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Abstract

Background—The identification of individuals exposed prenatally to alcohol can be
challenging, with only those having the characteristic pattern of facial features, CNS abnormality,
and growth retardation receiving a clinical diagnosis of fetal alcohol syndrome (FAS).

Methods—17 anthropometric measurements were obtained at 5 and 9 years from 125 Cape
Town, South African children, studied since birth. The children were divided into 3 groups: FAS
or partial FAS (PFAS), heavily exposed nonsyndromal (HE), and non-alcohol exposed controls
(C). Anthropometric measurements were evaluated for mean group differences. Logistic
regression models were used to identify the subset of anthropometric measures that best predicted
group membership. Anthropometric measurements were examined at the two ages in relation to
prenatal alcohol exposure obtained prospectively from the mothers during pregnancy. Correlation
of these facial measurements with key neurobehavioral outcomes including WISC-1V 1Q and
eyeblink conditioning was used to assess their utility as indicators of alcohol-related central
nervous system impairment.

Results—Significant group differences were found for the majority of the anthropometric
measures, with means of these measures smaller in the FAS/PFAS compared with HE or C. Upper
facial widths, ear length, lower facial depth, and eye widths were consistent predictors
distinguishing those exposed to alcohol from those who were not. Using longitudinal data, unique
measures were identified that predicted facial anomalies at one age but not the other, suggesting
the face changes as the individual matures. 41% of the FAS/PFAS group met criteria for microtia

Corresponding Author: Tatiana Foroud, Ph.D., Indiana University School of Medicine, 410 W. 10t st (HS4021), Indianapolis, IN
46202, Fax: 317-278-1100, Tel: 317-278-1291, tforoud@iupui.edu.

CONFLICT OF INTEREST
None of the authors have any conflicts of interest related to this study.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Foroud et al. Page 2

at both ages. Three of the predictive anthropometric measures were negatively related to measures
of prenatal alcohol consumption, and all were positively related to at least one neurobehavioral
outcome.

Conclusions—The analysis of longitudinal data identified a common set of predictors, as well
as some that are unique at each age. Prenatal alcohol exposure appears to have its primary effect
on brain growth, reflected by smaller forehead widths, and may suppress neural crest migration to
the branchial arches, reflected by deficits in ear length and mandibular dimensions. These results
may improve diagnostic resolution and enhance our understanding of the relation between the face
and the neuropsychological deficits that occur.
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fetal alcohol syndrome; fetal alcohol spectrum disorders; prenatal alcohol exposure;
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INTRODUCTION

Fetal alcohol syndrome (FAS) was first described in the literature over 40 years ago and in
the intervening years has been recognized as a devastating public health problem. The
prevalence of FAS in the U.S. population has been reported to be 0.5 to 2.0 per 1,000 live
births (May and Gossage, 2001) and in a more recent study was estimated to be as high as
2.0 to 7.0 per 1,000 individuals in U.S. school age populations (May et al., 2009). When
considering the full spectrum of prenatal effects of alcohol, including those individuals who
lack the characteristic alteration of facial features, estimates of the prevalence of fetal
alcohol spectrum disorders (FASD) range from 1 in 100 births (Sampson et al., 1997) to as
high as 2-5% in the U.S. and Western Europe (May et al., 2009). Some of the highest rates
of FAS and partial FAS (PFAS) have been reported in the Western Cape Province of South
Africa with a prevalence of 68.0 to 89.2 per 1,000 births (May et al., 2007).

Clinical diagnosis of FAS relies on growth retardation, deficiencies in brain growth (reduced
head circumference and/or structural brain anomaly), and at least two of the three cardinal
facial features of FAS (short palpebral fissures, thin upper lip, smooth philtrum) (Hoyme et
al., 2005). PFAS also requires two of the three facial characteristics; however, deficits are
only needed in one of the remaining three areas (growth delay, deficiencies in brain growth,
or behavioral and/or cognitive abnormalities). In the case of FAS and PFAS, classification
can be made with or without confirmed prenatal alcohol exposure. Other individuals may
not meet criteria for FAS or PFAS but due to prenatal alcohol exposure still experience
neurobehavioral problems, such as attention deficits, impulsivity, and hyperactivity (Crocker
et al., 2011) as well as difficulty in executive functioning or spatial processing (Mattson et
al., 2010). It is critical that improved methods are developed that can better screen for and
accurately identify those who have been injured by prenatal alcohol exposure but do not
have the characteristic features or growth retardation required to meet criteria for FAS or
PFAS.

