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BACKGROUND: Although both fetal and long-term growth restriction are well documented in
fetal alcohol spectrum disorders, effects on pattern of growth trajectory have not been
characterized. Furthermore, the degree to which growth trajectories are related to fetal
alcohol-related neurocognitive deficits is unknown.

METHODS: Ninety-three heavy drinking pregnant women and 64 controls were recruited at
initiation of prenatal care in Cape Town, South Africa. Small for gestational age (SGA) was
defined as birth weight <10th percentile. Length/height, weight, and head circumference
were measured at 6.5 and 12 months and 5, 9, and 13 years. Four growth trajectories were
identified: SGA with long-term postnatal growth restriction (length/height-for-age <10th
percentile through 13 years); SGA with catch-up growth; no SGA or postnatal growth
restriction; and late-onset postnatal stunting. IQ was assessed at 5 and 10 years, and
learning, memory, and executive function at 10 years.

ResuLTS: Children born SGA with postnatal growth restriction were most heavily exposed.
Exposure was intermediate for those born SGA with catch-up growth and lowest for those
without prenatal or postnatal growth restriction. Effects on neurocognition were strongest
in children with both prenatal and long-term growth restriction, more moderate in those
with fetal growth restriction and postnatal catch-up, and weakest in those without growth
restriction.

concLusions: These findings validate the use of growth restriction in the diagnosis of fetal
alcohol spectrum disorders and identify growth trajectory as a biomarker of which heavily
exposed children are at greatest risk for cognitive developmental deficits.
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Fetal alcohol spectrum

disorders (FASD) are the most
common preventable cause of
neurodevelopmental disabilities,
with prevalence estimates of 20 to
50 per 1000 live births in the United
States and >200 per 1000 in endemic
communities, including the Western
Cape Province of South Africa.l

In the United States, the median-
adjusted annual cost of fetal alcohol
syndrome (FAS), the most severe
form of FASD, has been estimated

at $4 billion, and costs associated
with the full spectrum are much
higher.? Animal and human studies
have consistently demonstrated
intrauterine growth retardation
among offspring exposed prenatally
to alcohol, with smaller weight,
length, and head circumference

at birth.4-¢ In 4 US prospective
longitudinal cohort studies, prenatal
alcohol exposure (PAE) has also been
associated with postnatal growth
restriction.”-11 Previous studies have
not examined the degree to which
some children with PAE exhibit
postnatal catch-up growth, as seen
with maternal cigarette smoking
and malnutrition during pregnancy,
whereas others exhibit persistent
long-term growth restriction. In
addition to a specific pattern of
craniofacial dysmorphology, prenatal
or postnatal growth retardation is
required for a diagnosis of FAS and is
a diagnostic criterion for partial FAS
(PFAS).1213 These diagnostic criteria
do not distinguish between prenatal
versus postnatal growth restriction,
and, to our knowledge, no previous
study has examined whether they
are indicative of different degrees of
severity of FASD damage.

The prevalence of heavy drinking
during pregnancy and of FASD in
the Cape Coloured (mixed ancestry)
community in South Africa, is
among the highest worldwide.?

We examined individual growth
trajectories of children in our
prospectively recruited Cape Town
Longitudinal FASD Cohort'# with

serial anthropometric measurements
from infancy through 13 years and
neurocognitive assessments at 5

and 10 years. We hypothesized that
(1) PAE is associated with both fetal
and postnatal growth restriction; (2)
adverse effects of prenatal exposure
on cognitive function in childhood
are stronger among those born small
for gestational age (SGA) than those
born appropriate for gestational age
(AGA); and (3) among those born
SGA, effects on cognitive function are
strongest among those who fail to
catch up postnatally.

