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Background—MRI studies have consistently demonstrated disproportionately smaller corpus 

callosa in individuals with a history of prenatal alcohol exposure but have not previously examined 

the feasibility of detecting this effect in infants. Tissue segmentation of the newborn brain is 

challenging because analysis techniques developed for the adult brain are not directly transferable, 

and segmentation for cerebral morphometry is difficult in neonates, due to the latter’s incomplete 

myelination. This study is the first to use volumetric structural MRI to investigate prenatal alcohol 

exposure effects in newborns using manual tracing and to examine the cross-sectional area of the 

corpus callosum (CC).

Methods—43 nonsedated infants born to 32 Cape Coloured heavy drinkers and 11 controls 

recruited prospectively during pregnancy were scanned using a custom-designed birdcage coil for 

infants, which increases signal-to-noise ratio almost two-fold compared to the standard head coil. 

Alcohol use was ascertained prospectively during pregnancy, and FASD diagnosis was conducted 

by expert dysmorphologists. Data were acquired using a multi-echo FLASH protocol adapted for 

newborns, and a knowledge-based procedure was used to hand-segment the neonatal brains.

Results—CC was disproportionately smaller in alcohol-exposed neonates than controls after 

controlling for intracranial volume. By contrast, CC area was unrelated to infant sex, gestational 

age, age at scan, or maternal smoking, marijuana, or methamphetamine use during pregnancy.

Conclusions—Given that midline craniofacial anomalies have been recognized as a hallmark of 

FAS in humans and animal models since this syndrome was first identified, the CC deficit 

identified here in newborns may support early identification of a range of midline structural 

impairments. Smaller CC during the newborn period may provide an early indicator of fetal 

alcohol-related cognitive deficits that have been linked to this critically important brain structure in 

childhood and adolescence.
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INTRODUCTION

The prevalence of fetal alcohol spectrum disorders (FASD), the most common preventable 

cause of neurocognitive disabilities, has been estimated at 2 to 5% of live births in the 

United States, Canada, and Western Europe (May et al., 2009), and as high as 13.6 to 20.9% 

in the Western Cape Province of South Africa (May et al., 2013). FASD are characterized by 

a broad range of cognitive and behavioral deficits. Fetal alcohol syndrome (FAS), the most 

severe FASD and the most common preventable form of mental retardation, is characterized 

by a distinctive pattern of craniofacial dysmorphologic features, small head circumference, 

and pre- and/or postnatal growth retardation (Hoyme et al., 2005). Children with alcohol-

related neurodevelopmental disorder (ARND) exhibit significant neurobehavioral 

impairment but lack the distinctive facial anomalies.

Findings from several studies suggest that the developing corpus callosum (CC), the largest 

white matter (WM) tract in the human brain and critical for interhemispheric communication 

(Thompson et al., 2011), is particularly susceptible to the effects of prenatal alcohol 
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exposure (PAE). The earliest autopsy studies reporting damaging effects of heavy PAE 

identified errors in cell migration, agenesis or thinning of the corpus callosum, and 

anomalies in the cerebellum and brain stem (Jones and Smith, 1973; Clarren and Smith, 

1978; Wisnewski et al., 1983). These early studies suggested that the incidence of partial or 

complete CC agenesis among children with heavy PAE might be as high as 6.8% (Riley et 

al., 1995), as compared to a normal population rate of 0.3% and a developmentally delayed 

population rate of 2.3% (Jeret et al., 1985). Imaging studies of children with FASD have 

documented reduced callosal size (Archibald et al., 2001; Sowell et al., 2001; Yang et al., 

2012), anterior and inferior displacement of the posterior CC regions (Sowell et al., 2001), 

reduced CC thickness (Yang et al., 2012), and callosal shape abnormalities in infants using 

ultrasound (Bookstein et al., 2002).

