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ABSTRACT
Background: Animal models have demonstrated that maternal
nutrition can alter fetal vulnerability to prenatal alcohol exposure
(PAE). Few human studies have examined the role of nutrition in
fetal alcohol spectrum disorders (FASD).
Objectives: Our objectives were to examine whether fetal vulner-
ability to PAE-related growth restriction is modified by: 1) rate of
gestational weight gain; or prenatal dietary intakes of 2) energy, 3)
iron, or 4) choline.
Methods: In a prospective longitudinal birth cohort in Cape
Town, South Africa, 118 heavy-drinking and 71 abstaining/light-
drinking pregnant women were weighed and interviewed regarding
demographics, alcohol, cigarette/other drug use, and diet at prenatal
visits. Infant length, weight, and head circumference were measured
at 2 wk and 12 mo postpartum.
Results: Heavy-drinking mothers reported a binge pattern of
drinking [Mean = 129 mL (∼7.2 drinks)/occasion on 1.3 d/wk).
Rate of gestational weight gain and average daily dietary energy,
iron, and choline intakes were similar between heavy-drinking
women and controls. In regression models adjusting for maternal
age, socioeconomic status, cigarette use, and weeks gestation at
delivery, PAE [ounces (30 mL) absolute alcohol per day] was related
to smaller 2-wk length and head circumference and 12-mo length,
weight, and head circumference z-scores (β = −0.43 to −0.67; all
P values <0.05). In stratified analyses for each maternal nutritional
measure (inadequate compared with adequate weight gain; tertiles
for dietary energy, iron, and choline intakes), PAE-related growth
restriction was more severe in women with poorer nutrition, with
effect modification seen by weight gain, energy, iron, and/or choline
for several anthropometric outcomes.
Conclusions: Gestational weight gain and dietary intakes of energy,
choline, and iron appeared to modify fetal vulnerability to PAE-
related growth restriction. These findings suggest a need for
screening programs for pregnant women at higher risk of having a
child with FASD to identify alcohol-using women who could benefit

from nutritional interventions. Am J Clin Nutr 2022;116:460–
469.
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Introduction
Fetal alcohol spectrum disorders (FASD) are manifest by

growth restriction and a broad range of cognitive and behavioral
deficits. FASD comprise the most common preventable cause
of neurodevelopmental disabilities worldwide, with prevalence
estimates of 1.1–5.0% in the United States and Western Europe
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(1) and 13.6–20.9% in South Africa (2). Fetal alcohol-related
growth restriction is characterized by reductions in length,
weight, and head circumference at birth that can persist through
adulthood (3–10). We have demonstrated that a child’s growth
trajectory provides a biological indicator of the severity of FASD-
related neurocognitive deficits, with the most affected children
exhibiting both fetal and postnatal growth restriction (11).

It has been widely postulated that the nutritional status of
women who drink alcohol during pregnancy can affect the
severity of alcohol’s teratogenic effects, but few human studies
have examined the role of maternal nutrition in FASD. In
rat models, protein and food restriction have been shown to
exacerbate prenatal alcohol exposure (PAE)–related skeletal
abnormalities (12) and fetal growth restriction (13). In a
prospective longitudinal birth cohort in Detroit, United States
(recruited 1986–1989), we found that PAE-related growth
restriction through adulthood was markedly more severe in
children born to mothers with prepregnancy weight below the
cohort median (4). PAE has been associated with alterations
in maternal and fetal iron bioavailability and utilization in rats
that exacerbate PAE-related growth and neurobehavioral deficits
and are ameliorated by maternal iron supplementation (14–16).
We have found similar alterations in maternal and infant iron
homeostasis in 2 prospective longitudinal birth cohorts in Cape
Town, South Africa (one recruited from 1999 to 2001; the other
from 2011 to 2015) (3, 17, 18). Animal models and 3 human
trials have demonstrated protective effects of the methyl donor
nutrient choline on PAE-related growth restriction and/or a range
of neurobehavioral deficits (19–27).

In our more recent prospective South African birth cohort (28),
we found that diet and body composition were similar between
heavy-drinking pregnant women and abstainers/light-drinkers
from the same community (29). However, nutrition was very
poor in both groups across several dietary and anthropometric
measures. In this article we examine the hypothesis that fetal
vulnerability to PAE-related growth restriction can be modified
by 4 elements of maternal nutrition: 1) rate of gestational weight
gain; and dietary intakes of 2) energy (i.e., calories), 3) iron, and
4) choline.