METHODS

Sample

Ninety-four heavy drinkers and

63 control subjects were recruited
between July 1999 and January 2002
from an antenatal clinic that serves
an economically disadvantaged,
predominantly Cape Coloured
population.'* Each mother was
interviewed during her first
antenatal visit regarding her alcohol
consumption at conception and
recruitment. Any woman averaging
>1.0 oz absolute alcohol (AA) per
day (~2 standard drinks/day) or
reporting at least 2 binge drinking
episodes (5 drinks/occasion) during
the first trimester was invited to
participate. Women who drank <0.5
0z AA per day and did not binge drink
were invited to participate as control
subjects. Maternal exclusion criteria
included age <18 years old, diabetes,
epilepsy, or cardiac problems
requiring treatment. Infant exclusion
criteria were major chromosomal
anomalies, seizures, neural tube
defects, and multiple gestation
pregnancy. Women who reported
drinking during pregnancy were
advised to stop or reduce their intake
and were invited to participate in a
home-visitor intervention program
or referred for treatment. Informed
consent, conducted in the mother’s
preferred language (Afrikaans or
English), was obtained from each

mother. Approval was obtained from
the Institutional Review Boards

at Wayne State University and
University of Cape Town.

In a timeline follow-back interview!>
administered at recruitment, each
mother was asked about her drinking
on a day-by-day basis during a
typical 2-week period around time
of conception, with recall linked to
specific daily activities. She was then
asked about her drinking on a day-
by-day basis during the past 2 weeks.
Each mother was subsequently
interviewed in midpregnancy about
her alcohol, smoking, and drug use
during the previous 2 weeks and

at 1-month postpartum about a
typical 2-week period during the
latter part of pregnancy. Volume was
recorded for each type of alcohol
beverage consumed and converted
to ounces of AA using weights
proposed by Bowman et al.16 Three
measures were constructed to
summarize drinking at conception
and across pregnancy: ounces AA
per day, ounces AA per drinking
occasion, and frequency of drinking.
Maternal report of drinking during
pregnancy was validated in relation
to fatty acid ethyl esters levels,
alcohol metabolites trapped in
meconium specimens obtained from
a subsample of newborns in this
study,!” and, in our Detroit study, in
relation to infant outcomes.!®

In 2005, we held a diagnostic

clinic in which the children were
independently examined by expert
FAS dysmorphologists (H.E. Hoyme,
MD and L.K. Robinson, MD) for
growth and FAS-related anomalies.
There was substantial agreement
between them on assessments of
all dysmorphic features, including
philtrum and vermilion ratings
based on the lip/philtrum guide!8
and palpebral fissure length and
with a Cape Town-based expert FAS
dysmorphologist (N. Khaole, MD),
who evaluated 8 children who could
not be scheduled for the clinic.1#
Each case was reviewed in a case
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conference by HEH, LKR, SWJ, CDM,
and JL], who jointly determined FASD
diagnosis.1? Dr. Khaole’s diagnoses
were confirmed independently by Dr.
Hoyme at subsequent assessments

in 2009 and/or 2013. All postnatal
assessments were performed by
examiners blind regarding PAE and
FASD diagnosis.

Growth Trajectory

Birth weights were obtained

from medical records. Child

weight, length /height, and head
circumference were measured at
each postnatal visit (6.5 and 12
months and 5, 9, and 13 years)
using standard protocols.”1? Using
the Centers for Disease Control and
Prevention norms, weight-for-age,
length/height-for-age, weight-for-
length (for infancy visits), and BMI
(for the 5- and 9-year visits), and
head circumference and percentiles
and z scores were calculated.1920
Each child was classified as SGA
(birth weight <10th percentile) or
AGA, using ultrasound-based due
date and the Oken et al?! percentiles.
Three infants not seen after age

6 months were excluded from
postnatal growth analyses. Postnatal
growth restriction was defined

as length/height-for-age <10th
percentile; length /height was used
because it is more stable over time
than weight percentile and, except
in cases of severe malnutrition and/
or illness, less affected by postnatal
nutrition and metabolic demands.
Postnatal growth trajectories were
classified as AGA with normal
postnatal growth (length/height
>10th percentile through 13 years),
SGA with postnatal catch-up growth
(postnatal length /height >10th
percentile), SGA without catch-up
growth (postnatal length/height
<10th percentile through age 13
years), and late-onset stunting
(length/height height <10th
percentile after a period of normal
growth).
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Cognitive Outcomes

IQ was assessed at 5 years on the
Junior South African Individual
Scales?2 and at 10 years on the
Wechsler Intelligence Scales for
Children IV.1* At 10 years, we also
administered the California Verbal
Learning Test-Children’s Version?3
and the Delis-Kaplan Verbal Fluency
test, an executive function measure
of cognitive flexibility.2* Tests
were administered in the language
of instruction used in the child’s
classroom.