The structural CC deficits seen in alcohol-exposed children may lead to poorer cognitive 

performance, particularly on tasks designed to assess interhemispheric transfer of 

information (Johansen-Berg et al., 2007). Consistent with this prediction, PAE has been 

found to be associated with poorer performance on a finger localization task that assesses 

efficiency of interhemispheric transfer of tactile information in a San Diego cohort (mean 

age = 11.9 yr) (Roebuck et al., 2002) and in cohorts in Cape Town (mean = 10.3 yr) and 

Detroit (mean = 19.5 yr) (Dodge et al., 2009). In the Detroit study, quantity of alcohol 

consumed per occasion during pregnancy was inversely related to performance on the finger 

localization task. Smaller CC size was associated with poorer finger localization 

performance in both the San Diego and Cape Town studies. In an fMRI task assessing 

interhemispheric transfer of somatosensory information, dysmorphic alcohol-exposed adults 

showed greater neural activation in the premotor and primary motor cortices compared to 

nondysmorphic alcohol-exposed and control adults when pressing a button contralateral to a 

vibrotactile stimulus (Santhanam et al., 2007), suggesting that the dysmorphic adults were 

not able to perform the task as efficiently as controls.

Despite more than four decades of research, identification of alcohol-affected children 

continues to be challenging, especially during infancy, the optimal time to initiate remedial 

interventions. Early, reliable evidence of prenatal alcohol effects are needed because 

craniofacial dysmorphic features that characterize FASD are found in only a small 

proportion of children with prenatal alcohol-related neurobehavioral impairment and can be 

difficult to detect in infancy and childhood (Suttie et al., 2013). Given the rapid and 

heterochronus nature of early brain growth, volumetric measures based on MRI in the first 

weeks of life may detect early effects on brain structures (Nishida et al., 2006) and provide a 

more sensitive index of future neurological outcome than current standard newborn 

behavioral and neurological examinations. Due to its demonstrated vulnerability to PAE and 

association with cognitive function, as well as its relative reliability of definition, the CC is a 

likely candidate to provide a sensitive early indicator of FASD. In addition, Lebel Yang et al. 

(2010) have reported an association of reduced CC area and thickness with reduced 

palpebral fissure length, suggesting that CC size may provide a neural biomarker of FAS.

Segmentation of the newborn brain is more challenging and time-consuming than for a child 

or an adult due to lower contrast-to-noise ratio, small head size (which requires scanning at 

higher resolution) and typically short scan periods that are determined by the infant’s sleep 
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duration during scanning and which provide less opportunity to reacquire volumes or to 

oversample to reduce motion artifacts (Prastawa et al., 2005). Although the brain stem and 

posterior limbs of the internal capsule are myelinated in the newborn with white to gray 

matter contrast that is similar to the adult brain, other regions are unmyelinated with the 

gray/white contrast inverted in T1-weighted images relative to the adult contrast. In addition, 

the boundaries between fully myelinated and non-myelinated regions are ambiguous, tissue 

types often vary markedly in levels of intensity, and there is considerable overlap between 

different tissues in intensity characteristics, making decisions regarding boundaries for 

intensity-based classifications difficult for existing automated computational methods. Given 

these difficulties, most newborn MRI studies to date have relied on manual tracing to 

delineate structures such as the CC (e.g., Thompson et al., 2011; de Macedo Rodrigues et 

al., 2015). In the only other study using structural MRI with prenatally exposed newborns, 

smaller whole brain volumes and reduced gray matter in three regions were reported in 

exposed newborns compared with controls, but hand tracing was not employed for 

segmentation and CC volume was apparently not assessed (Donald et al., 2016).

The incidence of FAS in the Cape Coloured (mixed ancestry) population in the Western 

Cape Province of South Africa is among the highest in the world with 68.0–89. 2 cases per 

1000 (May et al., 2013). This population, composed mainly of descendants of white 

European settlers, Malaysian slaves, Khoi-San aboriginals, and black Africans, has 

historically comprised the large majority of workers in the wine-producing region of the 

Western Cape. The high prevalence of FAS in this community is a consequence of very 

heavy maternal drinking during pregnancy, which is due to poor psychosocial circumstances 

and the traditional dop system, in which farm laborers were paid, in part, with wine. 