Previous studies have sought to identify features that can be used to distinguish individuals
who have been impaired prenatally by alcohol exposure. These have included studies in
humans focused on facial features (Moore et al, 2001; Moore et al., 2002; Moore et al.,
2007; Mutsvangwa and Douglas, 2007; Mutsvangwa et al, 2010; Douglas and Mutsvangwa,
2010; Klingenberg et al, 2010) and measures obtained from brain imaging or
neuropsychological profiles. MRI studies have typically found that those with alcohol
exposure have smaller total brain volumes including reductions in both cerebral and
cerebellar volumes (Archibald et al., 2001). Gray and white matter volumes have also been
consistently smaller in those who have been heavily exposed to alcohol prenatally (Lebel et
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al., 2011). Individuals with prenatal alcohol exposure have exhibited reductions in 1Q
scores, deficits in executive ability, verbal and nonverbal learning and memory, visual-
spatial ability, and attention (Mattson et al., 2011). Some biobehavioral diagnostic markers,
such as eyeblink conditioning and number processing deficits, which may reflect a
disturbance in neuroanatomic structures that are disrupted by prenatal alcohol exposure,
appear promising (Jacobson et al., 2011a). An additional challenge is that the face and the
pattern of deficits in some domains change as the individual grows into adolescence and
adulthood, making it difficult to identify a single profile that can successfully recognize an
older individual who has been exposed to alcohol prenatally.

This paper presents anthropometric measurements and three-dimensional (3D) facial images
obtained from a cohort of children in a high-risk community in Cape Town, South Africa,
who are participating in a longitudinal study on FASD. Prenatal alcohol exposure data
obtained from the mothers during pregnancy indicates that many of the children were
exposed to heavy maternal alcohol consumption. The purpose of this report is to present
anthropometric measures that identify and best classify groups of children based on their
alcohol exposure and accompanying facial dysmorphology. We employed a longitudinal
design to test whether the measures that best discriminate alcohol exposure differ across the
early lifespan. We also correlated the most predictive anthropometric measurements with
maternal alcohol levels and with neurobehavioral outcomes to identify common pathways
affected by prenatal alcohol exposure.

METHODS

Sample description

Facial images were obtained from a well-characterized cohort of 125 children followed
longitudinally (Jacobson et al., 2008). Mothers were recruited between July 1999 and
January 2002 from an antenatal maternity clinic in Cape Town, South Africa that serves an
economically disadvantaged, predominantly Cape Coloured (mixed ancestry) population.
Drinking histories during pregnancy were obtained prospectively using a timeline follow-
back interview (Jacobson et al., 2002), which was administered to the mothers at
recruitment, subsequently during pregnancy, and again 6 weeks postpartum to obtain
information about drinking during the 39 trimester. At each of these visits the mothers were
also asked how many cigarettes they smoked per day during pregnancy.

Two groups of children were included in the analyses reported in this paper: (1) alcohol
exposed: born to mothers who reported consuming at least 7 ounces (0z) absolute alcohol
(AA) per week (the equivalent of 14 or more standard drinks per week) or binges of 5 drinks
or more per occasion during pregnancy; (2) controls: born to mothers who reported drinking
no alcohol during pregnancy. Offspring from the resulting pregnancies were followed
longitudinally and are the focus of this report. Written informed consent was obtained from
the mothers at all visits and oral assent was obtained from the children older than 9 years of
age. Approval for human research was obtained from the Wayne State University Human
Investigation Committee and the University of Cape Town Ethics Committee. Mothers and
children were given a snack or lunch during the clinic and breakfast, snack, and lunch during
visits to our University of Cape Town (UCT) Child Development Research Laboratory; the
mothers also received a small monetary compensation, and the children were given a small
gift. All alcohol-consuming pregnant women were advised to stop drinking or reduce their
alcohol intake during pregnancy and referred for help in doing so, if they agreed.
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Subject assessment

Each child was examined for growth deficits (including microcephaly) and facial
morphology during two study clinic visits, once in 2005 and again in 2009, when the
children’s ages averaged 4.8 (SD = 1.0) and 8.7 (SD = 1.0) years, respectively. At both
visits, the children were independently evaluated by two dysmorphologists (HEH, LKR)
using the standard protocol developed by the Collaborative Initiative on Fetal Alcohol
Spectrum Disorders (CIFASD) (Hoyme et al., 2005). A case conference was subsequently
conducted by HEH, LKR, SWJ, JLJ, and CDM, who then reached consensus regarding the
FAS diagnosis. Based on the first evaluation, children who were heavily exposed to alcohol
were assigned to one of three mutually exclusive categories based on the revised IOM
criteria: FAS, PFAS, or heavy alcohol exposure but not meeting FAS or PFAS criteria (HE)
(Jacobson et al., 2008). Offspring of women who reported abstaining from alcohol during
pregnancy were assigned to the control (C) group unless their child met criteria for FAS (n=
3), in which case confirmation of maternal drinking is not required (Hoyme et al., 2005). For
all analyses, the FAS and PFAS groups were combined, resulting in three comparison
groups: FAS/PFAS, HE, and non-alcohol exposed controls (Table 1).