Data Analysis

Statistical analyses were performed
using SPSS (v.22; IBM, Armonk,
NY). All variables were examined
for normality of distribution; 1
variable (ounces AA per day across
pregnancy) was positively skewed
(>3.0) and subjected to natural log
(X + 1) transformation. y? analyses
were used to compare the prevalence
of each growth trajectory category
between children with PAE and
controls. t tests and analyses of
variance (with least significant
difference post hoc analysis) were
used to compare levels of PAE
between children with different
growth trajectories.

The relation of AA/day to
neurocognitive outcomes was
assessed using Pearson correlation.
To examine whether growth
trajectory category was related

to severity of alcohol-related
neurocognitive deficits, the
correlation of AA/day to each
neurocognitive outcome was
examined, stratified by growth
trajectory category. Each outcome
was then regressed on AA/day,
SGA (yes/no), and an interaction
term for AA/day by SGA to test
the hypothesis that cognitive
performance is most strongly
affected by PAE in children born SGA.
The outcomes were also regressed
on AA/day, SGA with postnatal
growth restriction (yes/no), and
an AA/day by SGA with postnatal

growth restriction interaction term
to test the hypothesis that cognitive
performance is most strongly
affected in children born SGA who
fail to catch-up postnatally. Children
with late-onset postnatal stunting,

a pattern indicative of malnutrition
and/or severe illness, were excluded
from these analyses. Given the

low power of interaction terms in
observational studies,?° it has been
suggested that the critical value

for P should be relaxed for testing
statistical interactions. Although
Selvin et al2 have advocated a critical
value of .20, we used the somewhat
more conservative cutoff of P <.10.

RESULTS

Sample

Children of heavy drinkers and
control subjects did not differ in
participation rates (see ns in Table
1). Heavy drinkers presented 2.5
weeks later for prenatal care and
were less educated and more likely
to be unmarried. Although heavy
drinkers reduced their frequency of
drinking after conception (P <.001),
they continued to average 8 standard
drinks/occasion across pregnancy.
Among the control women, all but 2
(96.8%) abstained during pregnancy,
and the 2 drank <2 drinks per
occasion. Heavy drinkers were more
likely to smoke than control subjects,
but average cigarettes per day was
similar among smokers in both
groups (<0.5 packs per day, range
4-40 cigarettes per day). Drug use
during pregnancy was rare. Among
heavy drinkers, 12 reported using
marijuana (mean = 2.4 occasions per
month); 4 methaqualone (mean = 1.6
occasions per month); 1 cocaine (2.6
occasions per month). Two control
subjects used marijuana (mean = 2.2
occasions per month); none, cocaine
or methaqualone. Almost half the
children born to the heavy drinkers
were diagnosed with FAS or PFAS.



TABLE 1 Sample Characteristics

n Control Subjects n Heavy Exposure t(df
Maternal characteristics
Weeks' gestation at recruitment 63 179+59 92 204 +59 —2.59 (153)"
Age at delivery 63 263+ 5.6 94 272 +6.5 —0.90 (155)
Years of school completed 63 98+18 94 79+26 5.38 (155)™
Married (%) 63 29 (46.0) 94 21 (22.3) 9.75 (1)
Parity 63 20+ 11 94 24 +15 —1.75 (1551
SES® 60 1230+ 476 88 94.5 + 53.4 —3.33 (148)™
Alcohol consumption at conception
Average ounces AA/d 63 0.0+00 94 14215 —7.39 (155)™
Average ounces AA/drinking occasion 63 01203 94 42427 —12.18 (155)™
Number of drinking d/wk 63 0.0+01 94 22+14 —11.67 (155)™
Alcohol consumption across pregnancy
Average ounces AA/d 63 00+00 94 09+10 —7.44 (155"
Average ounces AA/drinking occasion 63 00+02 94 40+24 —13.27 (155)™
Number of drinking d/wk 63 0.0+00 94 15+ 1.1 —10.78 (155)™
Cigarette users, n 63 29 (46.0) 94 82 (87.2) 3091 ()™
Cigarettes/d among users 86+83 76+50 0.77 (109)
Marijuana users, n 63 2(3.2) 94 12 (12.8) 427 (1)
Occasions/mo among users 22+07 24+22 —-0.11 (12)
Child characteristics
Sex (% male) 63 29 (46.0) 94 53 (56.4) 1.62 (1)
Gestational age at birth (wk) 63 39.1+18 94 385+ 27 1.65 (155)1
Birth weight (g) 63 3150.8 + 466.4 94 2707.9 + 604.2 4.92 (155)™
Birth weight percentile 63 331253 94 181+ 221 3.94 (155)”
Birth weight <2500 g (%) 63 4(6.3) 94 27 (28.7) 11.92 (1)™
Age at visits
6.5 mo o7 7.1 (0.6) 7 72 (0.7) —0.55 (132)
12 mo 50 12.3 (0.6) 74 12.3 (0.7) —0.57 (122)
5y 57 4.7(0.7) 84 5.1 (0.8) —3.27 (139™
9y 52 8.6 (0.8) 77 9.1(0.8) —3.34 (12
13y 49 12.7 (0.7) 73 13.1 (0.8) —2.93 (1200
FASD diagnosis (age 5 y) o7 83 3713 (™
FAS, % 0.0 (0.0) 17 (20.5)
PFAS, % 0.0 (0.0 22 (26.5)

