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Studying empirically derived dietary patterns is useful in understanding dietary practice. We classified women

by their dietary patterns using latent class analysis of 66 foods and studied the association of these patterns with

neural tube defects (NTDs) and congenital heart defects (CHDs) in the US National Birth Defects Prevention

Study (1997–2005). Logistic regression models used data from 1,047 with an NTD, 6,641 with a CHD, and 6,123

controls that were adjusted for maternal characteristics and tested the effect modification of multivitamin supple-

ment use. Four latent dietary patterns were identified: prudent, Western, low-calorie Western, and Mexican.

Among participants who did not use supplements, those in the Mexican, Western, and low-calorie Western

classes were significantly more likely (odds ratios of 1.6, 1.5, and 1.4, respectively) to have offspring born with

NTDs than were those in the prudent class after adjustment of for dietary folic acid intake. In contrast, among sup-

plement users, there was no difference in the incidence of NTDs between classes. Associations between dietary

class and CHD subgroups were not modified by supplement use except for tetralogy of Fallot; among supplement

users, those in the Western class were twice as likely (95% confidence interval: 1.4, 2.8) as the prudent class to

have offspring with tetralogy of Fallot. Women who adhered to a Western diet were 1.2 (95% confidence interval:

1.03, 1.35) times more likely to have an infant with septal heart defect than were women who adhered to a prudent

diet. A prudent dietary pattern, even with folate fortification, may decrease the risk of NTDs and some heart

defects.

congenital anomalies; diet; eating patterns; folic acid; latent class analysis

Abbreviations: AOR, adjusted odds ratio; BMI, body mass index; CHD, congenital heart defect; CI, confidence interval; NBDPS,

National Birth Defects Prevention Study; NTD, neural tube defect.

The infant mortality rate in the United States remains at a
troublesome 6.7 per 1,000 babies (1). Approximately half of
all infant deaths can be explained by disorders related to
shortened gestation, congenital anomalies, respiratory dis-
tress syndrome, and sudden infant death syndrome. Major
birth defects are the leading cause of infant death and
account for more than 20% of all infant deaths (1), with con-
genital heart defects (CHDs) being one of the most deadly (2).
On the other hand, neural tube defects (NTDs) are among
the most common birth defects, and maternal nutrition plays

a key role in their complex causes (3, 4). Understanding the
etiology of CHDs and NTDs may lead to a decrease in asso-
ciated morbidity and mortality and is a global priority. Mod-
ifiable factors that may be associated with NTDs and CHDs
include pregravid weight status, maternal diet, and use of
medications, alcohol, tobacco, and vitamin/mineral supple-
ments. The most successful intervention that has evolved
from this field of study has been supplementation with folic
acid to prevent NTDs (5). However, recent studies have
implicated that other B vitamins also contribute to the
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methylation pathway (6, 7). Although it is important to tease
out which nutrients, if any, contribute to the development of
these birth defects, humans eat foods that contain many
nutrients and nonnutrients, and thus identifying dietary pat-
terns may also aid in prevention.
The dominating epidemiologic approach of examining

the impact of single nutrients or foods on health does not
account for the complexity of the relation between dietary
intake and health outcomes (8). The high degree of intercor-
relation among nutrients or foods makes it difficult to attri-
bute effects to single independent components. Separation
of effects using statistical adjustment is hard to accomplish
because high correlations between individual nutrients and
among groups of nutrients result in unstable models. Creat-
ing dietary patterns that inherently account for interactions
between single micronutrients and estimate overall dietary
effects may provide a more robust method for determining
associations. Diet quality indexes, which also capture the
complexity of the diet, use prevailing hypotheses and guid-
ance from current dietary recommendations (9), whereas
empirically derived dietary patterns are data-driven (10).
To date, there have been 5 studies in which investigators

analyzed the association between dietary patterns and birth
defects, specifically on CHDs (11), spina bifida (12, 13),
cleft lip (13, 14), and hypospadias (15). In each of these
studies, healthy dietary patterns were associated with reduc-
tions in the risk of birth defects. Whereas Carmichael et al.
(13) used a diet quality index to a priori derive the dietary
patterns, the rest used statistical methods to empirically
derive the patterns (3 used principal component analysis and
1 used cluster analysis). Like cluster analysis, latent class
analysis (LCA) (16) can be used to classify individuals into
mutually exclusive dietary patterns such that variation in
diet is maximized across different dietary patterns while
individuals within dietary patterns have similar food intakes
(17–19). Unlike other methods, LCA allows adjustment for
covariates, quantification of the uncertainty of class mem-
bership, and assessment of goodness of fit.
The objective of our analysis was to derive dietary pat-

terns in the National Birth Defects Prevention Study
(NBDPS) by conducting a LCA of 64 foods and drinks and
then to examine the association between these dietary
classes and NTDs and CHDs.