Three-dimensional facial images were collected at each of the two clinic visits by an expert
3D photographer (ESM or LW). At the first visit in 2005, images were acquired using the
Minolta system (Konica Minolta, Ramsey, NJ). Details from the first study visit, including
the collection and processing of images, were previously reported (Moore et al., 2007). In
2009 the newer 3dMD system (3dMD, Atlanta, Georgia) was utilized. The advantages of the
3dMD capture system include more than twice the geometric accuracy coupled with four
times the color texture mapping density. The 3dMD system also offers the advantage of a
single versus multiple image capture to acquire 180° “ear-to-ear” frontal facial data.
Furthermore, the 3dMD system has a capture time of 1.5 milliseconds (0.0015 seconds),
much faster than over half a second (0.6 seconds) per capture on the Minolta 3D capture
system. Once the 3D image was securely stored and processed at Indiana University (1U), a
trained researcher (ESM, SVB) selected the frontal scans with the best resolution and
consistency of patient placement and facial expression. Landmarks were identified on the
3D model and used to obtain the linear measurements. Replication of landmark placement
was required, with less than 2 mm difference per linear measurement. If the tolerance
criterion was not met, a third measurement was taken and the average of the two closest
measurements was chosen for analysis. For bilateral measurements, only the left side was
used in analyses.

A set of 16 facial measurements were selected for use in studies of prenatal alcohol exposure
based on their likely relevance to known craniofacial anomalies associated with FAS (e.g.,
short palpebral fissures) and selected to include only measurements for which there were
published age- and sex- matched reference norms (Moore et al, 2001; Moore et al, 2007).
The sixteen standard anthropometric measurements (Moore et al, 2007) included seven
width measurements, six height measurements, and three depth measurements (Figure 1)
and were obtained from the 3D facial images. Occipital frontal circumference (OFC) was
measured directly at each study visit during the dysmorphology evaluation and when facial
images were collected because it cannot be obtained from the 3D image, which only
captures the front of the head and face. Only children who completed both clinic visits, had
high quality images at both time points, and were between 3-6 years of age at the first visit
in 2005 were included in statistical analyses. Age at the clinic visit was included as a
variable in the regression model since there were significant group differences in the mean
age at the time of the visit.

A small pilot study was conducted in which images were processed by the same person for
the same 10 subjects using both camera systems. There was a high correlation between the
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measurements obtained using the two cameras (Spearman’s rho > 0.90; four measures
yielded 0.76-0.87). Anthropometric measurements describing facial breadth (e.g., minimal
frontal breadth, inner and outer canthal, palepbral fissure) were consistently smaller using
the 3dMD camera, although only two were significantly different (bitragal width and inner
canthal width; p < 0.01). Measurements describing facial length were also primarily smaller
using the 3dMD camera, although only one measurement was significantly so (nasal bridge
length; p=0.04). Measurements pertaining to depth were consistently larger on the 3dMD
camera, although none of these differences were significant. Differences in standard
deviations were minimal for all measurements. Because the differences between camera
systems were small and consistent, it is unlikely that they contributed to any longitudinal
between-groups differences observed.

As part of the larger longitudinal cohort study, each mother and child were transported to the
UCT Child Development Research Laboratory where the child completed a battery of
neurobehavioral assessments at the 5- and 9-year visits (Jacobson et al., 2008). Delay
eyeblink conditioning (EBC), which involves contingent temporal pairing of a conditioned
stimulus (a tone) with an unconditioned stimulus (an air puff), has been found to be
impaired in alcohol-exposed children (Coffin et al., 2005; Jacobson et al., 2011b; Jacobson
et al., 2008) and animals (Green et al., 2000; Stanton and Goodlett, 1998; Thomas et al.,
1998). The EBC assessment was administered during the 5-year visit. While watching a
video (Finding Nemg) on a monitor, the child wore a lightweight headgear, which supports a
flexible plastic tube that delivers an air puff to the right eye and uses a photodiode to record
eye blinks. Two small speakers at either side of the child’s head delivered the auditory
conditioned stimulus, a 1-kHz, 80-dB tone. Each session consisted of 50 trials, in which the
air puff was administered during the last 100 ms of 750-ms presentation of the tone. In this
paradigm the child must learn to adjust the timing of the anticipatory blink, which occurs
optimally between 300-650 ms after the onset of the tone in the delay condition. Eyeblinks
within 350 ms prior to the air puff onset were considered conditioned responses (CRs). Two
sessions consisting of 50 trials each were administered on the same day about 2.5 hr apart; a
third session was conducted the following day for those children who did not meet criterion
for delay conditioning of 40% CRs.

The California Verbal Learning Test-Children’s Version (CVLT-C)(Delis et al., 1994), a list
learning task which has also been shown to be affected by prenatal alcohol exposure
(Mattson and Roebuck, 2002; O’Leary et al., 2011), was administered at the 9-year visit.
The CVLT-C generates a measure of the total number of correctly recalled words learned
over five consecutive trials as well as a measure of the number of words recalled after a
short delay involving a distracter list. IQ was assessed on the Junior South African
Intelligence Scales (JSAIS; Madge et al., 1981) at the 5-year visit and on the Wechsler
Intelligence Scales for Children-1V (WISC-1V) at the 9-year visit (Jacobson et al., 2011b;
O’Leary et al., 2011). Scores on the WISC-IV and JSAIS were highly correlated, r =.79, for
this cohort. Testing was conducted by examiners who were blind with respect to prenatal
alcohol exposure and FASD diagnosis, except in the most severe cases of FAS. The CVLT-
C and WISC-IV were translated into Afrikaans and back-translated by researchers for whom
Afrikaans was their first language. The testing was conducted in Afrikaans or English,
depending on the primary language used in the child’s home and school.