Values are mean + SD or n (%). 1 ounce AA ~2 standard drinks. Comparisons of ns for the exposed and control groups at each visit using t tests show no group differences at P < .10.

@ Hollingshead Four Factor Index of Social Status Scale.?”
" P<.05.

™ P<.001.

" p< .01

fP< .10

Fetal and Postnatal Growth
Trajectory Patterns

More than half of heavily exposed
children were SGA at birth, compared
with fewer than one-fifth of control
subjects (Table 2). Among controls,
all but 1 (1.7%) child born SGA
exhibited postnatal catch-up growth.
Among the 41 heavily-exposed
children born SGA who did not
exhibit late-onset postnatal stunting,
17 (41.5%) continued to exhibit
growth restriction through 13

years. Among exposed children who
exhibited catch-up growth, 84.3% had
caught up by 12 months. Late-onset
postnatal stunting was not related to
PAE (P =.517). Socioeconomic status

(SES)?7 was similar among growth
trajectory categories (P =.270; post
hoc Ps >.10).

Table 3 compares PAE levels across
growth trajectory categories.
Children born SGA were exposed

to higher levels of alcohol than
children born AGA. A linear relation
was seen between PAE and growth
trajectory: those born AGA with
normal postnatal growth had the

lowest levels of exposure; those born

SGA followed by catch-up growth,
intermediate levels; those born SGA
without catch-up growth had the
highest. In post hoc analyses, all 3
groups differed from each other on

AA/day at P <.05. Alcohol exposure
among children with late-onset
stunting did not differ from that

of children born AGA with normal
postnatal growth (post hoc P >.10).
Figure 1 displays the linear relation
between exposure and severity of
growth restriction. Moreover, among
children born SGA, the prevalence

of catch-up growth decreased with
increasing exposure, indicating that
fetal growth is more sensitive to PAE
than postnatal growth.

Growth Trajectories as Predictors of
FASD-Related Neurocognitive Deficits

As we have previously reported,
average daily PAE was associated

CARTER et al
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with lower IQ scores, poorer learning
and recognition discrimination,

and poorer category switching on

the Verbal Fluency test (Table 4).23
In stratified analyses comparing
children born SGA to those born

AGA, the effects of alcohol exposure
on neurocognitive outcomes in

this sample were seen only in the
children born SGA. In regression
analyses, P values for the alcohol

x SGA (yes/no) interaction term

met our P < .10 critical value for
interaction effects on 5- and 10-year
1Q, the Wechsler Intelligence Scales
for Children IV Perceptual Reasoning,
Working Memory, and Processing
Speed Indices, and the Verbal Fluency
Letters and Category Switching tasks.