MATERIALS ANDMETHODS

The NBDPS is an ongoing multistate population-based
case-control study of birth defects in the United States (20).
Briefly, study populations from 7 of 10 states participating
in the NBDPS included live-born, stillborn, prenatally diag-
nosed, and electively terminated cases (Arkansas, Califor-
nia, Georgia, Iowa, North Carolina, Texas, and Utah), 1 state
included only live-born and stillborn cases (Massachusetts),
and 2 states included only live-born cases (New Jersey and
New York). Diagnostic case information was obtained from
hospital and medical records and entered into a standardized
database for clinician review and classification. Control
infants were not matched with cases; they were live-born
infants without birth defects who were randomly selected
from either birth certificates or hospital records, depending

on the study center. Mothers were interviewed by telephone
in either English or Spanish using a computer-based ques-
tionnaire 6 weeks to 24 months after the estimated date of
delivery to obtain information on maternal demographic
characteristics and many different exposures, such as nutri-
tional and behavioral characteristic, both before and during
pregnancy. The NBDPS was approved by the institutional
review boards of the Centers of Disease Control and Preven-
tion and the participating study centers.
We used the NBDPS analytic data file version 7.04,

which included women with expected due dates from 1997
to 2005. Included in this population were 1,223 cases with
nonsyndromic, isolated, or multiple NTDs, 8,091 CHD
cases, and 6,807 nonmalformed controls. We excluded
mothers who had multiple births (646 cases and 213 con-
trols), had preexisting diabetes (type I or II; 321 cases and
57 controls), used folate antagonist medications (phenytoin,
valproic acid, valproate sodium, carbamazepine, metho-
trexate, trimethoprim hydrocholoride, trimethoprim sulfate,
trimethoprim, aminopterin sodium, phenobarbital, pheno-
barbital sodium, primidone, divalproex, and sodium) from
the time period 3 months before pregnancy to the end of
pregnancy (357 cases and 197 controls), reported extreme
values in total calorie intake (<500 or >5,000 kcal), missed
more than 1 item in the food frequency questionnaire (206
cases and 128 controls), or lacked data on folic acid/multivi-
tamin supplement use (210 cases and 134 controls). After
exclusions, analyses include 1,047 cases with nonsyn-
dromic, isolated, or multiple NTDs, 6,641 CHD cases, and
6,123 nonmalformed controls. In particular, we studied 4
common types of CHD (21): septal defects, left ventricular
outflow tract obstructive defects, right ventricular outflow
tract obstructive defects, and conotruncal defects (dextro-
transposition of the great arteries and tetralogy of Fallot, sep-
arately). Folic acid/multivitamin supplement use was defined
as multivitamin, prenatal vitamin, or single-component vitamin
use for 30 days or more from 3 months before pregnancy to
the first month of pregnancy.
In NBDPS, dietary intake was assessed using a modified

58-item Willet food frequency questionnaire (22) adminis-
tered during the interview that refers to the year before preg-
nancy. In total, 16 response categories for frequency of
consumption were possible, ranging from never or less than
once a month to 6 or more times per day. In addition, intakes
of cereals, soft drinks, coffee, and tea were assessed using
separate detailed questions. We classified 166 cereals as
being highly folic acid–fortified cereals (100% of the daily
recommended value per serving) or not and 32 soft drinks as
being low-calorie or not. Grams per day of foods consumed
were calculated by multiplying the frequency of consump-
tion by the standard portion size listed on the questionnaire
for each food item. Nutrient estimates were determined
using the US Department of Agriculture National Nutrient
Database, version 20 (23). Neither folic acid/multivitamin
supplements nor food supplements were included in the cal-
culated nutrient variables.
LCA (16, 18) for categorical outcomes and covariates was

used to estimate 2 sets of parameters: regression coefficients
predicting class membership (e.g., energy intake and dietary
class) and conditional probabilities of the observed indicators
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given the class (e.g., the probability of consumption of
fortified cereal among women adhering to the prudent diet).
These 2 sets of probabilities were then used, via Bayes’ theo-
rem, to predict for each subject the probability of belonging
to each class given her dietary data and covariates. Finally,
subjects were classified to the class for which they had the
highest predicted probability of class membership.