Methods

Sample

Women were recruited from 2 antenatal clinics in Cape Town,
South Africa, from 2011 to 2015 to take part in a prospective,
longitudinal cohort study examining developmental effects of
PAE (28, 29). The analysis plan and primary maternal nutritional
measures and growth outcomes examined here comprise planned
secondary analyses and were chosen prior to study initiation;
sample size was chosen based on the primary outcome in the
parent study, eyeblink conditioning (data not yet published).
See Supplemental Figure 1 for recruitment and retention flow
diagram. In timeline follow-back interviews (30, 31), any woman
averaging ≥1.0 oz (30 mL) absolute alcohol (AA)/day (∼1.67
standard drinks) or reporting binge drinking [≥2.0 oz (60 mL)
AA/drinking occasion] was invited to participate. Women who
abstained or drank only minimally (no binge episodes) were
recruited as controls. Maternal exclusion criteria at recruitment
were age <18 y, HIV infection, multiple gestation pregnancy, and

chronic medical conditions requiring pharmacological treatment.
Infants meeting the following criteria (chosen prior to study
initiation) were excluded from follow-up due to the potential
negative effects of these conditions on growth and development:
chromosomal anomalies (none), seizures (none), neural tube
defects (none), very low birthweight (<1500 g) obtained from
medical records (1 exposed, 2 controls), and extreme prematurity
(<32 weeks gestation; 3 controls). The final sample included
118 exposed infants and 71 controls. Consents and interviews
were conducted in the mother’s preferred language (Afrikaans
or English). Approval was obtained from the ethics committees
at Wayne State University, University of Cape Town Faculty of
Health Sciences, and Columbia University Medical Center. At
each study visit, all women reporting alcohol or drug use were
informed by our staff about the risks of prenatal alcohol and
drug use, encouraged to stop or reduce their alcohol/drug use,
and offered a referral to a substance use counseling/intervention
program (South African National Council on Alcoholism and
Drug Dependence).

Ascertainment of maternal alcohol, cigarette smoking, and
drug use

In timeline follow-back interviews (30, 31) at recruitment
and 4 and 12 weeks thereafter, women were asked about their
alcohol use on a day-by-day basis during the previous 2 weeks,
with recall linked to specific daily activities, as well as cigarette
smoking and other drug use [cocaine, methamphetamine, opiates,
methaqualone, and marijuana; validated by urine ELISA drug
testing (32)]. At the recruitment visit, women were asked if there
were weeks since conception when they drank smaller or greater
quantities and were asked to report drinking for those weeks as
well. At the 4- and 12-week visits, women were asked if there
were any weeks since their last visit when they drank smaller
or greater quantities and were asked to report drinking for those
weeks as well. Summary alcohol measures were constructed
using data from the 3 prenatal timeline follow-back interviews
across pregnancy: ounces AA per day, ounces AA per drinking
occasion, and frequency of drinking (1 oz = 30 mL) (33). The
predictive validity of this timeline follow-back interview method
is supported by consistent findings in 3 longitudinal cohorts in
Detroit and Cape Town (4, 11, 30, 34) and validation studies using
meconium alcohol biomarkers (35–37). Women who delivered
before the 4- or 12-week study visit did not complete those visits;
heavy-drinking women and controls did not differ in number of
visits (Mean = 2.6 compared with 2.5, respectively; P = 0.110).

Maternal nutritional measures

Dietary interviews and weight measurements were conducted
at each prenatal study visit by trained staff blinded to the
mother’s alcohol and drug use. Second/third-trimester rate of
maternal gestational weight gain, which is generally stable
over the second and third trimesters, was calculated as the
average change in weight between study visits, divided by the
number of weeks between visits (29). Because prepregnancy
BMI was not known for any woman, the single inadequate
gestational weight gain cutoff for second and third trimesters
(<0.42 kg/week) was used (38). Average daily energy and
iron intakes were calculated from multipass 24-h dietary recall
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interviews processed with FoodFinder3 (South African Medical
Research Council) (29). Because FoodFinder3 does not include
choline, average daily choline intake was calculated as the mean
of values from a quantitative, choline-indicated FFQ developed
and validated for this community (39). Given the propensity of
24-h recall interviews to overestimate the prevalence of values at
upper and lower extremes, nutrient intake values were adjusted
using the Nutrition Research Council method, which transforms
outcome distributions to more closely match those of the general
population while preserving cohort means (40). Dietary energy
adequacy was calculated as the ratio of a woman’s average daily
energy intake to her estimated energy requirement, calculated
based on her age, height, weight, activity level, and weeks
gestation (29, 41, 42).

