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Holoprosencephaly (HPE) is one of the most common devel-

opmental field defects, occurring in 1 in 250 conceptuses and in 1

in 10,000–20,000 live births. Nearly half of patients with HPE

have a recognized syndrome or a single gene defect. However,

little is known about the risk factors for the remainder with

‘‘nonsyndromic’’ HPE. In our case–control study, we examine

factors associated with nonsyndromic HPE. We identified 47

patientswithHPE fromthe genetics clinic databasewith an equal

number of controls matched for gender and birthdate. Of the 47

patients, 23 were identified as nonsyndromic. No statistically

significant differences were noted between the mean maternal

and paternal ages of patients and controls. Factors associated

with nonsyndromic HPE were: having an Aboriginal mother

(unadjusted odds ratio [OR] 3.5, 95% confidence interval [CI]

1.1–11.1), an Aboriginal father (OR 12.8, 95% CI 3.0–55.1), at
least one Aboriginal parent (OR 5.0, 95% CI 1.6–16.0), or two
Aboriginal parents (OR 8.8, 95% CI 2.0–37.8), the presence of a
family history of a midline facial defect (OR 8.2, 95% CI

1.5–45.2), and being of low socioeconomic status (OR 3.0,

95% CI 1.0–9.1). Having an Aboriginal background remained

statistically significant after adjusting for low socioeconomic

status. Other associations evaluated—history of prior sponta-

neous abortion, stillbirth, neonatal death, prepregnancy diabe-

tes, infectionsduringpregnancy, alcohol exposure, smoking, and

substance abuse—were not significantly associated with

nonsyndromic HPE. The use of periconceptional folic acid or

vitamins was not associated with a lower risk of nonsyndromic

HPE. � 2012 Wiley Periodicals, Inc.
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INTRODUCTION

Holoprosencephaly (HPE) is one of the most common develop-

mental field defects, occurring in approximately 1 in 250 concep-

tuses [Matsunaga and Shiota, 1977] and 1 in 10,000–20,000 live

births [Croen et al., 1996; Rasmussen et al., 1996; Olsen et al., 1997;

Forrester andMerz, 2000; Bullen et al., 2001; Ong et al., 2007]. HPE

was initially thought to result from failure of cleavage of the

embryonic forebrain, leading to alobar, semilobar, and lobar forms

[DeMyer and Zeman, 1963]. However, it is now widely accepted

that this malformation is caused by a defect in primary induction

and patterning of the rostral neural tube [Golden, 1999].HPEoften

occurs as part of a recognized syndrome or in association with a

single gene defect. Several HPE genes have already been identified

and other candidate genes proposed [Belloni et al., 1996; Roessler et

al., 1996, 2003; Brown et al., 1998; Wallis et al., 1999; Gripp et al.,

2000; Nanni et al., 2000; Ming et al., 2002; de la Cruz et al., 2002].

However, in 50% of patients, HPE is not associated with a specific

cytogenetic abnormality or monogenic syndrome [Croen et al.,

1996, 2000].

Little is known about the risk factors for the development of this

form of HPE, termed ‘‘nonsyndromic’’ HPE. Some studies have

suggested a causal link between maternal diabetes and HPE [Barr

et al., 1983;Olsen et al., 1997]. This association has also been seen in

other studies [Croen et al., 2000;Miller et al., 2010].Other potential
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risk factors, largely based on case reports or small case series,

include: female gender [Roach et al., 1975; Mastroiacovo et al.,

1995; Rasmussen et al., 1996; Olsen et al., 1997; Croen et al., 2000];

earlymaternalmenarche [Croen et al., 2000]; foreignmaternal race

[Croen et al., 1996, 2000; Rasmussen et al., 1996; Forrester and

Merz, 2000; Ong et al., 2007]; young maternal age [Olsen et al.,

1997]; young and older maternal age, with HPE occurring in a

U-shaped distribution [Rasmussen et al., 1996]; poverty [Roach

et al., 1975]; maternal lower education level [Croen et al., 2000;

