

Cousley RR, & Calvert ML (1997, Oct). Current concepts in the understanding and management
of hemifacial microsomia. British Journal of Plastic Surgery, 50(7), 536-551. 10.1016/
s0007-1226(97)91303-5 [PubMed: 9422952]

Deputy NP, Kim SY, Conrey EJ, & Bullard KM (2018). Prevalence and Changes in Preexisting
Diabetes and Gestational Diabetes Among Women Who Had a Live Birth - United States,
2012-2016. MMWR. Morbidity and mortality weekly report, 67(43), 1201-1207. 10.15585/
mmwr.mm6743a2

Duncan PA, & Shapiro LR (1993, Aug 1). Interrelationships of the hemifacial microsomia-VATER,
VATER, and sirenomelia phenotypes. American Journal of Medical Genetics, 47(1), 75-84.
10.1002/ajmg.1320470116 [PubMed: 8368258]

Gorlin RJ, Jue KL, Jacobsen U, & Goldschmidt E (1963, Nov). OCULOAURICULOVERTEBRAL
DYSPLASIA. Journal of Pediatrics, 63, 991-999. 10.1016/s0022-3476(63)80233-4 [PubMed:
14071056]

Guo R, Wang B, Wang Y, Zhang Y, Liu T, & Zhang Q (2021, Mar-Apr 01). Epidemiological Analysis
and the Nomogram for Possible Risk Factors for Severe Microtia. Journal of Craniofacial Surgery,
32(2), e184-e189. 10.1097/scs.0000000000007068 [PubMed: 33705069]

Hall BD (1979, Sep). Choanal atresia and associated multiple anomalies. Journal of Pediatrics, 95(3),
395-398. 10.1016/s0022-3476(79)80513-2 [PubMed: 469662]

Hittner HM, Hirsch NJ, Kreh GM, & Rudolph AJ (1979, Mar-Apr). Colobomatous microphthalmia,
heart disease, hearing loss, and mental retardation--a syndrome. Journal of Pediatric
Ophthalmology and Strabismus, 16(2), 122-128. 10.3928/0191-3913-19790301-10 [PubMed:
458518]

Howley MM, Williford E, Agopian AJ, Lin AE, Botto LD, Cunniff CM, Romitti PA, Nestoridi E,

& Browne ML (2022, Mar 11). Patterns of multiple congenital anomalies in the National Birth
Defect Prevention Study: Challenges and insights. Birth Defects Res. 10.1002/bdr2.2003

Hunter A, Frias JL, Gillessen-Kaesbach G, Hughes H, Jones KL, & Wilson L (2009, Jan). Elements
of morphology: standard terminology for the ear. American Journal of Medical Genetics. Part A,
149a(1), 40-60. 10.1002/ajmg.a.32599 [PubMed: 19152421]

Kallen K, Robert E, Castilla EE, Mastroiacovo P, & Kallen B (2004, May 15). Relation between oculo-
auriculo-vertebral (OAV) dysplasia and three other non-random associations of malformations
(VATER, CHARGE, and OEIS). American Journal of Medical Genetics. Part A, 127a(1), 26-34.
10.1002/ajmg.a.20643 [PubMed: 15103713]

Khoury MJ, James LM, & Erickson JD (1990, Oct). On the measurement and interpretation of birth
defect associations in epidemiologic studies. American Journal of Medical Genetics, 37(2), 229—
236. 10.1002/ajmg.1320370213 [PubMed: 2248290]

Am J Med Genet A. Author manuscript; available in PMC 2024 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Schraw et al.

Page 10

Lex A, Gehlenborg N, Strobelt H, Vuillemot R, & Pfister H (2014, Dec). UpSet: Visualization of
Intersecting Sets. IEEE Trans Vis Comput Graph, 20(12), 1983-1992. 10.1109/tvcg.2014.2346248
[PubMed: 26356912]

Luquetti DV, Heike CL, Hing AV, Cunningham ML, & Cox TC (2012, Jan). Microtia: epidemiology
and genetics. American Journal of Medical Genetics. Part A, 158a(1), 124-139. 10.1002/
ajmg.a.34352 [PubMed: 22106030]

Luquetti DV, Leoncini E, & Mastroiacovo P (2011, Sep). Microtia-anotia: a global review of
prevalence rates. Birth Defects Research. Part A: Clinical and Molecular Teratology, 91(9), 813—
822. 10.1002/bdra.20836 [PubMed: 21656661]