Statistical analysis

All analyses were performed in SAS (v 9.1.3, Cary, NC) or SPSS (v 18.0, Chicago, IL).
Analyses were performed separately for each of the two clinic visits. Demographic
differences between the three groups were estimated using analysis of variance (ANOVA)
models for age at first clinic visit, age at second clinic visit, WISC-1V 1Q scores, and all
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alcohol and cigarette exposure during pregnancy and at conception. A chi-square test was
employed to assess the association between gender and alcohol exposure group.

We initially performed an ANOVA for each visit using group (FAS/PFAS, HE, C) and age
of the child at the relevant clinic visit as between-subject factors to identify measures for
which group was a significant factor. A Bonferroni correction was employed for the 17 (16
from the 3-D image plus OFC from direct measurement,) variables evaluated at each time
point (0.05/17 = 0.003). Post-hoc pair-wise comparisons using a Tukey-corrected #test were
performed for any measure for which the group variable met the threshold, in order to
identify which groups differed for that particular measure.

Relative growth between the two clinic visits was also computed. This was defined for each
anthropometric measurement as: the measurement taken at the first time point, subtracted
from the measurement taken at the second time point, divided by the value of the
measurement at the first time point. The same ANOVA models were then used to test for
group differences in the relative growth of the anthropometric measures.

A stepwise logistic regression analysis was employed to identify variables that best
predicted group membership (FAS/PFAS, HE, C). The significance level for entering a
variable was 0.40, and the significance level for keeping a variable was 0.15. Variables
included in the model were the anthropometric measurements acquired from the images as
well as OFC, obtained at each dysmorphology evaluation. Age of the child at the relevant
clinic visit was included as a covariate. The estimated probability of being in a group was
obtained from the measurements selected in each respective stepwise solution, and a cutoff
value of = 0.40 was used for classification.

Four comparisons that tested the hypothesis that different anthropometric measurements
would be required to predict group membership were made. These comparisons were based
on the extent of facial dysmorphology. The most extreme comparison, FAS/PFAS versus C,
would be expected to identify facial features included in the criteria for FAS and PFAS. A
broader comparison of all alcohol-exposed children (FAS/PFAS + HE) versus C would be
expected to identify more subtle facial features because it would focus on traits shared by
the HE and FAS/PFAS groups. The comparison of HE and C would identify novel features
not traditionally included in the FAS/PFAS criteria but which are likely affected by prenatal
alcohol exposure. Finally, features classifying FAS/PFAS from HE were best interpreted in
light of the other comparisons and allowed us to identify features that were uniquely
affected in FAS/PFAS and were unaffected, or significantly less affected, in those with
heavy alcohol exposure who do not meet criteria for either FAS or PFAS. In such cases, HE
individuals may be less susceptible to damage from intrauterine exposure to alcohol and,
therefore, show none or only minimal effects, making them difficult to distinguish from the
healthy controls.

Incidence of microtia (or abnormally small ears) was determined using Caucasian age- and
gender-adjusted normative z-scores (Farkas et al, 1981) because no population specific
standards exist for the Cape Colored population. The values were computed using the left
ear length, or right ear length when the left ear length was unavailable. An individual with a
z-score < —2.0 was determined to exhibit microtia. A chi-square test was used to test
whether microtia was associated with group classification (FAS/PFAS, HE, C) at each time
point.

Pearson correlations were calculated to determine the relation between prenatal alcohol
exposure and the most consistent facial measurements. Mean ounce AA/day and per
drinking occasion as well as frequency of drinking (days/week) were used to quantify
prenatal alcohol exposure at the time of conception and across pregnancy. To limit the
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number of comparisons, only anthropometric measurements consistently identified as
significant predictors in multiple models at both time points were included in the analysis.
Smoking was included as a potential confounding variable because it usually co-occurs with
maternal alcohol consumption and is known to affect fetal growth (Carter et al., 2010;
Jacobson et al., 1994a; Jacobson et al., 1994b). In addition, child sex and age at clinic visit
were also tested as potential confounders to prenatal alcohol exposure using simple linear
regression models. Pearson correlations were also used to examine the relation between the
selected anthropometric measures and EBC, CVLT-C, and JSAIS and WISC-IV 1Q scores.

Data from 125 children were analyzed at the two time points. Sample characteristics for the
children by diagnostic group are shown in Table 1. Children in the FAS/PFAS group were
slightly older than those in the HE and control groups at both time points, p < 0.05, but no
significant differences were found between the HE and controls at either age. There were no
significant between-group gender differences. As expected, the children with FAS/PFAS
had the lowest 1Q scores on the JSAIS and WISC-1V 1Q. Alcohol exposure both at time of
conception and across pregnancy was higher for the two alcohol-exposed groups than
controls, all ps < 0.001. By contrast, cigarettes smoked per day was highest among the HE
mothers, both ps < 0.05, but not significantly different between FAS/PFAS and control
women during pregnancy.