Although the dop system has been outlawed since the 1920s, weekend binge drinking 

continues to be a major source of recreation for many in urban and rural Cape Coloured 

communities (Jacobson et al., 2006; May et al., 2013) despite numerous efforts to intervene 

to reduce pregnancy drinking.

In this paper, we report findings from the first study to examine effects of PAE on CC size in 

the newborn brain. The aims of this study were to test the following hypotheses: (1) the 

effect of heavy PAE on CC size can be detected in newborns; (2) this effect is not 

attributable to maternal food security or exposure to other potential teratogens, including 

maternal smoking, methamphetamine and marijuana use; and (3) reduced CC size in the 

newborn is observable even after adjusting for the smaller head circumference required for a 

diagnosis of FAS and is also seen in heavily exposed nonsyndromal children with normal 

overall brain size.

METHODS

Participants

The sample consisted of 43 Cape Coloured newborns: 32 prenatally alcohol exposed (17 

male) and 11 healthy controls (HC; 8 male). The infants were born to women who were 

recruited between 2011–2013 at their first antenatal visit from two midwife obstetrical 

clinics that serve an economically disadvantaged Cape Coloured community. Each mother 

was interviewed antenatally regarding her alcohol consumption using a 2-week timeline 
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follow-back interview (Jacobson et al., 2002), adapted to reflect how pregnant women in this 

community drink. The interview included information about type of beverage consumed, as 

well as about sharing (size of container shared by how many women) and container size 

(including pictures of different containers, bottles, cans, glass size), for use in the calculation 

of standard drinks (Jacobson et al., 2008). At recruitment the mother was interviewed 

regarding incidence and amount of drinking on a day-by-day basis during a typical 2-week 

period at time of conception. Volume was recorded for each type of beverage consumed each 

day and converted to oz absolute alcohol (AA) using the following weights that reflect 

potency of AA in Cape Town (liquor—0.4, beer—0.05, wine—0.12, cider—0.06). The 

mother was then asked whether her drinking had changed since conception; if so, when the 

change occurred and how much she drank on a day-by-day basis during the last 2 weeks. 

Maternal exclusionary criteria were age <18 years, HIV infection, multiple gestation 

pregnancy, and pharmacologic treatment for medical conditions, including diabetes, 

hypertension, epilepsy, or cardiac problems. Two groups of women were recruited: heavy 

drinkers, who consumed 14 or more standard drinks/week (≈1.0 oz AA/day) and/or engaged 

in binge drinking (4 or more drinks/occasion), and controls, who abstained or drank only 

minimally during pregnancy.

The timeline follow-back interview was repeated at 4 and 12 weeks after recruitment. Data 

from the three alcohol consumption interviews were averaged to provide continuous 

measures of drinking around time of conception and across pregnancy: average oz AA 

consumed/day, AA/drinking day (dose/occasion) and frequency (days/week). All women 

who reported drinking during pregnancy were advised to stop or reduce their intake and 

were offered referrals for treatment. We have previously validated this ascertainment 

protocol in relation to levels of fatty acid ethyl esters in meconium samples in this 

community (Bearer et al., 2003) and to infant outcomes (Jacobson et al., 2002).

Mothers were asked about their drug use during pregnancy. Marijuana (“dagga”), cocaine, 

heroin, methaqualone (“mandrax”), and methamphetamine (“tik”) were measured in days/

week; and smoking as cigarettes/day. Mothers were administered the 18-item Family Food 

Security interview (Bickel et al., 2000), which has been widely used to assess adequacy of 

food availability (e.g., Health Canada, 2004). Birth weight and gestational age (GA) at birth 

were obtained from medical records; GA was based on early gestation ultrasound, where 

available, or date of last menstrual period. Infant exclusionary criteria were major 

chromosomal anomalies, neural tube defects, multiple births, very low birth weight (<1500 

g), gestational age <32 weeks, and seizures.