Table 4 also presents the analyses
stratified by prenatal and postnatal
growth trajectory category. No
consistent pattern of fetal alcohol-
related adverse effects was seen in
the children born AGA with normal
postnatal growth. By contrast,
modest correlations between PAE
and poorer IQ, recognition memory,
and executive function (category
switching) were seen in the children
born SGA who exhibited catch-up
growth, although most of these
low-to-moderate size effects fell
short of statistical significance,
presumably due to small sample size.
The strongest effects were seen in
the children born SGA who did not
exhibit postnatal catch-up growth.
Regression analyses including an
interaction term for AA per day x
SGA with no catch-up growth (yes/
no) indicated that the effects of
alcohol exposure on 7 of the 11
neurocognitive measures were
significantly stronger among children
born SGA who failed to catch up.
Moreover, when children with FAS
were excluded, most of the Pearson
rs for the children born SGA without
catch-up growth were the same or
greater in magnitude, indicating that
these findings were not seen only

in children with FAS and are not
attributable to an FAS diagnosis.

DISCUSSION

In this prenatally recruited
longitudinal cohort, we found a linear
dose-response relation between
maternal alcohol consumption during
pregnancy and persistence of growth
restriction. In other fetal growth
restriction models, such as prenatal
nicotine and amphetamine exposure,
most children exhibit catch-up
growth during the first year of life.1011
By contrast, our data show that a
large proportion of children with
heavy PAE exhibit growth restriction
in utero that persists postnatally.
Moreover, these data are the first to
demonstrate that a child’s growth
trajectory pattern predicts severity of
fetal alcohol-related neurocognitive
impairment: the strongest effects
were seen in children with both fetal
and long-term postnatal growth
restriction, more moderate effects in
those with fetal growth restriction
and postnatal catch-up growth, and
the weakest effects in those without
any growth restriction. The effects
on IQ, learning and memory, and
cognitive flexibility for the subgroup
with both prenatal and postnatal
growth restriction, even after
exclusion of those without full FAS,
are among the strongest reported in
the literature.

Vorhees proposed a conceptual
model of dose-response

in teratogenesis, in which
neurobehavioral function is
hypothesized to be most sensitive
to a neurotoxic prenatal exposure,
followed by growth, congenital
malformations, and embryolethality,
which are manifest at successively
higher doses.?8 Our findings extend
this model in the case of PAE to
demonstrate distinct patterns

of effects on fetal and postnatal
growth. Fetal growth restriction is
more sensitive in that it was seen
at lower levels of exposure than
postnatal growth restriction. In a
new, recently recruited Cape Town
cohort, we found that maternal
alcohol consumption is associated



TABLE 3 Prenatal Alcohol Exposure by Growth Trajectory Pattern

D

Postnatal Growth Trajectory

Fetal Growth

Fdf

Late-Onset Postnatal

SGA Without

SGA With
Catch-up (n

AGA With

f

= 64)

SGA (n

93)

AGA (n

24)

Stunting (n

Catch-up (n

Normal

=32) =18)

Postnatal

Growth (n

71)

73854

0.4
23
0.9

1.2
44
1.7

038

0.3

424,

0.9
3.2
1.4

0.3
1.9

0.6

Daily alcohol consumption (ounces AA/d)

Ounces AA/drinking occasion
Drinking frequency (d/wk)

29

1.7
0.5

3.08,5"

5.495’141’“

803514

1.3

504,557

Values are group means.

" p<.001.
" p< .01,

100+
804 [] [ AGA with normal postnatal growth
60+ SGA with catch-up growth
NS
40+ Il SGA without catch-up growth
7
20+
LA
Controls <3.00 3.00-4.99 >5.00
(n=52) (n=25) (n=27) (n=17)
Average ounces AA/occasion
FIGURE 1

Growth trajectories across levels of alcohol exposure. Excludes children with late-onset postnatal

stunting.

with reductions in placental
weight.2? Given the critical role of
the placenta in fetal growth, alcohol-
related reductions in placental size
may mediate the effects of alcohol
exposure on growth in utero. By
contrast, the postnatal growth
restriction seen in children with

the heaviest exposure may reflect
different mechanisms, such as
alterations in fetal programming,
endocrinologic development,
postnatal metabolism, and/or feeding
behaviors.

In this study, we examined effects

on IQ, learning and memory, and
executive function, 3 neurocognitive
domains that we and others have
shown to be affected by PAE.23:30-35
The significant interactions between
PAE and growth trajectory suggest
that growth trajectory may provide a
biomarker of which heavily exposed
children are at greatest risk for
neurocognitive deficits. Of note, these
findings were not attributable to

FAS diagnosis alone. Because most
children who exhibited catch-up
growth did so by age 12 months,
growth trajectory may be a clinically
useful biomarker as early as 12
months.