We initially tested for group differences among the 16 anthropometric measurements and
OFC. Significant effects of group (p < 0.003) were found for 10 measures (minimal frontal
width, bizygomatic width, outer canthal width, palpebral fissure width, mid and lower facial
depths, nasal bridge length, total facial height, ear length and OFC) at the younger age. At
the second time point, all these measures were still significant but the variables bitragal
width, bigonial width, upper facial depth, and nasal length were also added. Post-foc pair-
wise comparisons were then performed among the groups (FAS/PFAS, HE, C) for measures
with significant group effects. At the first time point, means for all measures in the FAS/
PFAS group were significantly (o < 0.05) smaller than either the HE or C groups. For lower
facial depth, the means of the HE were also significantly smaller (v=0.01) than the C group.
At the second visit, the means of the FAS/PFAS group were significantly smaller than either
the HE or C groups (o < 0.05), with the exception of nasal bridge length (FAS/PFAS vs HE
p=10.08). In addition, the HE group had a smaller nasal length (o= 0.009) and nasal bridge
length (p = 0.03) than the C group. All other comparisons of the HE and C groups were not
significant (o> 0.06). Figures 2A and B display the means for all measures, by group, for
the two time points.

We computed the relative growth in each measure over the 4-year interval between the two
clinic assessments and tested whether there were significant group differences in average
relative growth (Figure 3). A significant (p < 0.003) effect of group (FAS/PFAS, HE, C) was
found for the relative growth in bizygomatic width and OFC. Post-hoc pair-wise
comparisons revealed that the HE and C groups grew at approximately equal rates (all
£>0.14), and both groups grew more than the FAS/PFAS group for bizygomatic width (p <
0.001), and OFC (p < 0.0001).

Since many of these anthropometric measures are correlated, stepwise logistic regression
analysis was performed to develop models that best predicted group membership. Results
are shown in Table 2. OFC was a significant predictor in the comparisons of FAS/PFAS
with either HE or C; this is to be expected since a small OFC (<10 percentile) or structural
brain damage is a required criterion for FAS and a conditional criterion for PFAS. Similarly,
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the HE and C were slightly younger (6—-8 months) than the FAS and PFAS children;
therefore, age was a significant predictor in all comparisons except those of HE and C.

Several anthropometric measurements were consistent predictors across both time points
and also across multiple group comparisons. Minimal frontal width, palpebral fissure width,
ear length, and lower facial depth were all included in four or five of the 8 models. Outer
canthal width, nasal length, and nasal bridge length were included in three comparisons.
There are two measures that were only predictive among the comparisons at the older age:
lower and total facial height, and two measures that were only predictive at the younger age:
nasal bridge and upper facial depth.

Smaller ear length, or microtia, has not typically been reported as a feature in fetal alcohol
syndrome. At age 5, 15 of 35 FAS/PFAS subjects met criteria for microtia using norms from
Caucasian populations (43%); in contrast, at the same visit, only 4 of 41 (10%) HE and 3 of
49 (6%) C had microtia. This was a highly significant difference in the frequency of small
ears among the groups (X2(2) = 21.6, p< 0.0001) and resulted in a 9 times greater likelihood
of FAS among those with this feature. Similar results were observed at the age 9 visit. 41%
of the subjects classified as FAS/PFAS met criteria for microtia at both visits.

The rate of correct classification was relatively similar at both time points. Comparisons of
the FAS/PFAS group with either HE or C provided very good sensitivity and specificity at
both time points (> 75%). Interestingly, when all alcohol-exposed subjects were compared
as a group to the C (FAS/PFAS + HE vs. C), the sensitivity (accurate prediction of the
alcohol exposed group) was more than two times greater than the specificity (accurate
prediction of healthy controls) (~85% vs. ~35%). When comparing the HE and C groups,
there was modest sensitivity at both time points in correctly classifying the HE (73-76%)
and C (49-59%).

The correlation between several measures of prenatal alcohol exposure (0z AA per day, 0z
AA per occasion, and frequency of drinking) obtained at conception and throughout
pregnancy and the four most predictive anthropometric measures (ear length, minimal
frontal width, lower facial depth, palpebral fissure length) was calculated. There was a
significant negative correlation of all three measures of prenatal alcohol exposure at time of
conception and during pregnancy with ear length and lower facial depth at times 1 and 2 and
with minimal frontal at time 1 (Table 3). Palpebral fissure length was not significantly
correlated with any alcohol exposure measure at either time point.

It is possible that the significant negative correlation of prenatal alcohol exposure measures
with ear length, lower facial depth and minimal frontal width was attributable to other
confounding variables (sex, age at visit, and prenatal exposure to cigarette smoking).
Therefore, multivariate analyses were performed including these potential confounders.
Cigarette smoking was a potential confounder of the effect of prenatal alcohol exposure on
lower facial depth at both time points. Age at clinic visit was related to lower face depth at
both time points, but there were no sex differences for these outcomes. Regression analyses
indicated that neither age at visit nor prenatal exposure to smoking accounted for the
association between prenatal alcohol exposure and any of these features (Table 3).