Infant anthropometry outcomes

Using standard WHO protocols, trained research staff blinded
to maternal alcohol and drug use measured infant length, weight,
and head circumference at 2 weeks and 12 months postpartum,
and midupper arm circumference (MUAC) and triceps and
biceps skinfold thickness (TSF and BSF, respectively) at 12
months (interexaminer reliability = 0.90–1.00) (43). WHO
age/sex-specific anthropometric z-scores (43) were calculated
for all but BSF (for which z-scores are unavailable) as the
primary outcomes. Two-week measures were considered a proxy
for birth size as a measure of fetal growth; this timepoint
was chosen to avoid the impact of any early breastfeeding
difficulties.

Demographics and other covariates

Mothers were interviewed regarding demographic back-
ground, including age, gravidity, education, and socioeconomic
status. Weeks gestation at delivery was determined by early
pregnancy ultrasound, if available, or last menstrual period. At
6.5 months postpartum, mothers were interviewed regarding
number of weeks the infant was breastfed and if/when the infant
was given formula.

Statistical analyses

All statistical analyses were 2-sided, using SPSS (v.24; IBM).
All variables were examined for normality of distribution; AA
per day was log-transformed due to skewness (>3.0). Missing
data were treated with list-wise deletion. (Supplemental Table
1 compares key demographic, exposure, and prenatal nutritional
measures between those with and without gestational weight
gain and infant outcome measure data, which were all very
similar.) The following covariates, which were found to be
related to fetal alcohol growth restriction in prior studies (3, 4),
were included as potential confounders in multivariable models:
maternal age, prenatal cigarettes per day, socioeconomic status,
and weeks gestation at delivery. (See Supplemental Table 2 for
univariate relations between growth outcomes and demographics
and prenatal cigarette/drug use.) Sixty-nine mothers were part of
a pilot feasibility randomized controlled trial of prenatal choline
supplementation (34 received choline; 35 placebo); the choline
supplement and placebo were calorie- and iron-free (44). The 34

mother-infant pairs in the active treatment arm were excluded
from analyses examining dietary choline; these infants were
included in the other analyses to optimize power to detect effect
modification, and choline treatment (Yes/No) was included as a
covariate.

Linear regression models were used to examine associations
of PAE to infant anthropometric outcomes; multivariable models
were used to examine these relations after adjustment for po-
tential confounding variables. Effect modification by each of the
maternal nutritional measures was examined in regression models
examining the relation of PAE to each anthropometric outcome
stratified by the maternal nutritional measure and confirmed
in unstratified regression models regressing the anthropometric
outcome on PAE, the maternal nutritional measure, and a PAE
× maternal nutritional measure interaction term. Given the low
power of interaction terms in epidemiological studies, effect
modification was inferred when the P value for the interaction
term was <0.10, as recommended by McClellan and Judd (45).

Results
The mothers in the cohort were poorly educated and socioe-

conomically disadvantaged (Table 1). Heavy-drinking mothers
were 2.1 years older than controls, had completed 0.7 fewer
years of school, and scored 0.4 SD lower on the Hollingshead
socioeconomic index (46). On average, women were recruited
toward the end of the second trimester, with heavy-drinking
pregnant women enrolling 3 weeks earlier than abstainers/light-
drinkers. Few women developed medical problems after recruit-
ment (9% gestational hypertension; <5% gestational diabetes
or pre-eclampsia), with no differences between drinking groups.
Heavy-drinking mothers averaged 4.4 oz (132 mL) AA (the
equivalent of ∼7.3 standard drinks) per occasion on 2.2 d/week
around time of conception and 4.3 oz (129.0 mL) AA (∼7.2
standard drinks) per occasion on 1.3 days across pregnancy.
Binge drinking among drinking mothers was prevalent, with 92%
averaging ≥2 oz (60 mL) AA/occasion. All controls abstained
from drinking during pregnancy except for 7 women who
reported light drinking (1–3 occasions for 4 women, monthly for
2, once weekly for 1; none of the 7 reported any binge drinking)
and 1 woman who drank 2.1 oz (63 mL) AA (∼3.5 drinks) on 1
occasion. Although smoking was prevalent, with heavy-drinking
women more likely to smoke than controls, number of cigarettes
per day was similar and generally low in both groups (86% <0.5
packs/day; 2% ≥1.0 packs/day). Coexposures were prevalent,
with 25% of heavy-drinking women reporting marijuana use
(compared with 11% of control women) and 12% reporting
methamphetamine use (compared with 16% of controls); no
woman reported methaqualone, cocaine, or opiate use. Alcohol
consumption was not related to weeks gestation at delivery,
and most women (88%) had full-term pregnancies. Almost all
mothers breastfed; roughly half reported supplementing with
formula, with no group differences.