Mandelbaum RS, Volpicelli EJ, Martins DB, Park SH, Dubina E, Ishiyama A, Bradley JP, & Lee JC
(2017, Sep). Evaluation of 4 Outcomes Measures in Microtia Treatment: Exposures, Infections,
Aesthetics, and Psychosocial Ramifications. Plast Reconstr Surg Glob Open, 5(9), e1460. 10.1097/
g0x.0000000000001460 [PubMed: 29062641]

Martinez-Frias ML, Frias JL, & Opitz JM (1998, Apr 1). Errors of morphogenesis and developmental
field theory. American Journal of Medical Genetics, 76(4), 291-296. [PubMed: 9545092]

Marx H (1926). Die Missbildungen des ohres. In Die Krankheiten des Gehérorgans (pp. 131-169).
Springer.

Miller E (2006, Nov). Evaluation of the Texas Birth Defects Registry: an active surveillance system.
Birth Defects Research. Part A: Clinical and Molecular Teratology, 76(11), 787-792. 10.1002/
bdra.20331 [PubMed: 17094140]

Paput L, Banhidy F, & Czeizel AE (2011, May). Distribution of associated component abnormalities
in cases with unclassified multiple (“syndromic”) anota/microtia. International Journal of Pediatric
Otorhinolaryngology, 75(5), 639-647. 10.1016/j.ijporl.2011.01.041 [PubMed: 21354632]

Rittler M, Paz JE, & Castilla EE (1996, Jun 28). VACTERL association, epidemiologic
definition and delineation. American Journal of Medical Genetics, 63(4), 529-536. 10.1002/
(sici)1096-8628(19960628)63:4<529::Aid-ajmg4>3.0.Co;2-j [PubMed: 8826430]

Schraw JM, Benjamin RH, Scott DA, Brooks BP, Hufnagel RB, McLean SD, Northrup H, Langlois
PH, Canfield MA, Scheuerle AE, Schaaf CP, Ray JW, Chen H, Swartz MD, Mitchell LE, Agopian
AJ, & Lupo PJ (2020, Dec 20). A COMPREHENSIVE ASSESSMENT OF CO-OCCURRING
BIRTH DEFECTS AMONG INFANTS WITH NON-SYNDROMIC ANOPHTHALMIA OR
MICROPHTHALMIA. Ophthalmic Epidemiology, 1-8. 10.1080/09286586.2020.1862244

Shaw GM, Carmichael SL, Kaidarova Z, & Harris JA (2004, Jul). Epidemiologic characteristics
of anotia and microtia in California, 1989-1997. Birth Defects Research. Part A: Clinical and
Molecular Teratology, 70(7), 472-475. 10.1002/bdra.20042 [PubMed: 15259037]

Stallings EB, Isenburg JL, Mai CT, Liberman RF, Moore CA, Canfield MA, Salemi JL, Kirby RS,
Short TD, Nembhard WN, Forestieri NE, Heinke D, Alverson CJ, Romitti PA, Huynh MP, Denson
LE, Judson EM, & Lupo PJ (2018, Nov 15). Population-based birth defects data in the United
States, 2011-2015: A focus on eye and ear defects. Birth Defects Res, 110(19), 1478-1486.
10.1002/bdr2.1413 [PubMed: 30444307]

Stoll C, Alembik Y, Dott B, & Roth MP (2008). Associated malformations in cases with congenital
diaphragmatic hernia. Genetic Counseling, 19(3), 331-339. [PubMed: 18990989]

Stoll C, Alembik Y, Dott B, & Roth MP (2016, Dec). Associated anomalies in cases with anotia and
microtia. European Journal of Medical Genetics, 59(12), 607-614. 10.1016/j.ejmg.2016.10.012
[PubMed: 27818252]

Suutarla S, Rautio J, Ritvanen A, Ala-Mello S, Jero J, & Klockars T (2007, Aug). Microtia in
Finland: comparison of characteristics in different populations. International Journal of Pediatric
Otorhinolaryngology, 71(8), 1211-1217. 10.1016/j.ijporl.2007.04.020 [PubMed: 17548114]

Tasse C, Bohringer S, Fischer S, Ludecke HJ, Albrecht B, Horn D, Janecke A, Kling R, Konig R,
Lorenz B, Majewski F, Maeyens E, Meinecke P, Mitulla B, Mohr C, Preischl M, Umstadt H,
Kohlhase J, Gillessen-Kaesbach G, & Wieczorek D (2005, Oct-Dec). Oculo-auriculo-vertebral
spectrum (OAVS): clinical evaluation and severity scoring of 53 patients and proposal for a new
classification. European Journal of Medical Genetics, 48(4), 397-411. 10.1016/j.ejmg.2005.04.015
[PubMed: 16378924]

Am J Med Genet A. Author manuscript; available in PMC 2024 March 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Schraw et al.