To validate the utility of the facial features as markers of alcohol exposure, correlations
between the four key facial features and three sets of neurobehavioral outcomes were
assessed on a subset of this sample (Table 4). Our data showed that greater lower face depth
and longer palpebral fissures were associated with more optimal delay eyeblink conditioning
performance at both ages. Larger ear length, lower face depth, and palpebral fissures were
all correlated with better performance during acquisition across the five trials of the CVLT-
C (List A total correct). These features were also associated with better short delay-free
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recall on the CVLT-C, particularly at time 2. Larger values for all four anthropometric
measures were associated with higher 1Q scores on the WISC-1V, except for ear length at
time 1.

DISCUSSION

We utilized longitudinal analyses to explore which facial measurements best predict prenatal
alcohol exposure and whether these predictive facial measurements change with age and are
correlated with maternal drinking behavior. These comparisons are critical if we are to
develop improved methods to identify those who have been exposed to alcohol 7 utero but
do not meet diagnostic criteria for FAS or PFAS.

Our data show that measures of craniofacial width (minimal frontal), orbital width
(palpebral fissure width) and ear and mandibular measures (ear length and lower facial
depth) were consistently found to be predictive of group membership across both age groups
and multiple comparisons. The reduction in the minimal frontal width is likely a reflection
of the underlying size of the frontal cortex (DeMyer et al, 1964). The minimal frontal
measurement is made on the skull, whose expansion is due to brain growth. The reduction in
the size of the lower facial depth likely reflects a small, retruded or rotated mandible. The
shorter ear length found in 41% of the FAS children met criteria for microtia in Caucasian
populations (Farkas, 1981), a finding that has not previously been reported in FASD.
Interestingly, both the mandible and external ear are derived from branchial arch
mesenchyme (Moore KL, 1998) and, therefore, their reduction in alcohol-exposed children
may reflect a generalized reduction in neural crest proliferation and/or migration. The
mandible typically grows through late adolescence, completing growth much later than the
forehead or orbital regions (Enlow and Hans, 1996); therefore, it might be expected that a
reduction in lower facial depth would be a feature of alcohol exposure that would be
expressed later in adolescence, contributing to a differing diagnostic profile FAS for older
individuals

All measures, except palpebral fissure width, were negatively correlated with the amount of
alcohol consumed by the mother both around the time of conception and across pregnancy.
These correlations remained significant even after adjusting statistically for potential
confounding by cigarette smoking, indicating that the findings are specific to prenatal
alcohol exposure and not attributable to smoking, which is often found to be related to
alcohol use or was associated with the outcomes in this study. Further studies are needed to
replicate this association, which may assist in predicting the spectrum of deficits that may be
expected due to the timing of prenatal alcohol exposure.

While some measures appear predictive at both the younger and older time points, in each
comparison there were unique measures that predicted at one age but not the other. To
explore whether these differences were due to age effects, we computed the relative growth
of each anthropometric measurement across the two visits. Interestingly, only two measures,
bizygomatic width and OFC, demonstrated significantly different rates of growth among the
three groups. In both cases, the rate of growth was significantly slower in the FAS/PFAS as
compared with both HE and C groups. These data suggest that while most measurements
remain significantly smaller in the FAS/PFAS group at the older age, the actual rate of
growth is similar to that of the HE and C groups. This would imply that if these rates
continue, those individuals currently classified with FAS/PFAS may have some features
which are less distinctive and other features (OFC and bizygomatic width) that become even
more apparent as they grow into adulthood. In a comparison of 5- and 12-year-old children
from South Africa, Mutsvangwa and colleagues (2010) found that the differences in facial
shape at these two ages was greater among those with FAS as compared to controls —
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supporting the concept that FAS facial anomalies become less pronounced as the individuals
mature. Of note, unlike our study, which used the same children at both ages, the
Mutsvangwa study used different individuals at the two ages. Thus, while these initial
results from two studies are consistent, additional longitudinal testing will be necessary to
confirm this hypothesis and to also compare the heavily exposed group who do not meet
criteria for FAS or PFAS with unexposed controls.

This study identified measures of facial width, length, and depth with high sensitivity and
specificity that discriminated children with FAS and PFAS from controls. Sensitivity and
specificity were also high for discriminating children with FAS and PFAS from the heavily
exposed (HE) children who did not meet criteria for FAS or PFAS. Although these measures
also showed high sensitivity for discriminating all the exposed children (FAS, PFAS, and
HE) from controls, specificity for that discrimination was poor, presumably because these
altered features are not characteristic of the HE group. We also identified a group of
measures that provided moderate sensitivity (73—-75%) in distinguishing between children in
the HE and C groups. Both minimal frontal and outer canthal were included in the model at
each timepoint. Minimal frontal width was smaller in those with heavy prenatal alcohol
exposure as compared with controls, while outer canthal width was larger in HE as
compared with C. Interestingly, at each time point, only one anthropometric measure from
the model was significantly different between the two groups (lower facial depth at first
visit; nasal length at second visit). While the mean of several of the variables included in the
models were not significantly different in the two groups, when included jointly in the
analysis they were able to identify 75% of those who were heavily exposed. These variables
included measures of both the upper and lower face.