Maternal nutritional measures

As we have previously reported (29), maternal nutrition was
similarly poor between heavy-drinking women and controls, with
no group differences (Table 1). At least half of women in both
groups had inadequate second/third-trimester rate of gestational
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TABLE 1 Maternal and infant sample characteristics1

Controls (n = 71) Heavy-drinking mothers (n = 118)

n
Mean ± SD

or n (%) n
Mean ± SD

or n (%) P2

Maternal characteristics
Maternal age at conception, y 71 25.5 ± 4.9 118 27.6 ± 6.0 0.011
Gravidity: no. live births, % 71 1.5 ± 1.3 118 1.9 ± 1.6 0.146
Education (y of school completed) 70 9.9 ± 1.7 118 9.2 ± 1.7 0.006
Marital status, no. married, % 71 30 (42.3) 118 34 (28.8) 0.059
Socioeconomic status3 71 23.0 ± 7.4 118 20.4 ± 7.1 0.014
Wk gestation at enrollment 71 26.1 ± 5.1 118 23.2 ± 5.7 <0.001
Gestational hypertension, n (%) 70 6 (8.6) 116 10 (8.6) 0.991
Gestational diabetes, n (%) 70 3 (4.3) 116 5 (4.3) 0.994
Pre-eclampsia, n (%) 70 1 (1.4) 116 5 (4.3) 0.281
Iron/folic acid supplementation, n (%) 70 58 (82.9) 116 99 (85.3) 0.650

Took supplement on “most days,” n (%) 56 (96.6) 99 (96.0) 0.749
Second/third-trimester weight gain rate, kg/wk 68 0.4 ± 0.3 111 0.4 ± 0.3 0.923

Having inadequate weight gain rate,4 n % 34 (50.0) 65 (58.6) 0.264
Dietary energy intake,5 kcal/d 71 2326.7 ± 894.8 118 2247.7 ± 806.1 0.532

Inadequate intake, 6 n (%) 34 (47.9) 46 (39.0) 0.230
Iron intake from diet only,5 mg/d 71 12.4 ± 3.7 118 11.7 ± 2.8 0.199

Inadequate intake, 7 n (%) 70 (98.6) 118 (100.0) 0.196
Choline intake from diet only,8 mg/d 71 311.5 ± 119.3 118 311.1 ± 130.3 0.984

Having inadequate intake,9 n (%) 63 (88.7) 105 (89.0) 0.958
Iron/folic acid supplementation, n (%) 70 58 (82.9) 116 99 (85.3) 0.650

Took supplement on “most days,” n (%) 58 56 (96.6) 99 95 (96.2) 0.852
Alcohol and drug use

Alcohol use at conception: 71 118
oz AA/d 0.0 ± 0.1 1.6 ± 1.6 <0.001
oz AA/drinking d 0.1 ± 0.3 4.4 ± 2.9 <0.001
Drinking days/wk 0.0 ± 0.1 2.2 ± 1.2 <0.001

Alcohol use across pregnancy: 71 118
oz AA/d 0.0 ± 0.0 0.9 ± 1.2 <0.001
oz AA/drinking d 0.1 ± 0.4 4.3 ± 2.4 <0.001
Drinking days/wk 0.0 ± 0.2 1.3 ± 1.0 <0.001

Reporting cigarette smoking, n (%) 71 49 (60.0) 118 101 (85.6) 0.006
Cigarettes/d among smokers 5.8 ± 3.8 6.7 ± 4.2 0.222

Reporting marijuana use, n (%) 71 8 (11.3) 118 29 (24.6) 0.026
Marijuana d/mo among users 4.0 ± 4.7 9.7 ± 9.4 0.108

Reporting methamphetamine use, n (%) 80 11 (15.5) 118 14 (11.9) 0.476
Methamphetamine d/mo among users 10.2 ± 8.9 4.4 ± 5.0 0.069

Infant characteristics
Weeks gestation at delivery 71 39.1 ± 1.8 118 38.8 ± 2.0 0.369