We used LCA to derive dietary patterns of 64 food items
(each relative to total consumption), adjusting for energy
intake (kcal/day) and using dietary data only from controls.
In particular, we determined the number of classes and esti-
mated both the regression coefficient of energy intake that
predicted class membership and the conditional probabilities
of food intake given the dietary pattern. Then, using these
estimates, we predicted the posterior probabilities of class
membership for not only controls but also cases. Intake of
each food (g/day) was divided by the total grams per day of
food consumed to quantify the amount consumed relative to
the total. Hence, for a fixed energy intake of 2,000 kcal, we
were able to differentiate between 2 subjects who consumed
250 g/day of French fries but with different total overall
food intakes per day, for instance, 1,000 and 2,000 g/day.
Because this derived variable had the typical spike at 0 for
nonconsumers and was constrained between 0 and 1, we cat-
egorized the relative food item consumption into 4 levels: no
consumption and tertiles of nonzero consumption (calcu-
lated among control consumers). Foods that were rarely con-
sumed (chicken liver and beef tongue) or were consumed by
less than 20% of the women (low-calorie soft drinks and
cereals fortified with high levels of folic acid) were treated
as binary variables (consumed or not). Foods that were con-
sumed almost ubiquitously such as cheese, chicken, pota-
toes, and spaghetti did not have a nonconsumption category.
We interpreted and named the dietary classes based on the
conditional food intake probabilities. The number of classes
was determined based on the Lo-Mendel-Rubin likelihood
ratio test and the Bayesian information criteria.

Statistical analysis

We compared the nutrient intake geometric means among
classes by adjusting for energy intake and sociodemographic
and health behavior characteristics. We measured the associ-
ation between maternal dietary class and birth defects using
adjusted odds ratios estimated from logistic regression
models that included dietary class as a nominal predictor
and were adjusted for folic acid intake, maternal age, race/
ethnicity, educational level, smoking status, and pregravid
body mass index (BMI). We tested the effect measure modi-
fication of folic acid/multivitamin supplement use. We con-
ducted a sensitivity analysis restricted to live-born children
because 3 states did not ascertain information on elective ter-
minations and there could be selection bias for terminated
cases with regard to dietary intake measured retrospectively
and administered after termination. Finally, to assess the
impact of classification quality, we excluded women with
low predicted probabilities of class membership (<(K − 1)/K
in LCA with K classes) for their assigned dietary class. We
classified women into the following categories of BMI
(measured as weight in kilograms divided by height in

meters squared) using the National Institutes of Health defi-
nitions: underweight (<18.5), normal (18.5–24.9), over-
weight (25–29.9), and obese (≥30). Statistical analyses were
performed using SAS/STAT software, version 9.2, of the
SAS System for Windows (24) and the procedure PROC
LCA, version 1.2.7 alpha (25).

RESULTS

The maternal race/ethnicity distribution was very similar
for CHD cases and controls; 60% were white, 11% were
black, and 23% were Hispanic (Table 1). In contrast, among
mothers of infants with an NTD, 50% were white and 34%
were Hispanic. Maternal age distribution, periconceptional
smoking, and drinking were not different between mothers
of cases and controls. Mothers of infants with NTDs were
significantly more likely to be less educated (P < 0.001) and
to be more obese than controls. One third of women reported
folic acid/multivitamin use, with a significant (P = 0.033)
but modest lower prevalence for mothers of CHD cases
compared with controls.