Miller et al., 2010]; previous pregnancy loss [Matsunaga and

Shiota, 1977]; maternal anemia [Croen et al., 2000]; low-calorie

weight reduction diets [Ronen, 1992]; maternal periconceptional

exposures, including to alcohol [Jellinger et al., 1981; Bonnemann

andMeinecke, 1990; Ronen andAndrews, 1991; Croen et al., 2000];

cigarettes or alcohol and cigarettes [Croen et al., 2000]; irradiation

[Jellinger et al., 1981]; medications such as those for respiratory

illness [Croen et al., 2000]; maternal flu [Orioli and Castilla, 2007];

salicylates [Khudr and Olding, 1973; Benawra et al., 1980; Agapitos

et al., 1986; Croen et al., 2000; Miller et al., 2010]; retinoic acid

[Lammer et al., 1985]; anticonvulsants [Kotzot et al., 1993; Holmes

and Harvey, 1994; Rosa, 1995]; estrogen/progestin [Stabile et al.,

1985; Orioli and Castilla, 2007]; TORCH infections [Byrne et al.,

1987; Kilic and Yazici, 2005]; and use of assistive reproductive

technology [Miller et al., 2010]. However, these variables are not

consistently found to be risk factors for HPE across studies to date.

Few population-based studies have rigorously examined potential

etiologic agents, with only a few studies published to date that use a

case–control design [Croen et al., 2000; Orioli and Castilla, 2007;

Miller et al., 2010]. Furthermore,many earlier studieshave included

data from the 1970s to the 1980s, prior to significant improvements

in prenatal ultrasound diagnosis. A review of proposed risk factors

for nonsyndromic HPE based on four case–control studies has

recently been published, highlighting the many uncertainties

surrounding the etiology of nonsyndromic HPE [Johnson and

Rasmussen, 2010].

There is anecdotal evidence suggesting that Manitoba has a high

occurrence of HPE and related malformations. This population,

therefore, provides a unique opportunity to examine various factors

that may influence the development of HPE. The objective of this

case–control study was to elucidate potential risk factors for the

occurrence of nonsyndromic HPE using data from the Winnipeg

Children’s Hospital Section of Genetics and Metabolism database.

METHODS

The study was approved by the Health Research Ethics Board,

Faculty of Medicine, University of Manitoba.

Study Subjects
Patients. Patients (cases) were primarily ascertained from the

database of the Winnipeg Children’s Hospital Section of Genetics

and Metabolism. Ascertainment is high as the Genetics section at

our center is theonlyone inManitoba and serves the entireprovince

of approximately 1.3millionpeople. Thedatabase includes all of the

cytogenetic studies done in Manitoba, both prenatally and post-

natally. The section also has close ties to the provincial maternal

serum screening program, and serves as the consultant to both

the single major fetal assessment unit and to the only place where

terminations are done for congenital anomalies. To maximize case

ascertainment, a search for patients with ‘‘HPE’’ as the primary

diagnosis was also conducted on Pediatric Neurology clinic and

Health Sciences Centre hospital databases.

The following were considered for potential inclusion: live

births, terminations, and stillbirths between January 1990 and

September 2001 encoded by the term ‘‘HPE,’’ terms synonymous

or often used interchangeably with HPE, facial features, or cranial

anomalies consistent with HPE, and syndromes associated with

HPE, including trisomies 13 and 18 (see Appendix I). HPE patients

were ultimately selected for inclusion based on either of the

following: radiologic or autopsy confirmation; or a strongly sug-

gestive clinical sequence (including hypotelorism, cleft lip/palate,

microcephaly, cyclopia, proboscis, ethmocephaly, cebocephaly, or

a single central incisor in a patient with a family history of HPE)

even if radiologic or autopsy confirmation was not available.

Hypotelorism, cleft lip/palate or microcephaly, in isolation, were

not used to define patients with HPE, given their common pre-

sentation inother conditions. Patientswere excluded if enoughdata

were missing without which a ‘‘tentative’’ diagnosis of HPE, could

not be confirmed. Patients were also excluded if neuroimaging or

autopsy indicated another diagnosis despite compatible facial

features. In patients forwhom the diagnosiswas not clear, amedical

geneticist and/or pediatric neurologist (A.C. and A.P.) determined

eligibility for inclusion in the study.

Controls. For each patient (case), a control matched on gender

who had the closest birthdate to the patient was selected from the

Genetics database. To avoid both overlap between patients and

controls andunder-ascertainment of risk factors, potential controls

were excluded if they had a midline craniofacial or a midline

structural CNS anomaly or if they had multiple congenital anoma-

lies with a strongly suspected structural CNS abnormality. If a

potential control was excluded, the next eligible person entered in

the database, based on the above criteria, was selected as the control.