Preterm delivery (<37 wk), n (%) 9 (12.7) 15 (12.7) 0.994
Infant sex, no. female (%) 71 33 (46.5) 118 66 (55.9) 0.208
Infant birthweight, g 70 3078.8 ± 534.5 118 2876.8 ± 570.5 0.017

No. low birthweight (<2500 g), % 8 (11.4) 31 (26.3) 0.015
No. small for gestational age,10 % 70 13 (18.6) 118 43 (36.4) 0.010

No. reporting breastfeeding, % 61 60 (98.4) 103 100 (97.1) 0.609
Weeks breastfed 60 27.4 ± 6.9 100 27.4 ± 5.5 0.991

No. reporting formula feeding, % 61 28 (45.9) 103 57 (55.3) 0.242
Weeks formula given 28 18.6 ± 8.2 57 18.9 ± 7.2 0.878

2-wk z-scores11

Length 61 − 1.3 ± 1.3 98 − 1.7 ± 1.4 0.053
Weight 61 − 0.8 ± 1.2 98 − 1.3 ± 1.3 0.021
Weight-for-length 61 0.1 ± 1.0 98 0.1 ± 1.1 0.702
Head circumference 61 − 0.4 ± 1.2 98 − 0.8 ± 1.4 0.040

12-mo z-scores11

Length 68 − 0.8 ± 0.9 111 − 1.5 ± 1.1 <0.001
Weight 69 0.1 ± 0.9 111 − 0.7 ± 1.2 <0.001
Weight-for-length 68 0.6 ± 0.9 111 0.1 ± 1.1 <0.001
MUAC 69 1.1 ± 0.9 111 0.6 ± 1.1 <0.001

(Continued)
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TABLE 1 (Continued)

Controls (n = 71) Heavy-drinking mothers (n = 118)

n
Mean ± SD

or n (%) n
Mean ± SD

or n (%) P2

Triceps skinfold thickness 69 0.6 ± 1.1 111 0.0 ± 1.3 0.002
Head circumference 69 − 0.2 ± 0.9 111 − 0.8 ± 1.1 <0.001

12-mo biceps skinfold thickness, mm 69 6.5 ± 2.1 111 5.5 ± 1.8 0.001

1AA, absolute alcohol (1 oz AA = 30 mL AA = 1.67 standard drinks); MUAC, midupper arm circumference.
2From independent samples t tests for continuous outcomes, χ2 for binary outcomes, and linear-by-linear association for ordinal outcomes.
3Score from the Hollingshead scale (46).
4Defined as <0.42 kg/wk (38).
5From 3 multipass 24-h recall dietary interviews.
6Defined as energy intake below the estimated energy requirement based on height, weight, activity level, and weeks gestation (41, 42).
7Defined as dietary iron intake <23 mg/d for women aged <19 y; <22 mg/d for ages ≥19 y (59).
8From 3 choline-indicated FFQ interviews (39).
9Defined as dietary choline intake <450 mg/d (60).
10Defined as birthweight <10th percentile for gestational age (61).
11Age- and sex-specific z-scores from WHO norms (43).

weight gain, and 42% of the cohort reported inadequate dietary
energy intake, with no group differences. Over 80% of the women
reported being prescribed prenatal iron/folic acid supplements,
with the vast majority reporting taking the supplements on “most
days.” All but 1 woman reported inadequate iron intake (from
diet only). Almost 90% reported inadequate choline intake (from
diet only), with no group differences.

Relation of prenatal alcohol consumption and nutritional
measures to infant anthropometric outcomes

Infants born to heavy-drinking mothers were smaller than
infants born to controls across almost every measure at 2 weeks
and at 12 months (Table 1). In univariate models (Table 2),
average prenatal AA per day was related to smaller infant length,
weight, and head circumference z-scores at age 2 weeks, and
smaller length, weight, MUAC, TSF, and head circumference z-
scores at 12 months. After adjustment for potential confounders,
average daily PAE (AA per day) was related to smaller infant
length and head circumference at ages 2 weeks and 12 months,
and smaller weight, MUAC, and TSF at 12 months. The
magnitudes of the associations between PAE and length and
weight were larger at age 12 months than at 2 weeks; this pattern
was not seen for head circumference. When adjusting for 2-week
z-scores, the magnitudes of the associations of PAE to 12-month
length and head circumference were reduced by 16% and 49%,
respectively, whereas the magnitudes of the associations of PAE
to 12-month weight, weight-for-length, and MUAC (adjusted for
2-week weight-for-length z-score) increased (by 16%, 50%, and
44%, respectively).