We fitted latent class models with 2–5 classes and chose 4
dietary pattern classes based on the Bayesian information
criteria and the Lo-Mendel-Rubin likelihood ratio test. We
named the classes prudent, Western, low-calorie Western,
and Mexican. Women in the prudent class had the lowest
probabilities of not consuming fruits and vegetables and had
higher probabilities of having high intakes of healthy foods
such as yogurt, reduced-fat milk, whole-wheat bread, forti-
fied cereal, and fish (Figure 1; data for all foods are shown in
Web Figure 1, available online at http://aje.oxfordjournals.
org/). Women who were in the Mexican dietary class were
more likely to consume salsa, chili peppers, avocados,
refried beans, tortillas, and chicken or beef by-products
(liver, tongue). Similar to women in the prudent class,
women in the Mexican class were also more likely to
consume fruits and vegetables. There were 2 classes of
Western diet, and both were characterized by high rates of
consumption of frankfurters, bacon, French fries, white
bread, potato chips, and regular soda and low rates of con-
sumption of fruits and vegetables. The difference between
these 2 Western classes was the amount of energy (kilocalo-
ries) and food (grams) consumed. On average, women in the
low-calorie Western class consumed 273 fewer calories than
did women in the Western class, and their average intakes of
energy and food were similar (1,409 kcal and 1,544 g/day,
respectively) (Table 2). In contrast, women in the Western
class consumed 50% more grams per day of food than kilo-
calories of energy (1,682 kcal and 2,484 g/day). Further,
women in the low-calorie Western class had higher extreme
probabilities (i.e., higher levels of no consumption and
higher amounts consumed relative to the total consumption)
compared with women in the other Western class for most
foods. For example, the percent of women with no fish con-
sumption was 43.3% for women in the low-calorie Western
group compared with 35.6% in the Western class, but the
percentages of women with relatively high fish consumption
were 31.2% and 6.8%, respectively. Also, women in the
low-calorie Western class had much higher proportions
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(relative to their total food intake) of chicken, potato (baked,
boiled, or mashed), and rice/pasta intakes. Class member-
ship probability depended on energy intake (P < 0.0001);
the higher the energy intake, the higher the probability of
belonging to the Mexican class and the lower the probability
of belonging to the prudent or low-calorie Western class.
Overall, 32% of control women were in the prudent class,

26% were in each Western class, and 15% were in the
Mexican class.
The average energy intake of women in the Mexican class

was 582 kcal, 360 kcal, and 634 kcal higher than that of
women in the prudent, Western, and low-calorie Western
classes, respectively (Table 2). Women in the prudent class
had the highest means for almost all micronutrients except
choline, iron, and vitamins E, B-6, and B-12, for which
women in the Mexican class had the highest intake. In con-
trast, the women in the Western class had the lowest mean
intakes of all micronutrients and the highest mean intakes of
trans fat and caffeine. Women in the Mexican dietary class
had the highest mean intakes of carbohydrates and fiber and
the lowest intakes of saturated fat, total fat, and folic acid.
Associations between maternal characteristics and dietary

class were very similar for cases and controls (data not
shown). Among controls, most women in the prudent and
Western classes were white (81.1% and 71.9%, respec-
tively), whereas in the Mexican class, 87.5% were Hispanic
(Table 3). The low-calorie Western class was the most
diverse in terms of race/ethnicity, with 50% being white,
22.1% being black, and 15.7% being Hispanic. Eighty-six
percent of the women in the prudent class had 12 or more
years of education, compared with 21.5% of the women in
the Mexican class and half in the Western classes. The per-
centage of obese women was almost 2-fold higher in the
Western and Mexican classes than in the prudent class,
which had an obesity rate of 11.8%. The percentage of ges-
tational diabetes in the Mexican class was 6.9%, which was
twice the percentage in the other dietary classes. The
Western class had the highest percentage of smokers (from 1
month before pregnancy to 3 months into pregnancy) at
34.8%, and the Mexican class had the lowest percentage at
6.7%. In total, 81% of the women in the Mexican class did
not report drinking alcohol, and 6.4% reported no binge
drinking. In contrast, 11% of women in the prudent and
low-calorie Western classes reported binge drinking and
18.5% of women in the Western class reported binge drink-
ing. In total, 72% of women in the prudent class became
pregnant intentionally, opposed to 50% of the women in all
other dietary classes.
The association between dietary class and having a child

with an NTD was modified by folic acid/multivitamin use
(P = 0.0105). Among women who did not use folic acid sup-
plements or multivitamins, those in the Mexican class
(adjusted odds ratio (AOR) = 1.58, 95% confidence interval
(CI): 1.15, 2.19), the Western class (AOR = 1.45, 95% CI:
1.10, 1.90), and the low-calorie Western class (AOR = 1.38,
95% CI: 1.05, 1.83) were significantly more likely to have
infants with NTDs than were women in the prudent class
(Table 4). In contrast, among folic acid/multivitamin supple-
ment users, there was no association between the rate of
NTDs and dietary class. The associations between dietary
class and CHD subgroups (Table 4) were not modified by
folic acid/multivitamin use, except tetralogy of Fallot
(P = 0.03). Among folic acid/multivitamin users, women in
the Western class were twice as likely to have an infant with
tetralogy of Fallot (AOR = 1.96, 95% CI: 1.37, 2.80) than
were women in the prudent class. Women in both the
Western and low-calorie Western classes were more likely