Data Collection
Using a standardized form created for this study (See Supporting

Information online eAppendix II), information from the Genetics

records of patients and controls was abstracted on the following:

parental characteristics; prenatal factors, including maternal

illness, medications, and possible exposure to teratogens; family

history and history of consanguinity; prenatal testing; birth data,

including need for resuscitation; patient physical anomalies; results

of investigations, including neuroimaging, cytogenetic studies, and

autopsy, where applicable; and sequelae, including morbidity and

mortality.

Data were abstracted solely from the Genetics records unless

determination of eligibility for the study was in question. In this

case, information from the hospital chart was sought strictly to

clarify the patient’s eligibility for study inclusion. All of the infor-

mation collected was then recorded in an electronic database

created for this study.

In construction of the database, a distinction was made among

Aboriginals—those who were Native, Inuit, Metis, and those with
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more distant Aboriginal ancestry. However, the odds ratio (OR)

for association of ethnic background with HPE was calculated after

excluding those with mixed ancestry. Although an attempt was

made to collect information on diabetes control, as well as the

amount of alcohol consumption or smoking, the inconsistent and

qualitative nature of the data made comparisons between patients

difficult. Therefore, only the presence of prepregnancy diabetes

and the use or non-use of alcohol and/or cigarettes during the

pregnancy were used in the calculation of ORs. Similarly, although

information on the various types of infections and substances

used was collected, ORs were calculated for infections or substance

use as a whole. We also attempted to collect information on the

timing in gestation of certain exposures, but this information was

not always available and was not used in the calculation of ORs.

If ‘‘no teratogens’’ was documented in the chart, this was recorded

as lack of alcohol or illicit drug use in the pregnancy, with no

assumption made about maternal diabetes or smoking. Similarly,

if the pregnancy was documented as ‘‘unremarkable,’’ absence

of teratogens or significant maternal history was presumed, rather

than classifying the data as unavailable. No distinction was made

between unilateral, bilateral, and midline cleft lip/palate in family

members.

HPE was classified as alobar, semilobar, lobar, or midline

interhemispheric fissure variant. If this information had not

been recorded in the chart, it was determined based on available

information. HPE was also classified as syndromic or nonsyn-

dromic. Syndromic patients included those who had abnormalities

on conventional or molecular cytogenetic testing, as well as those

with normal chromosomes but with a constellation of features

suggestive of a known syndrome.

Statistical Analysis
UsingManitoba census data, the incidence ofHPE among live born

infants in the Manitoba population was calculated [CANSIM II

SERIES V470802]. With information obtained from the 2001

Census profiles, median household incomes based on postal codes

were used in the estimation of socioeconomic status. In this

estimation process, the mean of all of the median household

incomes for the study population was calculated. Patients and

controlswere then grouped into lowandhigh socioeconomic status

above and below this mean. The nonsyndromic patients were then

compared to controls to identify potential risk factors for this form

of HPE. Logistic regression was used to calculate unadjusted ORs

and their 95% confidence intervals (CIs) for potential risk factors

for HPE. Logistic regression was also used to calculate ORs for

having an Aboriginal mother, an Aboriginal father, at least one

Aboriginal parent or two Aboriginal parents, adjusted for low

socioeconomic status. The independent-sample t-test was used

to compare continuous variables between groups. A P-value

<0.05 was considered statistically significant.

RESULTS

Case Ascertainment
Forty-five of 47 (96%) patients with HPE were identified from the

Genetics database. Two additional patients were ascertained from

the Pediatric Neurology database. The information on these two

patientswas abstracted fromtheGeneticsdatabase,where thepatients

were subsequently found listed under an alternate diagnosis.