Univariate association trends (P < 0.10) were seen between
rate of maternal second/third-trimester gestational weight gain
and larger 12-month length, weight, MUAC, and head circum-
ference (Table 2). Association trends (P < 0.10) were also seen
between maternal dietary iron and larger head circumference at 2
weeks (multivariable model, adjusting for potential confounders)
and 12 months (in univariate but not multivariable models).
Maternal dietary energy adequacy and choline intake were not
related to any anthropometric outcome.

Effect modification by maternal nutritional measures in
fetal alcohol growth restriction

Figure 1 compares the relations of average daily PAE
(AA per day) to each growth outcome stratified by maternal
nutritional measures (values shown in Supplemental Table 3).
Associations between alcohol exposure and 12-month length,
weight, MUAC, and head circumference and a trend association
with TSF were only apparent in infants born to mothers with
inadequate second/third-trimester gestational weight gain rate.
Effect modification by weight gain rate was confirmed in
regression models with an inadequate weight gain (Yes/No)
× alcohol interaction term for 12-month length (interaction
term P = 0.025), weight (interaction term P = 0.037), MUAC
(interaction term P = 0.081), and head circumference (interaction
term P = 0.030).

Associations between PAE and smaller length and head
circumference at 2 weeks and length, weight, MUAC, TSF, and
head circumference at 12 months were only apparent in infants
born to mothers in the lowest or middle tertiles for dietary
energy adequacy. The magnitude of the association of PAE to
2-week weight was larger in infants born to mothers in the
middle tertile for dietary energy adequacy than the highest tertile.
Effect modification by dietary energy adequacy was confirmed
in regression models with a dietary energy adequacy × alcohol
interaction term for 2-week length (interaction term P = 0.031)
and weight (interaction term P = 0.029) and 12-month head
circumference (interaction term P = 0.016).

The relations of PAE to 2-week length and 12-month length,
weight, weight-for-length, MUAC, TSF, and head circumference
were only seen in infants born to mothers in the lowest or middle
tertiles for dietary iron intake. Effect modification by dietary iron
intake was confirmed in regression models with an iron × alcohol
interaction term for 2-week length (interaction term P = 0.077)
and 12-month weight (interaction term P = 0.054), weight-for-
length (interaction term P = 0.066), MUAC (interaction term
P = 0.076), and head circumference (interaction term P = 0.089).

The associations of PAE to 2-week length and weight were
only seen in infants born to women in the lowest tertile for
dietary choline, and the effect size of PAE-related 12-month head
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FIGURE 1 Relation of prenatal alcohol exposure to fetal and postnatal growth, stratified by 4 maternal nutritional indicators: (A) gestational weight gain;
(B) prenatal dietary energy adequacy; (C) prenatal dietary iron intake; and (D) prenatal dietary choline intake. Y-axis values are raw regression coefficients with
95% CI error bars (in z-scores) for the effect of prenatal alcohol exposure (logged AA/d) on fetal and postnatal anthropometric z-scores (43) from multivariable
models adjusted for potential confounders. ∗,†Significant effect modification (∗P < 0.05; †P < 0.10) for interaction terms indicating effect modification
by maternal nutrition from unstratified multivariable regression models regressing the anthropometric outcome on AA/d, the maternal nutritional measure,
an AA/d × maternal nutritional measure interaction term, and potential confounders. Given the low power of interaction terms in epidemiological studies,
effect modification was inferred when the P value for the interaction term was <0.10, as recommended by McClellan and Judd (45). Inadequate gestational
weight gain was defined as <0.42 kg/wk (38). Tertile cutpoints: dietary energy adequacy [percentage of estimated energy requirement (41, 42)]: 94.2, 123.4;
dietary iron intake (mg/d): 10.5, 13.0; dietary choline intake (mg/d): 243.5, 342.0. AA, absolute alcohol (oz); MUAC, midupper arm circumference; TSF,
triceps skinfold thickness.

circumference reduction was much larger in women in the lowest
tertile than the middle and highest tertiles. Effect modification by
dietary choline intake was confirmed in a regression model with
a choline × alcohol interaction term for all 3 outcomes (2-week
length interaction term P = 0.069; 2-week weight interaction
term P = 0.054; 12-month head circumference interaction term
P = 0.027).

Table 3 examines the degree to which lower gestational weight
gain and energy, iron, and choline intakes were seen in the same
mothers. The Cohen κ statistic showed only slight agreement
between gestational weight gain and the dietary measure tertiles,
and only fair-to-moderate agreement between the 3 dietary
measures.