Table 1. Maternal Characteristics of Cases and Controls, National

Birth Defects Prevention Study, 1997–2005

Participants
With

Offspring
With an NTD
(n = 1,047a)

Participants
With

Offspring
With a CHD
(n = 6,641a)

Controls
(n = 6,123)Variable

No.b % No.b % No.b %

Race/ethnicity

Non-Hispanic
white

522 50.00 3,905 58.96 3,658 60.00

Non-Hispanic
black

98 9.39 735 11.10 687 11.27

Hispanic 358 34.29 1,565 23.63 1,372 22.50

Other 66 6.32 418 6.31 380 6.23

Age, years

<25 362 34.57 2,167 32.64 2,048 33.45

25–35 548 52.34 3,475 52.33 3,239 52.90

>35 137 13.09 998 15.03 836 13.65

Years of education

0–12 518 49.57 2,913 43.99 2,520 41.28

>12 527 50.43 3,709 56.01 3,584 58.72

Body mass indexc

category

Underweight
(<18.5)

44 4.47 349 5.49 325 5.53

Normal (18.5–
24.9)

497 50.51 3,280 51.56 3,305 56.21

Overweight (25–
29.9)

222 22.56 1,521 23.91 1,313 22.33

Obese (≥30) 221 22.46 1,212 19.05 937 15.94

Smokerd 171 16.36 1,327 20.01 1,146 18.73

Periconceptional
drinkingd

335 32.18 2,332 35.28 2,251 36.92

Folic acid/
multivitamin
supplement
usee

321 30.66 2,033 30.61 2,023 33.04

Abbreviations: CHD, congenital heart defect; NTD, neural tube

defect.
a Twenty-eight cases had a child with both a neural tube defect

and a congenital heart defect.
b Some frequencies do not add to the total sample size because

of missing values.
c Weight (kg)/height (m)2.
d Assessed during the period of 1 month before pregnancy to the

third month of pregnancy.
e Assessed during the period of 3 months before pregnancy to the

first month of pregnancy.
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(AOR = 1.18, 95% CI: 1.03, 1.36 and AOR = 1.16, 95% CI:
1.09, 1.52, respectively) to have infants with septal heart
defects than were women in the prudent class, and women in
the Western class were more likely (AOR = 1.22, 95% CI:
1.03, 1.46) to have infants with conotruncal CHDs than
were women in the prudent class. The associations between
dietary class and dextrotransposition of the great arteries,
left ventricular outflow tract obstructive defects, and right

ventricular outflow tract obstructive defects were not signifi-
cant.

There were no changes in our findings when we restricted
the analyses to live-born children (6,111 controls, 6,577
with CHDs, and 740 with NTDs; data not shown). For
NTDs, the interaction between dietary class and folic acid/
multivitamin supplement use was significant (P = 0.0240),
and the adjusted odds ratios were very similar except that for

Figure 1. Food-item consumption level probabilities by dietary pattern class, National Birth Defects Prevention Study, 1997–2005. A) Probability
of no consumption conditional on dietary pattern class. B) Probability of relative high (third tertile) consumption conditional on dietary pattern
class. Beef by-products and low-calorie soda are not displayed in B because there was no category for relative high consumption; because there
were few participants who consumed these products, they were treated as binary variables (consumed vs. not).
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Western class, which was attenuated from 1.45 (95% CI:
1.10, 1.90) to 1.32 (95% CI: 0.96, 1.81). Finally, we
assessed the impact of the quality of dietary classification by
excluding women without a high predicted probability
(>0.75) of class membership (8.8% of controls, 9.7% of
participants who had children with CHDs, and 8.4% of par-
ticipants who had children with NTDs). None of the associa-
tions between dietary class and NTDs or CHDs changed
substantially.