Incidence of HPE and Its Subtypes
There were 47 patients with HPE identified over our study period,

of which 27 were live born. Of these patients, 25 were live born over

the years for which we have complete data (excluding 2001). Using

census data indicating 175,338 live births over these 11 years, the

prevalence of HPE in Manitoba, therefore, approximates 1.4 in

10,000 (95% CI 0.9–1.9) live births per year. Of the 47 patients,

24were syndromic and 23were nonsyndromic forms ofHPE. In the

majority of patients with syndromic and nonsyndromic HPE,

the diagnosis of HPE was confirmed postnatally by either neuro-

imaging (12/23 or 52.2% nonsyndromic) or autopsy (2/23 or 8.7%

nonsyndromic), in approximately one-third of patients, by ante-

natal ultrasound (8/23 or 34.8% nonsyndromic), and in one case

each of syndromic and nonsyndromic HPE, by examination only

(4.3% nonsyndromic).

The results of chromosome testing, done either prenatally by

amniocentesis, or postnatally, were available for 89% (42/47) of the

patients with HPE. Results of molecular testing were available in

only 28%(13/47)of thepatients, andonly among thosewhoalready

had conventional cytogenetic studies where results did not already

indicate trisomy 13. Most of the cytogenetic test results provided

were for deletions of 7q, although in a few cases it was apparent

that deletions of chromosome 7p, 18p/q, and 21q were also sought.

In other cases, the specific molecular tests were not specified.

In some cases, other molecular tests were done as considered

appropriate (e.g., 22q11), and these arenot included in the previous

numbers, as they do not represent a genetic locus associated with

HPE. Further genetic information may become available in the

future as, in many cases, the DNA was banked.

Chromosomal and molecular abnormalities accounted for 32%

(15/47) of HPE patients, or for 36% of those with available

chromosome study results. Trisomy 13 was most frequent followed

bydeletions involvingchromosome7.Non-chromosomalsyndromic

forms accounted for 19% (9/47) of HPE patients. Nonsyndromic

HPEwas, therefore, present in the remaining49% (23/47) of patients.

Identification of Potential Risk Factors for
Nonsyndromic HPE
Initially, 47 controls matched for gender and birthdate were

selected, 1 for each case of syndromic and nonsyndromic HPE.

The 23 nonsyndromic forms of HPE were chosen for further study

and elucidation of potential risk factors. Making use of all of

the original controls, this provided two controls for each case of

nonsyndromic HPE.

The ORs calculated for potential risk factors and their associ-

ation with HPE is shown in Table I. The following factors were

significantly associated with HPE in univariate analyses: having

an Aboriginal mother, having an Aboriginal father, having at least

one Aboriginal parent, having a family history of a midline facial

defect, and being of low socioeconomic status. Although there

was a trend in our study suggesting that prepregnancy diabetes
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maybe associatedwithHPE, it did not attain statistical significance.

Two of the three instances of prepregnancy diabetes occurred

among Aboriginal mothers (with the third having an unknown

racial background), as did the only instance of prepregnancy

diabetes among controls. Numbers were, therefore, too low to

allow for assessmentof the risk associatedwithhaving anAboriginal

mother adjusting for pregestational diabetes.

Low socioeconomic status is likely correlated with having an

Aboriginal parent (having an Aboriginal mother, P¼ 0.11, having

an Aboriginal father, P¼ 0.07, having at least one Aboriginal

parent, P¼ 0.08, and having two Aboriginal parents, P¼ 0.05),

although these associations were generally not statistically signifi-

cant. When adjusted for low socioeconomic status, having an

Aboriginal mother (OR 3.3, 95% CI 1.0–10.8), having an Aborigi-

nal father (OR 11.9, 95% CI 2.6–53.9), having at least one Abo-

riginal parent (OR 5.0, 95%CI 1.5–16.9), or having two Aboriginal
parents (OR 7.5, 95% CI 1.6–34.2) remained significant predictors

of HPE.

There was no association of HPE with previous spontaneous

abortion, stillbirth, or neonatal death, or with infections, alcohol

exposure, smoking, or substance abuse during the pregnancy. The

useof periconceptional folic acidor vitaminsdidnot appear to exert

a protective influence. The mean maternal age (25.3 years vs. 27.6

years) and paternal age (28.8 years vs. 31.8 years) did not differ

between nonsyndromic patients and controls (P¼ 0.10 for each).

DISCUSSION

There have been very few case–control studies designed to look at

risk factors for the development of nonsyndromic HPE. In our

case–control study, we found that having an Aboriginal parent,

having a family history of a midline facial defect, and being of low

socioeconomic status were associated with the development of

nonsyndromic HPE. Our analysis of risk factors was based on

live births, stillbirths, and terminations with nonsyndromic, non-

chromosomal HPE. These comprised approximately half of our

patients withHPE, consistent with the literature [Croen et al., 1996,

2000; Rasmussen et al., 1996].