Page 11

Tingaud-Sequeira A, Trimouille A, Sagardoy T, Lacombe D, & Rooryck C (2022). Oculo-auriculo-
vertebral spectrum: new genes and literature review on a complex disease. Journal of Medical
Genetics, 59(5), 417-427. 10.1136/jmedgenet-2021-108219 [PubMed: 35110414]

van de Putte R, van Rooij I, Marcelis CLM, Guo M, Brunner HG, Addor MC, Cavero-Carbonell
C, Dias CM, Draper ES, Etxebarriarteun L, Gatt M, Haeusler M, Khoshnood B, Klungsoyr K,
Kurinczuk JJ, Lanzoni M, Latos-Bielenska A, Luyt K, O’Mahony MT, Miller N, Mullaney C,
Nelen V, Neville AJ, Perthus I, Pierini A, Randrianaivo H, Rankin J, Rissmann A, Rouget F,
Schaub B, Tucker D, Wellesley D, Wiesel A, Zymak-Zakutnia N, Loane M, Barisic |, de Walle
HEK, Roeleveld N, & Bergman JEH (2020, Feb). Spectrum of congenital anomalies among
VACTERL cases: a EUROCAT population-based study. Pediatric Research, 87(3), 541-549.
10.1038/s41390-019-0561-y [PubMed: 31499513]

van Nunen DP, Kolodzynski MN, van den Boogaard MJ, Kon M, & Breugem CC (2014, Jun). Microtia
in the Netherlands: clinical characteristics and associated anomalies. International Journal of
Pediatric Otorhinolaryngology, 78(6), 954-959. 10.1016/j.ijporl.2014.03.024 [PubMed: 24745583]

\olpicelli EJ, Pfaff MJ, Hakimi K, Bradley JP, Solem RC, & Lee JC (2017, Oct). Age-Related
Differences in Psychosocial Function of Children with Craniofacial Anomalies. Plastic and
Reconstructive Surgery, 140(4), 776-784. 10.1097/prs.0000000000003687 [PubMed: 28953730]

Wang P, Wang Y, Fan X, Liu Y, Fan Y, Liu T, Chen C, Zhang S, & Chen X (2019, Jan 28).
Identification of sequence variants associated with severe microtia-astresia by targeted sequencing.
BMC Medical Genomics, 12(1), 28. 10.1186/s12920-019-0475-x [PubMed: 30691450]

Zentner GE, Layman WS, Martin DM, & Scacheri PC (2010, Mar). Molecular and phenotypic
aspects of CHD7 mutation in CHARGE syndrome. American Journal of Medical Genetics. Part A,
152a(3), 674-686. 10.1002/ajmg.a.33323 [PubMed: 20186815]

Am J Med Genet A. Author manuscript; available in PMC 2024 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Schraw et al. Page 12

= e
=l it

N cases

Figure 1. Co-occurring defects among individuals with multiple birth defect patternsinvolving
anotia/microtia, Texas Birth Defects Registry, 1999-2014 (N=467).

Birth defects were grouped into broad categories of related defects, and information was
presented for the five most commonly observed categories of co-occurring defects (heart
[CHD], musculoskeletal system [MSK], central nervous system [CNS], gastrointestinal [GI]
system, and orofacial clefts). Bottom left: histogram showing the number of individuals with
co-occurring defects in each organ system. Bottom: legend describing evaluated birth defect
combinations. Phenotypes involved are represented by black-shaded circles; combinations
involving multiple co-occurring phenotypes are represented as multiple shaded circles
connected by lines. Top: histogram showing the number of individuals with anotia/microtia
and the index combination (e.g., among 133 individuals with anotia/microtia and heart
defects, 59 were diagnosed with co-occurring CHD only, 25 with co-occurring CHD and
MSK anomalies, six with co-occurring CHD and clefts, etc.).
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Distributions of infant and maternal characteristics among included individuals with anotia/microtia and

TABLE 1.

co-occurring defects, Texas, 1999-2014 (N=467).