Regression analyses indicated that continuous measures of prenatal alcohol exposure were
predictive of these facial features after controlling for potential confounders. Most
impressive were the correlations of ear length, lower facial depth, minimal frontal width,
and palpebral fissure length with three important neurobehavioral outcomes: eyeblink
conditioning, verbal learning, and 1Q at the two ages. Poorer verbal learning has been linked
to smaller hippocampal volumes (Willoughby et al., 2008) and reduced medial temporal
activation (Sowell et al., 2007) in children with FASD, and the fetal alcohol-related deficits
in eyeblink conditioning seen in Cape Coloured children have recently been shown to be
mediated, in part, by microstructural deficits in the left middle cerebellar peduncle, a white
matter structure that links the brain stem to the cerebellum (Spottiswoode et al., 2011).

Yang et al. (2011) have recently shown that reduced palpebral fissure length is correlated
with increased inferior frontal cortical thickness in children with fetal alcohol exposure. The
association of alcohol-related facial features with the 1Q and other neurobehavioral
outcomes seen here lends further support to the premise that these facial measurements may
be biomarkers of impairment in cognitive function. Our findings are consistent with a recent
report by Rousette et al. (2011) showing that smoother philtrum and shorter palpebral
fissures in alcohol-exposed group were associated with lower 1Q scores. Thus, our
neurobehavioral findings as well as the correlation of the continuous prenatal alcohol data
with the facial measurements provide validation for the assessment of these facial features
using the 3D techniques described here.

Low 1Q scores were seen in both the alcohol-exposed and the control children in this Cape
Town cohort (Jacobson et al., 2008, 2011b). The validity of the WISC-1V 1Q assessment
was supported by the strong correlation (= 0.79) reported above between WISC-1V 1Q
scores obtained at 9 years and those based on the 5-year JSAIS, which is normed for South
African children. Although the 1Q scores were low, presumably due to socioeconomic
disadvantage and limited educational opportunities, the mean for the control group was
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comparable to 1Q scores reported for U.S. inner-city children, whose scores are consistently
lower than suburban, nonminority children (e.g., Burden et al., 2010). Nor were the lower 1Q
scores in this Cape Town cohort attributable to malnutrition. As expected, the children with
heavy prenatal alcohol exposure were smaller in weight and height by about 0.4 standard
deviations than controls (Carter et al., 2010). However, in both the alcohol-exposed children
and controls, moderate and severe thinness, an indicator of malnutrition, was rare, and only
one child, a control, met WHO criteria for thinness at 9 years. Nor were any differences seen
in percent body fat at 9 years (Carter et al., 2010). Thus, malnutrition was unlikely
responsible for the alcohol-related 1Q and neurobehavioral deficits seen in this cohort.

Although there were significant between-group differences for prenatal alcohol exposure
between the exposed and control groups, post-hoc tests indicated that alcohol exposure in
this sample was not significantly different for the FAS/PFAS vs. HE groups. This lack of
difference appears to be due in part to inclusion of the alcohol interview data for the three
mothers of children with FAS who denied alcohol use. When these women’s alcohol use
data were removed from the comparisons, the FAS/PFAS and HE women did not differ in
amount of alcohol consumed per occasion, but the FAS/PFAS group drank more frequently
than the HE group, M= 1.8 vs. 1.3 days/week, respectively, p=0.02. Moreover, exclusion
of these three children with FAS from the analyses relating facial features to the
neurobehavioral outcomes did not alter the significant associations presented here.

We have previously reported results of analyses of anthropometric measures in the Cape
Town sample at the first time point (Moore et al., 2007). In those analyses, we included
children with a wider initial age range; whereas here we have focused on a narrower age
range to allow for a more homogeneous group to reduce the confounding effect of age when
interpreting results. The current study is also the first study utilizing 3D facial imaging to
examine continuous measures of alcohol exposure and to include heavily exposed children
who did not meet criteria for either FAS or PFAS; the inclusion of data for the HE group
allows us to make comparisons across a potentially wider range of prenatal alcohol
exposure. Since we specifically sought to test for differences in the same individual across
time, in the current analyses we only included children evaluated at both ages. Finally, the
subject classification in both the earlier analysis of Moore et al. and the present study differs
in nomenclature but not in substance. Moore et al. utilized the CIFASD criteria FAS, no
FAS, or deferred (Jones et al., 2006), whereas in the present study we explicitly classified
children using the revised IOM criteria (Hoyme et al., 2005) but still analyzed the FAS and
PFAS together. Interestingly, the specificity and sensitivity is quite similar in both studies;
however, the measures predictive of group classification were not identical. Two measures
were the same (minimal frontal width, ear length), and both studies had a measure of smaller
eye width (inner canthal or palpebral fissure). In the present study, OFC was a significant
predictor for several comparisons, whereas in the previous study, bizygomatic width, which
is another measure of decreased facial width was a significant predictor.