The prevalence of HPE among live births of 1.4 in 10,000

found in our study is among the highest reported in the literature

[Roach et al., 1975; Urioste et al., 1988; Mastroiacovo et al., 1992;

Mart�ınez-Fr�ıas et al., 1994; Croen et al., 1996; Rasmussen et al.,

1996;Whiteford and Tolmie, 1996; Olsen et al., 1997; Forrester and

Merz, 2000; Bullen et al., 2001; Ong et al., 2007; Orioli and Castilla,

2007]. A similar prevalence of 1.31 per 10,000 was found through

the International Clearinghouse Birth Defects Surveillance

Systems, based on over 7 million births from five continents;

however, this figure included stillbirths and pregnancy termina-

tions in addition to live births [Leoncini et al., 2008]. To the best

of our knowledge, few populations report a higher prevalence.

There was a reported prevalence of HPE of 1.7 per 10,000 in the

West Midlands area of the United Kingdom, but again, this

figure includes terminations, fetal losses, and stillbirths in addition

to live births [Ong et al., 2007]. A much higher birth prevalence

rate of 6.06 per 10,000 was found in Taipei, Taiwan [Chen et al.,

2005].

Although cross-study comparisons are challenging due to differ-

ent combinations of live births, terminations, and/or stillbirths

used in the numerator, we believe that the high incidence of HPE in

our study is largely due to inherent characteristics of the Manitoba

TABLE I. Proposed Risk Factors for the Development of Holoprosencephaly

Risk factor
Patientsa

(max n¼ 23)
Controlsa

(max n¼ 47)
Unadjusted
odds ratio 95% CI

Aboriginal motherb 10/22 8/42 3.5 1.1–11.1
Aboriginal fatherb 11/21 3/38 12.8 3.0–55.1
At least one aboriginal parentb 12/21 8/38 5.0 1.6–16.0
Two aboriginal parentsb 9/21 3/38 8.8 2.0–37.8
Family history midline facial defect 6/21 2/43 8.2 1.5–45.2
Low socioeconomic statusc 16/22 22/47 3.0 1.0–9.1
Previous spontaneous abortion 7/22 12/44 1.2 0.4–3.8
Previous stillbirth 2/23 2/45 2.0 0.3–15.6
Previous neonatal death 1/23 0/45d 4.1 0.1–126.7
Prepregnancy diabetes mellitus 3/23 1/47 6.9 0.7–70.4
Infectionse,f 5/23 15/46 0.6 0.2–1.8
Alcohol exposuref 9/22 15/44 1.3 0.5–3.8
Smokingf 11/18 23/44 1.4 0.5–4.4
Substance abusef 1/19 7/33 0.2 0.02–1.8
Folic acid/vitaminsf 4/23 15/47 0.5 0.1–1.6

aData not available for all patients and controls.
bAboriginal does not include Metis, mixed race, etc.
cBased on postal codes.
dFor purpose of calculating OR, 0.5 rather than 0 is used.
eThe five infections among cases include: Two upper respiratory tract infections, two urinary tract infections, and one genital infection (chlamydia). The 15 infections among controls include:
6 upper respiratory tract infections, 1 lower respiratory tract infection, 2 urinary tract infections, 5 genital infections (1 chlamydia, 1 chlamydia and warts, 1 herpes, 2 yeast), and 1 unknown.
fIrrespective of timing in gestation.
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population, rather than to different definitions for prevalence

employed by different studies. As HPE is an abnormality where

patients are detected prenatally and outcomes are poor [Ong et al.,

2007], our calculation, which does not include terminations, is

likely to be an underestimate of the true prevalence in Manitoba.

This is especially true given that the prevalence ofHPEappears to be

40 times higher among early spontaneous abortions (<10 weeks)

than that of pregnancies that progress beyond 20weeks [Matsunaga

and Shiota, 1977]. In fact, one study found that the observed

prevalence rate differences can largely be explained by the preg-

nancy outcome status of the studied cohort [Orioli and Castilla,

2010] with fewer than 1 in 10,000 patients with only live and

stillbirths,morewith terminations included, andbetween 40 and50

per 10,000 in two classical Japanese studies on aborted embryos.