Human subjects approval was obtained from the Wayne State University and University of 

Cape Town Faculty of Health Sciences Institutional Review Boards. All mothers provided 

written informed consent.

Newborn assessment

The 43 newborns were scanned at 6–40 days postpartum (mean = 17.8, SD = 9.4) or, if born 

preterm (<37 wk GA), at the equivalent age since conception. Of the 43 infants, 8 (18.6%) 

were born at GA ≤37 wk. All but 1 infant had reached 37 weeks GA before their MR scan. 

Each infant was scanned following a detailed standard protocol developed by PW and SW 

Jacobson et al. Page 5

Alcohol Clin Exp Res. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Boston Children’s Hospital, Boston, MA) to acquire neonatal MRI data without use of 

sedation. The mother was instructed not to feed the baby for 3 hr prior to the scan. She and 

the newborn were transported to the Cape Universities Brain Imaging Centre (CUBIC) by 

our driver and research nurse. Upon arrival, the infant was examined by CM, a senior 

developmental pediatrician, who administered the Brazelton Neonatal Behavioral 

Assessment Scale (NBAS). The NBAS assesses the newborn’s responses to visual and 

auditory stimuli, reflexes, responses to stress, motor maturity, and hand-mouth coordination. 

Following the NBAS, weight, length, and head circumference were assessed; the infant’s 

diaper changed; and the infant was swaddled, wrapping the arms to reduce jerky movements 

and other motion. S/he was then fed by the mother and rocked until in a deep sleep. Because 

the NBAS and measurement procedures are tiring, their administration made it easier for the 

infant to fall asleep and remain asleep in the scanner without sedation.

The infant was then placed supine on an MRI-compatible vacuum cushion containing 

styrofoam beads (S&S X-Ray Products VacFix, Houston, TX) that fits snugly around the 

whole body, including the head. Sponge earplugs were inserted, and foam ear pads were 

placed over the ears held in place by a knitted cap to diminish noise. Air was then removed 

from the cushion to secure the infant’s body tightly, and the infant was moved with the 

pillow into the scanner. The infant’s head was positioned within the birdcage coil (described 

below), and his/her head was further secured with rolled towels or foam cubes to limit head 

and body movements and provide additional sound protection. A pulse oximeter was 

attached to the infant’s toe to monitor oxygen saturation. Throughout the scan, the infant 

was visually monitored for movement, crying, decrease in oxygen saturation, and any other 

signs of distress by CM or the research nurse, who remained in the scanner room, as well as 

the radiographer conducting the scan.

MR data acquisition

No sedation was used to obtain the MRI scans. Scanning was performed on a Siemens 3 T 

Allegra MR scanner (Siemens, Erlangen, Germany) using a custom-built, 170.9 mm (inner 

diameter) circularly polarized birdcage radiofrequency (RF) coil designed by L Wald, PhD 

and built by A Hess. Since the inner diameter of the coil was selected to fit a newborn head, 

this coil increases signal-to-noise ratio almost two-fold when compared with the standard 

head coil. The data acquisition used a multi-flip angle, multi-echo FLASH (MEF) protocol 

developed by AvdK to facilitate manual tracing (Fischl et al., 2004a). The T1 scans were 

acquired at two different flip angles (see below for details), allowing images to be 

synthesized with different relative T1 vs. proton density weightings to optimize contrast 

across boundaries of adjacent structures (Fig. 1). This approach provides a continuous range 

of contrasts rather than a single contrast to facilitate distinguishing multiple adjacent 

structures.