Philtrum length was predictive in the earlier study but not in any of our comparisons in the
new and expanded sample from Cape Town. Our data suggest that in exposed children, the
philtrum does not continue to grow at the same rate as most of the other areas of the face.
This may be due to the fact that philtrum length does not appear to be as affected by prenatal
alcohol exposure. Our study, as well as others, have found that the philtrum length in
exposed children is rarely abnormal (< 2 SD below the mean), and it does not differ
significantly between exposed and non-exposed children (Moore et al., 2002; Moore et al.,
2007).

Comparison of our results with those from other studies of facial morphometry identifies
some consistent findings, but also some unique features. Mutsvangwa and colleagues (2010)
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evaluated children at ages 5 and 12. They found that the features that best distinguished
children with FAS from controls were small palpebral fissures, a thin upper lip, and
midfacial hypoplasia. We also found small palpebral fissures to be predictive of group
membership. The geometric morphometric approach Mutsvangwa and colleagues employed
did not include evaluation of the ears or lower facial depth. Thus, it is not surprising that the
two studies did not identify all of the same features. Their study was also limited to children
with FAS and controls and did not include children who were heavily exposed to alcohol
prenatally but did not meet criteria of FAS.

We have focused our analyses on commonly used craniofacial anthropometric
measurements. These linear or angular measurements are derived from physical landmarks
that can be easily obtained in a clinical setting or from 3D images. As detailed above and in
previous studies, they have proven to be reasonably effective in differentiating affected from
control individuals (Moore et al. 2001 and Moore et al. 2002). However, a known limitation
of this approach is that it is restricted to only those regions of the face where landmarks can
be placed reliably at biologically meaningful and identifiable locations. Alternative
approaches which employ shape analysis — either through analysis of distances and angles or
more recently using Cartesian coordinates (Slice, 2007) - can fully utilize the extensive
surface data captured through a 3D facial image and may, therefore, provide further
improvements in the rate of classification. Furthermore, these methods may also yield new
insights regarding the biological effects of prenatal alcohol exposure,

Extensive research has been performed in mouse models in which alcohol exposure can be
carefully controlled. Exposure to alcohol on gestational day 7 results in a range of median
facial and forebrain deficiencies, which are typically within the holoprosencephaly
spectrum. In addition, micrognathia has also been observed on this day of alcohol exposure
(Godin et al., 2010). Interestingly, exposure to alcohol on day 8 results in craniofacial
features that are reminiscent of DiGeorge syndrome and continue to include micrognathia
but also cleft palate, hypertelorism, inner ear and ocular abnormalities, and central nervous
system defects (Sulik, 2005). In fact, some of the most prominent features which distinguish
alcohol-exposed individuals from unexposed controls in the current study are also found in
the mouse models in which alcohol exposure is limited to a single day.

In summary, multidisciplinary studies of this high risk population from South Africa
combining longitudinal data from clinical observations, maternal drinking behavior,
neurobehavioral studies, and 3D anthropometric analysis of the face indicate that a
correlation exists between amount of alcohol consumed during pregnancy and
neurobehavioral outcomes and the facial phenotype. Specifically, prenatal alcohol exposure
seems to have primary effects on brain growth, as reflected in smaller forehead widths
(minimal frontal widths) and orbit dimensions. In addition, there appears to be a global
reduction in size of the head and face. Deficits in ear length and mandibular dimensions may
indicate a suppression of neural crest migration to the branchial arches and other tissues in
the developing face. Longitudinal analyses of relative growth suggest that the rate of growth
in OFC and facial width (bizygomatic width) fall further behind normal with age, while
other dimensions grow at comparable rates to those seen in normal individuals. These
findings support the contention that the facial features associated with intrauterine exposure
to alcohol consist of both a neural component and a primary microsomia. The latter
evidences a more normal pattern of growth than the former, resulting in a changed alcohol-
related phenotype with age. Thus, features associated with smaller brain (forehead, orbits)
will appear more pronounced with age. Likewise the apparent rotation of a congenitally
small mandible will contribute an apparently greater facial height in older affected
individuals. In spite of the changing phenotype with age, the present study indicates that
craniofacial measurements derived from 3D images can accurately separate individuals with
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FAS and PFAS and suggests that minimal frontal width, palpebral fissure length, lower
facial height, and ear length may be predictive of the degree of neural cognitive disruption.
To this end it would be important to collect population specific normative data for these
features. Ongoing studies suggest that the development of complex facial profiles from 3D
images may improve diagnostic resolution and enhance our understanding of the relation
between the face and the neuropsychological deficits that occur.
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Figure 3. Significant differences in relative growth of anthropometric measures across the
groups

Mean and standard error bars for relative differences of all measures. Solid dark bar: FAS/
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PFAS vs HE p<0.05; ** = FAS/PFAS vs C p< 0.0001; * = FAS/PFAS vs C p<0.0
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