Our prevalence of HPE among live births exceeds the expected rate

based on this study’s figures. This may be, at least in part, related to

the large population of Aboriginals in Manitoba, as the Orioli and

Castilla study found a trend toward higher birth prevalence rates in

minorities, with likely a lower prenatal detection rate of HPE and

consequently fewer terminations of pregnancy. Patients in our

study were born between 1990 and 2001, during the same time

period as some of the most recent studies. Therefore, it is unlikely

that recent improvements in imaging techniques and diagnostic

testing are important explanations for the higher incidence of HPE

observed in our study.

Unique to the Manitoba population is the large population of

Aboriginals, comprising 10.6%and13.5%of the total populationof

Manitoba in 1991 and 2001, respectively [Statistics Canada], and

our findings suggest that this racial background is associated with

the development of HPE. In fact, the risk may be higher than we

have estimated as we may have disproportionately missed babies

born toAboriginal parents livingon remote reserves.TheCalifornia

Study [Croen et al., 1996] was the first to suggest racial background

as a potential risk factor. In that study, among chromosomally

normal patients, those with mothers who were Hispanic-White

were at increased risk of HPE, as were those withmothers whowere

born in Mexico, although the former was not statistically signifi-

cant. In a subsequent paper by the same authors, among non-

syndromic patients, increased risks were observed for foreign-born

versus U.S. or Mexico-born women [Croen et al., 2000]. Similarly,

in a study performed in Atlanta, the risk for HPE and/or arrhi-

nencephaly was higher among Non-White than ‘‘White’’ infants

[Rasmussen et al., 1996]. Among a Hawaiian population, having a

mother who was Far East Asian increased the chance of HPE in the

baby, compared to having a mother who was ‘‘White’’[Forrester

and Merz, 2000]. However, in this study, HPE patients had to fit

into one of five racial categories, or they were excluded from the

study. In the study done by Ong et al., there was again a greater risk

of HPE in the Non-White population. This risk was statistically

significant in the Pakistani and in the Black African populations,

although with the latter there were wide CIs as numbers were small

[Ong et al., 2007].

Given that minorities may be at increased risk of HPE, this

suggests the possibility that lower socioeconomic status may play

a role. Interestingly, Miller et al. [2010] found an association of

lower education level with nonsyndromic HPE. Our study, in fact,

found that being of lower socioeconomic status confers three

times the odds of having a baby with HPE, yet being of Aboriginal

background also confers a risk of HPE independent of low socio-

economic status. Among the Aboriginal population, the following

conditions suggest lower socioeconomic status: ahigherunemploy-

ment rate and a lower income; a high rate of adolescent pregnancy

and more single parent families; poor housing, inadequate water

supplies and waste disposal in some communities; environmental

contaminants; less access to health care; nutritional deficiencies;

obesity and higher rates of type II diabetes; higher rates of smoking,

caffeine intake and binge alcohol drinking among mothers;

and higher rates of infectious diseases, including tuberculosis

[MacMillan et al., 1996].

Any one or various combinations of these factors point to an

inherent difference in the Aboriginal population that might pre-

dispose to the development of HPE. However, infections, smoking,

alcohol use, and substance use were not associated with HPE in our

study. Some studies have suggested a causal link between maternal

diabetes andHPE [Barr et al., 1983;Olsen et al., 1997].Our findings

are consistent with these studies, with prepregnancy diabetes

having an OR of 6.9, although not statistically significant, likely

due to our small numbers. The few occurrences of prepregnancy

diabetes in our study occurred primarily among Aboriginal moth-

ers, although, again, numbers were small. Other studies [Croen

et al., 2000; Orioli and Castilla, 2007] had found a statistically

significant increased risk of having babies withHPE among women

who took insulin for diabetes during the index pregnancy, but only

two of our patients with HPE had mothers who used insulin, one

of whom was known to be Aboriginal and the other whose racial

background was unknown.