Most diagnostic schemes for FASD
treat prenatal and postnatal growth
restriction as equivalent. For
example, in the Hoyme et al revised
Institute of Medicine diagnostic
criteria, prenatal or postnatal growth

retardation is a criterion used in
diagnosing FAS and PFAS.12 Qur
findings are the first to demonstrate
that these 2 periods of growth
restriction are not equivalent
markers of severity of impairment.
Children with fetal and postnatal
growth restriction are at greater
risk of intellectual impairment than
children with fetal growth restriction
who exhibit catch-up growth, and
both groups are at greater risk than
children with normal prenatal and
postnatal growth.

These findings validate the

inclusion of growth restriction as

a diagnostic criterion for FAS and
PFAS and suggest that the consistent
finding that neurocognitive deficits
are worse in syndromal than
nonsyndromal children is partly due
to the inclusion of growth restriction
as a diagnostic criterion. The recently
revised Canadian guidelines3® include
reduced head circumference but not
height or weight. Our data suggest
that length /height restriction may
be the most sensitive indicator of
intellectual deficit. In the current
study, among children with both
prenatal and postnatal growth
restriction, the group most severely
affected neurobehaviorally, 66.7%
did not meet the Canadian criterion
for reduced head circumference
(<10th percentile). It is important to
emphasize that although cognitive
deficits are more readily detectable

CARTER et al
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@ Excluding children with late-onset stunting.

Categories

0.05 0.12

Category switching

b From multiple regression analyses including AA/day, SGA (yes/no), and the interaction term (AA/day x SGA [yes/no)).

¢ From multiple regression analyses including AA/day, a binary variable comparing children who were born SGA without catch-up growth to all other children, and the interaction term (AA/day x SGA without catch-up growth [yes/no]).

"P< 05

" P< 01,

™ p<.001.
fp< .10

in prenatally exposed children with
growth restriction, our sample size
apparently limited our ability to
detect cognitive deficits found in
larger sample studies of alcohol-
exposed children with normal
growth.3037,.38

This study had limitations common to
other longitudinal studies of prenatal
exposures. Some children were
unable to attend all visits. However,
attrition was low, and growth data
were available from atleast 4 of 6

time points for 92.5% of children.
Individual variation in maternal and
fetal alcohol metabolism due to factors
such as body size, metabolic activity,
hydration, and genetic influences may
affect the accuracy and precision of
estimates of the amount of alcohol that
reaches the fetus. Differences between
true and estimated exposure are likely
small, however, given the validation of
our pregnancy alcohol ascertainment
protocol in relation to levels of fatty
acid ethyl esters in meconium samples
in this community!7 and the predictive
validity of the timeline follow-back
interviewing techniques we used.1®
Measures of postnatal diet and
nutrition were not available. Although
nutrition and SES may have an impact
on growth in this disadvantaged
population, PAE was not related to
risk of late-onset postnatal stunting,
and SES was not different among
growth trajectory groups (all Ps >

.10). The current study provided a
unique opportunity to assess growth
trajectory in a relatively homogenous
population with the unusually high
prevalence of FAS and PFAS and
heavy exposure. Because this cohort
comprised mothers and children from
a socioeconomically disadvantaged
Cape Coloured community, replication
using cohorts from other ethnic
backgrounds and economic strata is
warranted.

CONCLUSIONS

To our knowledge, this is the
first study to demonstrate that



fetal growth restriction is more
sensitive to PAE than postnatal
growth restriction and the first to
demonstrate that a child’s growth
trajectory provides a biological
indicator of severity of FASD. These
findings validate the use of growth
restriction as a clinical diagnostic
criterion for FASD. Furthermore, the
relatively strong effect sizes (among
the strongest in the literature to
date) found among children born
SGA with persistent postnatal
growth restriction demonstrate
that this growth trajectory pattern
identifies children at particularly
high risk for fetal alcohol-related
neurocognitive disabilities who
therefore warrant targeting for
additional developmental screening
and intervention programs.
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