DISCUSSION

Maternal diet plays an important role in the etiology of
birth defects. Findings from our study confirm the impor-
tance of maternal nutrition and dietary choices. Specifically,
we derived dietary patterns empirically using LCA and clas-
sified women into the 1 of 4 dietary classes (prudent,
Western, low-calorie Western, and Mexican) to which they
were more likely to belong given their relative food intake

Table 2. Mean Daily Nutrient Intakea by Dietary Pattern Class for Controls, National Birth Defects Prevention

Study, 1997–2005

Intake by Dietary Pattern Class

Nutrient Prudent
(n = 1,989)

Western
(n = 1,617)

Low-Calorie
Western
(n = 1,585)

Mexican
(n = 932)

Energyb, kcal 1,462.2 (494) 1,682.0 (730) 1,409.5 (622) 2,043.9 (786)

Grams of food per dayb 1,768.2 (652) 2,484.7 (1,061) 1,544.1 (778) 2,470.7 (998)

Calcium, mg 860.71 633.83 623.01 678.18

Caffeine, g 33.63 109.08 14.19 29.59

α-carotene, μg RE 581.39 180.34 200.08 468.66

β-carotene, μg RE 2,871.27 1,112.76 1,487.02 2,443.99

Carbohydrate (by difference), g 202.01 209.16 194.61 214.56

Cholesterol, mg 218.15 203.11 220.43 218.51

Total choline, g 272.61 224.67 248.90 288.68

Total monounsaturated fatty
acids, g

17.17 16.53 16.69 16.36

Total polyunsaturated fatty
acids, g

5.67 4.74 5.22 5.01

Total saturated fatty acids, g 19.99 19.01 18.56 16.41

Total lipids (fat), g 47.16 44.74 45.28 42.56

Total trans fats, g 0.05 0.12 0.04 0.07

Iron, mg 12.86 11.59 12.12 13.28

Total dietary fiber, g 17.24 11.35 14.48 24.67

Folic acid, μg 154.62 130.76 138.34 108.08

Natural folate, μg 240.05 170.92 201.27 261.63

Folate, μg DFE 543.14 430.70 489.14 493.82

Protein, g 70.74 58.39 63.49 65.16

Retinol, μg 386.46 297.52 301.45 352.24

Vitamin E, mg α-TE 4.97 3.26 3.87 5.11

Vitamin A, IU 7,181.84 3,608.13 4,547.25 6,426.68

Vitamin A, μg RAE 712.65 450.42 515.44 655.13

Vitamin B12, μg 5.37 4.66 4.78 5.62

Vitamin B6, mg 2.06 1.66 1.88 2.16

Vitamin C (ascorbic acid), mg 110.09 69.66 91.89 132.83

Vitamin D, IU 123.13 97.70 83.98 91.36

Vitamin K (phylloquinone), μg 80.14 36.36 51.46 63.86

Zinc, mg 11.44 10.19 10.45 10.73

Abbreviations: DFE, dietary folate equivalents; IU, international units; RAE, retinol activity equivalents; RE, retinol

equivalent; TE, tocopherol equivalent.
a Values for energy and grams of food per day are presented as arithmetic means, and values for all nutrients are

presented as geometric means adjusted for energy intake.
b Values are expressed as mean (standard deviation).
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and energy intake. The protective effect of prudent class on
having an infant with an NTD was among nonusers of
folic acid/multivitamin supplements, whereas the protective
effect of prudent class on having an infant with Tetralogy of
Fallot defect was among users of folic acid/multivitamin
supplements. In particular, we found that, among nonusers

of folic acid/multivitamin supplements, women in the
prudent class were significantly less likely to have infants
with NTDs than were women in the Western and Mexican
classes, even after adjustment for folic acid intake. Hence,
the protective association of prudent class with NTDs
among folic acid/multivitamin nonusers was not driven by

Table 3. Association of Maternal Characteristics and Dietary Pattern Class for Controls, National Birth Defects Prevention Study, 1997–2005

Dietary Pattern Class

Prudent
(n = 1,989)

Western
(n = 1,617)

Low-Calorie
Western
(n = 1,585)

Mexican
(n = 932)