Discussion
In this prenatally recruited, prospective, longitudinal birth

cohort, PAE-related fetal and postnatal growth restriction were
more severe in women with poorer nutrition across 4 measures:
second/third-trimester gestational weight gain and dietary energy,
iron, and choline intakes; in many cases growth effects were
evident only in the more poorly nourished mothers. These
findings provide evidence that variation in these elements of
maternal nutrition across ranges commonly found in the general
population can modify fetal vulnerability to PAE. Of note, there
was relatively little overlap among these measures in terms
of which mothers had poorer nutrition, indicating that these
measures assessed specific elements of nutrition rather than
serving as proxies for one another. To our knowledge, this is the

first observational human study to examine the impact of maternal
prenatal nutrition on fetal alcohol-related growth restriction.

Our finding that the magnitudes of the associations between
PAE and weight, MUAC, and triceps skinfolds were larger
after adjusting for 2-week measures is consistent with our
original Cape Town and Detroit birth cohort studies, in which
we demonstrated that PAE-related reductions in weight worsen
in the first year of life (3, 4). These findings support the
hypothesis that different mechanisms underlie pre- and postnatal
growth restriction in FASD (9). PAE-related reductions in
length were relatively stable from 2 weeks to 12 months,
which is consistent with our previous finding that PAE-related
height/length reductions are more stable through adolescence
than weight reductions (11). Our finding of smaller weight-for-
length z-scores in children born to heavy drinkers compared
with controls and the associations of PAE to smaller MUAC
and triceps skinfolds seen in this study are consistent with our
previous finding of PAE-related reductions in percentage body
fat, as measured with bioelectric impedance, in our original Cape
Town cohort (3).

Effect modification by maternal gestational weight gain
could indicate a moderating effect of overall global nutrition.
Alternatively, higher gestational weight gain might protect
against the teratogenic effects of alcohol consumption by
decreasing fetal alcohol exposure, because higher nonfat body
mass results in a larger pharmacological volume of distribution
and a lower blood alcohol concentration (BAC) for a given
quantity of alcohol consumed (47). Although nonnutritional
factors can affect gestational weight gain, including illness and
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TABLE 3 Comparisons of tertile agreement between maternal nutritional measures (n = 189)

Same tertile n (%) Different tertile n (%) Weighted κ1

Gestational weight gain rate vs. dietary energy adequacy2 71 (39.7) 108 (60.3) 0.10
Gestational weight gain rate vs. dietary iron intake3 80 (44.7) 99 (55.3) 0.17
Gestational weight gain rate vs. dietary choline intake4 65 (43.6) 84 (56.6) 0.16
Dietary energy adequacy vs. dietary iron intake 117 (61.9) 72 (38.1) 0.43
Dietary energy adequacy vs. dietary choline intake 90 (57.0) 68 (43.0) 0.35
Dietary iron intake vs. dietary choline intake 101 (63.9) 57 (36.1) 0.46

10.00 ≤ κ ≤ 0.20 denotes slight agreement; 0.21 ≤ κ ≤ 0.40 denotes fair agreement; 0.41 ≤ κ ≤ 0.60 denotes moderate agreement (62).
2Ratio of average daily energy intake (from 3 multipass 24-h recall dietary interviews) to estimated energy requirement (calculated based on mother’s

age, height, weight, activity level, and weeks gestation) (41, 42).
3From 3 multipass 24-h recall dietary interviews.
4From 3 choline-indicated FFQ interviews (39).

pregnancy complications, such issues were rare in our review
of antenatal medical records in this cohort, suggesting that the
effect modification seen was likely due to nutritional and related
physiological factors. BAC is also affected by dietary energy
intake. Food digestion induces ethanol metabolism in the liver,
thereby decreasing BAC (48). Higher energy intake could thus
lead to higher ethanol metabolism and lower levels of fetal
exposure for a given quantity of alcohol. Alternatively, dietary
energy intake might serve as a summative proxy for groups of
micronutrients that have the potential to alter fetal vulnerability
but have smaller individual effect sizes.