In addition to environmental factors, one cannot exclude the

possibility that genetic factors may play a role in the development

of nonsyndromic HPE. Aboriginal populations carry a founder

effect and a relatively smaller gene pool. Similarly, in the study by

Ong et al., the Pakistani population of the United Kingdom has

a high prevalence for consanguineous unions. In thismanner, some

patients of apparently isolated HPE may represent recessively

inherited HPE [Ong et al., 2007]. In our study, having a family

history of a midline facial defect was found to be a risk factor. This

may have a genetic basis. Consistent with this speculation is the

finding that Sonic hedgehog, one of the genes implicated in the

development of HPE, is essential for first pharyngeal arch develop-

ment [Yamagishi et al., 2006]. Alternatively, shared risk factors

may predispose one to the development of HPE as well as to

other midline facial defects or other congenital anomalies. Inter-

estingly, the risk of oral clefting is also increased among Aboriginals

[Lowry et al., 1986; Bower et al., 1989; Tolarova and Cervenka,

1998].

Our study has strengths and limitations. One of its major

strengths lies in its case–control design, making it one of very

few case–control studies in the literature that examines risk factors

for the development of HPE, particularly nonsyndromic HPE. We

believe that information on patients and controls was obtained

consistently and reliably by specialist physicians in the Genetics

department. While many patients with mild isolated anomalies or

those with only a small genetic component would not be referred,

the department would have been involved with the vast majority of

other patients and would have a record of every patient for whom
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chromosome studies were done. Our study also covers a time

period in which we would have been able to take advantage

of improvements in technology and prenatal ultrasound

diagnosis.

Our study numbers are small and, therefore, did not permit

a comprehensive multivariate analysis to identify independent risk

factors for the development of HPE. Another important limitation

to this study was the lack of molecular testing on all patients.While

the karyotype was available for 87% of the patients, molecular

cytogenetic and molecular tests were not performed consistently.

At least 10% of HPE patients with normal chromosomes have

microdeletions/duplications and remain undetected by usual

karyotyping [Orioli and Castilla, 2010]. With the availability of

current arrayCGHtechnology, the proportionofHPEpatientswith

chromosomal deletions/duplication might have well been higher

as has been demonstrated in other cohorts with HPE [Bendavid

et al., 2009]. Therefore, patients with chromosomal or monogenic

disorders may have mistakenly been classified as nonsyndromic,

affecting the magnitude of the observed associations. This would

be the case, for instance, if mutations in HPE-associated genes

went undetected among Aboriginal parents.

Lacking a population-based registry of congenital anomalies in

Manitoba, the identificationofpatientswithHPE fromtheGenetics

database represented the best alternative. However, this may have

lead to the under-ascertainment of milder patients of HPE, those

without an abnormal outward physical appearance. Although the

retrospective design of this study represented themost efficient way

to collect information on a large number of patients, information

on a proposed risk factor was occasionally missing from the chart

and the information was not collected in as standardized a manner

as could have been achieved through direct study interviews

administered to parents. Another limitation of the study arises

from the use of the Genetics database for the selection of controls.

However, by selecting patients and the controls from the same

defined population, similar information was obtained and a

comparable evaluation was performed for both patients and

controls. There have been precedents to this kind of study design

[de Vries et al., 2001].

In summary, we found that having an Aboriginal mother, an

Aboriginal father, at least one Aboriginal parent, or two Aboriginal

parents, having a family history of a midline facial defect and being

of low socioeconomic status were associated with the development

of nonsyndromic HPE. Future studies should be done inManitoba

and among other populations that incorporate more patients,

with molecular testing performed routinely, to help to determine

the significanceof these potential risk factors amongnonsyndromic

patients with HPE. In particular, further research is needed to

determine what it is about being Aboriginal that increases the risk

of HPE.
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APPENDIX I—TERMS FOR IDENTIFYING PATIENTS
WITH HOLOPROSENCEPHALY

We sought to maximize holoprosencephaly case ascertainment by

searching the clinic databases using the following terms:

Holoprosencephaly

Anophthalmia

AR campomelic dysplasia

Arhinencephaly

Cebocephaly

Cyclopia

Deletion 13q syndrome

Deletion 18p syndrome

Diabetes insipidus

Ethmocephaly

Hypotelorism

Infant of a diabetic mother (IDM)

Meckel syndrome

Microphthalmia

Pallister–Hall syndrome

Pseudotrisomy 13

Single central incisor

Smith–Lemli–Opitz syndrome

Trisomy 13

Trisomy 18.
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