Overall
(n = 6,123)Variable

No.a % No.a % No.a % No.a % No.a %

Race/ethnicity

Non-Hispanic white 1,627 82.13 1,160 71.96 830 52.66 41 4.42 3,658 60.00

Non-Hispanic black 124 6.26 209 12.97 345 21.89 9 0.97 687 11.27

Hispanic 111 5.60 173 10.73 276 17.51 812 87.50 1,372 22.50

Other 119 6.01 70 4.34 125 7.93 66 7.11 380 6.23

Age, years

<25 281 14.13 700 43.29 643 40.57 424 45.49 2,048 33.45

25–35 1,282 64.45 783 48.42 735 46.37 439 47.10 3,239 52.90

>35 426 21.42 134 8.29 207 13.06 69 7.40 836 13.65

Years of education

0–12 283 14.24 770 47.71 741 46.96 726 78.49 2,520 41.28

>12 1,704 85.76 844 52.29 837 53.04 199 21.51 3,584 58.72

Body mass indexb category

Underweight (<18.5) 72 3.63 102 6.37 111 7.18 40 5.33 325 5.53

Normal (18.5–24.9) 1,261 63.59 810 50.56 863 55.86 371 49.47 3,305 56.21

Overweight (25–29.9) 417 21.03 355 22.16 338 21.88 203 27.07 1,313 22.33

Obese (≥30) 233 11.75 335 20.91 233 15.08 136 18.13 937 15.94

Smokingc 224 11.26 563 34.84 297 18.75 62 6.66 1,146 18.73

Binge drinkingc

No drinking 1,092 55.29 910 56.84 1,096 69.81 748 80.86 3,846 63.35

Binge drinking (≥4 drinks/occasion) 220 11.14 296 18.49 164 10.45 59 6.38 739 12.17

Drinking but not binge drinking 663 33.57 395 24.67 310 19.75 118 12.76 1,486 24.48

Folic acid/multivitamin supplement used 1,072 53.90 405 25.05 443 27.95 103 11.05 2,023 33.04

Intended to get pregnant 1,443 72.77 848 52.61 835 52.81 529 56.94 3,655 59.87

Gestational diabetes 73 3.67 61 3.77 55 3.47 64 6.87 253 4.13

Gestational age category

Very preterm (<32 weeks) 17 0.85 23 1.42 18 1.14 5 0.54 63 1.03

Preterm (32–36 weeks) 117 5.88 134 8.29 131 8.26 53 5.69 435 7.10

Full-term (≥37) 1,855 93.26 1,460 90.29 1,436 90.60 874 93.78 5,625 91.87

Birth weight category

Very low (<1,500 g) 12 0.60 14 0.87 11 0.70 0 0.00 37 0.61

Low (1,500–2,499 g) 61 3.07 74 4.59 81 5.12 28 3.03 244 4.00

Normal (2,500–3,999 g) 1,661 83.64 1,352 83.92 1,340 84.76 828 89.61 5,181 84.91

Macrosomic (≥4,000 g) 252 12.69 171 10.61 149 9.42 68 7.36 640 10.49

a Some frequencies do not add to the total sample size because of missing values.
b Weight (kg)/height (m)2.
c Assessed during the period of 1 month before pregnancy to the third month of pregnancy.
d Assessed during the period of 3 months before pregnancy to the first month of pregnancy.
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the higher levels of folic acid intake in this healthier dietary
class. Further, similar to Mosley et al. (26), we found that
NTDs were 1.4 times more likely (95% CI: 1.2, 1.7) in the
offspring of women with folic acid intakes in the 11th–30th
percentiles compared with those with intakes in the 50th per-
centile or higher, independent of folic acid/multivitamin
supplement use. The lack of association between dietary
class and having offspring with NTDs among folic acid/
multivitamin users supports the well-known protective
effect of folic acid/multivitamin supplement use.
Although a prudent dietary pattern had a protective effect

with regard to NTDs among folic acid/multivitamin non-
users, it was among users of supplements that the prudent
dietary pattern had a protective effect with regard to tetral-
ogy of Fallot. This latter finding could be due to residual
confounding in which an unexplained behavior related to
the use of folic acid/multivitamin supplements is associated
with tetralogy of Fallot defects, or it could be just due to
chance; replication studies could help us understand. In any
case, our results suggest that the prudent dietary pattern has
a protective effect for some of the studied birth defects
beyond that resulting from the use of folic acid/multivitamin
supplements and dietary folic acid intake. Similarly, in the
same study, Carmichael et al. (13) found that a healthier
maternal dietary pattern, as measured by the diet quality
index, was associated with reduced risks of NTDs and clefts
after adjustment for confounders, including use of folic acid
supplements. The 4 studies that analyzed the impact of
empirically derived dietary patterns on birth defects also

found that dietary patterns associated with healthy diets
reduced the risk of birth defects even after adjusting for peri-
conception folic acid/multivitamin supplement use. Vuj-
kovic et al. (14) found that being in the highest tertile of
participants who adhered to the Western diet was associated
with a higher risk of having a child with a cleft lip or cleft
palate (AOR = 1.9, 95% CI: 1.2, 3.1) than was being in the
first tertile of the Western diet. In the same Dutch study, the
maternal Mediterranean dietary factor was associated with a
reduced risk of having a child with spina bifida (AOR = 2.7,
95% CI: 1.2, 6.1) (12). Similarly, the one-carbon-rich
dietary pattern (11) characterized by a high intake of fish
and seafood was associated with a reduced risk of having
children with CHDs.
The NBDPS has a population-based design with a rich