Maternal iron and choline intake each appeared to modify
fetal vulnerability to PAE-related growth restriction. These
findings are consistent with animal models and human trials
demonstrating protective effects of iron (3, 14–17) and choline
(19–23, 27, 49) supplementation and detrimental effects from
restriction of these micronutrients. Although the mechanisms
underlying effect modification by iron remain unknown, animal
and human studies have demonstrated PAE-related alterations in
maternal, fetal, and postnatal iron homeostasis, including iron-
restricted placental iron transport, which, in animal models, can
be exacerbated by poor maternal iron intake and ameliorated by
maternal iron supplementation (3, 14–18). Indeed, iron restriction
in utero or during infancy leads to growth restriction and
deficits in neurobehavioral outcomes that are also seen in FASD,
including poorer recognition memory, slower processing speed,
and eyeblink conditioning deficits (33, 50–52). The mechanisms
underlying the protective effects of choline supplementation
are also unknown, but recent studies suggest that choline can
ameliorate PAE-induced alterations in epigenetic programming
in its role as a methyl donor (53, 54).

Of note, effect modification by all 4 elements of nutrition was
stronger for PAE-related reductions in head circumference than
for length or weight. Because head circumference is determined
by both somatic and brain growth, future studies are needed to
examine the degree to which these maternal nutritional elements
also modify FASD neurobehavioral deficits. Animal models
examining the impact of iron and choline and 2 human trials of
maternal choline supplementation have demonstrated protective
effects against teratogenic effects of PAE on neurodevelopment
(19–23, 26, 27, 49). We have previously demonstrated that fetal
alcohol growth restriction serves as a biomarker of the severity of
FASD neurocognitive deficits, with the most severe deficits seen
in children with both fetal and postnatal growth restriction (11).

This study had limitations common to other observational
studies of prenatal exposures. The small sample size, measure-
ment error surrounding estimates of exposures and covariates,
model misspecification, and residual confounding might have led
to unmeasured bias and Type 1 (false-positive) and Type 2 (false-
negative) errors. Although the 24-h dietary recall interviews
included any reported alcoholic beverages, we were unable to
ascertain dietary intake on Fridays or Saturdays, when women
were more likely to drink. We have previously reported that
because alcoholic beverages are high in energy content, the lack
of differences between heavy-drinking and control women in
weight, BMI, and rate of gestational weight gain indicate that
heavy-drinking women maintained generally stable daily energy
intake on drinking days compared with nondrinking days (i.e.,
they replaced food calories with alcohol calories when drinking)
(29); sensitivity analyses modeling the scenario in which women
replaced food with alcohol demonstrated that such replacement
did not cause clinically significant differences in average daily
micronutrient intake. Because detailed measures of postnatal
infant diet throughout the first year of life were not available, we
could not fully account for potential confounding by the child’s
postnatal nutrition. We have previously reported that formula,
breast-, and complementary feeding practices through age 6.5
months were very similar between heavy-drinking mothers and
controls (55). Given the unusually high prevalence of inadequate
gestational weight gain and energy intake in this population,
our findings need to be examined in populations with better
nutrition. Of note, the prevalence of inadequate dietary iron
and choline intake in this cohort was similar to estimates in
studies of pregnant women in the United States and Canada (56–
58). Because prepregnancy BMI was unavailable, a single cutoff
for inadequate gestational weight gain was used. Overweight
and obesity are uncommon in this impoverished community;
low prepregnancy BMI is more common. Because the cutoff
for adequate gestational weight gain for women with low
prepregnancy BMI is higher (0.51 kg/week) than the single
cutoff used here (0.42 kg/week) (38), we might have under-
estimated the true prevalence of inadequate gestational weight
gain.

In conclusion, to our knowledge this is the first human study
to examine the potential for gestational weight gain and dietary
intakes of energy, iron, and/or choline in ranges found in the
general population to alter fetal vulnerability to PAE-related
growth restriction. Effect modification by these elements of
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nutrition could explain some of the variability in FASD outcomes
in children with similar levels of exposure. Combined with
evidence from FASD animal models, these findings support
the need for additional studies examining potential maternal
nutritional interventions across these domains in heavy-drinking
pregnant women. Studies examining the mechanisms underlying
effect modification by these maternal nutritional elements could
elucidate pathophysiological mechanisms in alcohol teratogen-
esis. Our findings underscore the need for standardized alcohol
and nutritional screening as an important part of standard
prenatal care and the continuing need for development and
implementation studies of psychosocial and biomedical harm
reduction interventions for heavy-drinking pregnant women.
Furthermore, given that the prenatal nutritional outcomes studied
here are measurable in the clinical environment, they could
be useful in identifying women with potential increased fetal
risk of FASD, for whom intensified alcohol screening and
psychosocial/behavioral and/or nutritional interventions could be
warranted.
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