Maternal diabetes

N (%)
Livebirths Anoctia/Microtia

Livebirth 6,181,631 (100.0) 454 (97.2)
Sex

Male 3,159,950 (51.1) 264 (56.5)

Female 3,021,681 (48.9) 203 (43.5)
Maternal age (years)

<20 759,054 (12.3) 62 (13.3)

20-24 1,672,253 (27.1) 119 (25.5)

25-29 1,678,322 (27.2) 119 (25.5)

30-34 1,318,102 (21.3) 101 (21.6)

35-39 613,552 (9.9) 49 (10.5)

240 139,824 (2.3) 17 (3.6)
Maternal race/ethnicity

Hispanic 3,004,303 (48.6) 349 (74.7)

Non-Hispanic White 2,204,720 (35.7) 71 (15.2)

Non-Hispanic Black 698,954 (11.3) 20 (4.3)

Other non-Hispanic 266,324 (4.3) 19 (4.1)

Unknown 7330 (0.1) 8(1.7)
Maternal education

Less than high school 1,739,482 (28.1) 178 (39.1)

High school 1,742,822 (28.2) 132 (29.0)

Greater than high school 2,656,707 (43.0) 145 (31.9)
Maternal pre-pregnancy body massindex (kg/m?) #

Underweight 151,217 (2.4) 7(2.1)

Normal weight 1,756,582 (28.4) 147 (44.1)

Overweight 1,025,864 (16.6) 73 (21.9)

Obese 1,009,993 (16.3) 106 (31.8)

t 246,821 (4.0) 56 (16.6)

f'VaIues may not sum to the total (N=467) due to missingness.

’t'AvaiIabIe for delivery years 2005-2014. Includes gestational and pre-gestational diabetes.
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Co-occurring birth defect combinations among individuals with anotia/microtia in the Texas Birth Defects

Registry, 1999-2014, ranked by adjusted observed-to-observed ratio.

Combination OER N
Congenital hydrocephalus, ventricular septal defect, anomalies of spine 584 5
Transposition of great vessels, other anomalies of ribs and sternum 55.6 6
Microphthalmia, other anomalies of aorta 554 6
Cleft lip +/- cleft palate, other anomalies of ribs and sternum 328 6
Anomalies of ear causing impairment of hearing, ventricular septal defect, ostium secundum type atrial septal defect 327 6
Other unspecified anomalies of face and neck, anomalies of spine 321 8
Ostium secundum type atrial septal defect, anomalies of spine, other anomalies of ribs and sternum 31.3 7
Anomalies of ear causing impairment of hearing, cleft lip +/- cleft palate 268 8
Anomalies of ear causing impairment of hearing, other specified anomalies of kidney 263 5
Anomalies of ear causing impairment of hearing, obstructive defects of renal pelvis and ureter 260 10
Anomalies of ear causing impairment of hearing, other unspecified anomalies of face and neck 217 5
Microphthalmia, ventricular septal defect 212 6
Microcephalus, anomalies of ear causing impairment of hearing 208 7
Anomalies of spine, anomalies of diaphragm 198 5
Microphthalmia, ostium secundum type atrial septal defect 194 6
Ventricular septal defect, ostium secundum type atrial septal defect, anomalies of spine 18.9 9
Cystic kidney disease, anomalies of spine 18.7 5
Renal agenesis and dysgenesis, anomalies of spine 17.9 9
Other unspecified anomalies of face and neck, ventricular septal defect 170 10
Anomalies of ear causing impairment of hearing, anomalies of spine 164 5
Other unspecified anomalies of face and neck, obstructive defects of renal pelvis and ureter 154 5
Cleft lip +/- cleft palate, anomalies of spine 150 5
Microcephalus, other unspecified anomalies of face and neck 141 5
Anomalies of pulmonary artery, anomalies of spine 13.7 6
Reduction deformities of brain, anomalies of spine 135 5
Ventricular septal defect, ostium secundum type atrial septal defect, renal agenesis and dysgenesis 12.6 5
Microcephalus, other anomalies of aorta 120 6

Includes combinations with OER > 10 and N=5, which are not redundant with another higher order combination with a greater OER.
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