racial/ethnic, geographic, and socioeconomic diversity, and
cases were ascertained in a rigorous and standardized way
from multiple sources. Methodologically, strengths include
the use of LCA to classify women into mutually exclusive
dietary patterns, which allowed us to estimate the risk of
birth defects for one dietary pattern compared with a referent
one. Further, cases’ dietary classes were predicted from
parameters estimated using only data from controls, which
provides a more standardized estimation of the dietary pat-
terns. Finally, associations between dietary class and birth
defects were adjusted for important covariates, including
race/ethnicity, which was highly associated with dietary
class. One drawback is the use of a reduced food frequency
questionnaire to derive dietary patterns, which may increase

Table 4. Association Between Dietary Pattern Class and Having a Child With a Neural Tube Defect or Congenital Heart Defect, National Birth

Defects Prevention Study, 1997–2005

Total
Cases

Dietary Pattern Class

Western Low-Calorie Western MexicanBirth Defect

No. AORa 95% CI No. AORa 95% CI No. AORa 95% CI

Neural tube defectb

No folic acid/multivitamin usec 726 211 1.45 1.10, 1.90 184 1.38 1.05, 1.83 234 1.58 1.15, 2.19

Folic acid/multivitamin
supplement usec

321 76 1.08 0.80, 1.47 58 0.80 0.58, 1.12 21 0.66 0.37, 1.17

Congenital heart defect

Septal 2,972 883 1.18 1.03, 1.35 803 1.16 1.01, 1.32 509 1.11 0.91, 1.35

LVOTO 1,018 248 0.93 0.77, 1.14 260 1.12 0.92, 1.35 139 0.93 0.68, 1.28

RVOTO 1,006 285 1.03 0.85, 1.26 281 1.12 0.92, 1.36 136 1.18 0.85, 1.63

Conotruncal 1,288 370 1.22 1.03, 1.46 334 1.06 0.89, 1.27 181 0.93 0.71, 1.23

DTGA 406 114 1.02 0.77, 1.35 95 0.84 0.63, 1.12 47 0.71 0.45, 1.14

Tetralogy of Fallotb

No folic acid/multivitamin usec 384 111 1.17 0.85, 1.62 112 1.16 0.84, 1.61 82 1.21 0.79, 1.85

Folic acid/multivitamin
supplement usec

206 60 1.96 1.37, 2.80 48 1.26 0.86, 1.83 7 0.59 0.23, 1.54

Abbreviations: AOR, adjusted odds ratio; CI, confidence interval; DTGA, dextrotransposition of the great arteries; LVOTO, left ventricular

outflow tract obstructive; RVOTO, right ventricular outflow tract obstructive.
a Odds ratios were adjusted for folic acid/multivitamin use, folic acid intake, race, age, body mass index category, educational level, smoking,

and site using logistic regression. Prudent class was the referent.
b Significant interaction between dietary pattern and folic acid/multivitamin (P < 0.05).
c Assessed during the period of 3 months before pregnancy to the first month of pregnancy.
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misclassification. However, less than 10% of the participants
were difficult to classify into a single dietary class, and the
association between class and birth defects did not change
after excluding these women. Another drawback is the
reduced number of food items that are indeed aggregated
food groups, which limits the possibility of identifying spe-
cific foods appropriately. However, the benefit of this
approach is that it gives us the ability to assess the impact of
groups of nutrients not in isolation but in patterns or groups,
as they are commonly consumed.

Our findings provide more evidence of the benefits of a
healthy diet on birth outcomes. Promoting a healthy diet is
particularly important because we showed that folic acid/
multivitamin nonusers were less likely to have infants with
an NTD. The behavior of taking a multivitamin regularly is
hard to maintain, and presently only 40% of women of
reproductive age report engaging in such a behavior (27).
Our findings highlight the importance of stressing the need
to make healthy dietary choices in preconceptional counsel-
ing to optimize not only reproductive outcomes but also
general maternal health. Overall, a healthy dietary pattern
may prevent NTDs and selected CHDs even in the era of for-
tification.
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