The following imaging protocol was used: (1) Three-plane localizer; (2) MEF 20° with 3D 

encoding, 144 × 144 matrix, 128 sagittal slices; voxel size = 1×1×1 mm3, TR = 20 ms, 8 

echoes with TE = 1.46 ms + n×1.68 ms where n = 0,..,7, bandwidth = 655 Hz/px, non-

selective excitation with flip angle = 20°, acquisition time (Tacq) = 6 min 10 s; (3) MEF 5°, 

using identical parameters as the previous but with flip angle = 5°; (4) T2-SPACE (a T2 
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weighted anatomical sequence using 3D encoding), 144 × 144 matrix with 128 sagittal 

slices, voxel size = 1.1×1.1×1 mm3, TR/TE = 3000/355 ms, bandwidth = 655 Hz/px, non-

selective excitation, Tacq = 6 min 29 s. Bandwidths were matched across MEF and T2-

SPACE and had high values to minimize and match distortions due to B0 inhomogeneities 

across scans (van der Kouwe et al., 2008).

Image processing

MEF scans were analyzed to obtain quantitative proton density, T1 and T2* estimates, and 

the T2-SPACE scan provided images with T2 weighting. T1 and PD maps were 

reconstructed from the MEF data using the mri_ms_fitparms command in FreeSurfer, which 

replicates the DESPOT1 (driven equilibrium single pulse observation of T1 and T2) method 

(Deoni et al., 2003; Fischl et al., 2004b). Proton density and T1 are physical parameters that 

describe the tissue in the 3 T field and not simply weighted intensities that vary with the 

scanning sequence and system, facilitating comparison between studies, sequence types, and 

across 3 T systems. FLASH images were first preprocessed as follows, using FSL (Smith et 

al., 2004) and AFNI (Cox, 1996) tools: brain volumes were extracted with FSL-bet2 and 

corrected for non-uniform signal intensity across the image using AFNI-3dUnifize. Images 

across all flip angles and echo times were aligned using AFNI-3dAllineate to correct for 

subject motion occurring between data set acquisitions. After T1 and PD generation, an 

image volume was synthesized using FreeSurfer (Fischl et al, 2004b) for a flip angle of 24° 

to produce an optimal contrast T1-weighted image that was used for manual tracing. Tissue 

segmentation was performed using FSL-FAST to generate binary maps of cerebrospinal 

fluid (CSF), gray matter (GM) and white matter (WM) regions, from which tissue volumes 

were calculated.

In the present study, the CC was delineated on two mid-sagittal slices of the AC-PC aligned 

synthesized images, using FreeView, the visualization and editing tool of the FreeSurfer 

package (http://surfer.nmr.mgh.harvard.edu/). Two graduate research assistants (FW and NL) 

were trained and supervised at UCT by an expert neuroanatomist (CW) and at the MGH 

Martinos Center for Brain Imaging by K de Macedo Rodrigues, MD, a neuroradiologist 

trained by EG in manual segmentation. The brain was first rotated in relation to the posterior 

and anterior commissures by FW under the supervision of CW. The two contiguous slices on 

which the cerebral aqueduct is most clearly visible were identified as the mid-sagittal slices. 

When the cerebral aqueduct was only visible on one slice, the neighboring slice showing the 

CC most clearly was selected as the second mid-sagittal slice. Coronal views were also used 

on occasion to help clarify the pattern. FW and NL then independently traced the CC, using 

a knowledge-based, reproducible and highly detailed procedure adapted to neonatal brains 

(Nishida et al., 2006). Each segmenter averaged the areas of the two slices to generate a 

single value for CC area. The tracing guidelines follow procedures developed by (Caviness 

et al., 1989) and involve manually selecting intensity thresholds that result in continuous 

isointensity outlines to define specific anatomic borders. The segmenters were blind with 

respect to the newborn FASD diagnosis and prenatal alcohol and drug exposure. The inter-

observer Dice coefficient (Pfefferbaum et al., 2006) was 0.89; the intra-class correlation was 

0.83. The CC areas generated for each subject by the two segmenters were averaged to 

provide the measure of CC area used in the analyses reported here.
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FASD Diagnosis

In September 2013 we organized a clinic in which the infants (mean age =1.0 yr, SD = 0.5; 

range = 0.4–1.8 yr) were examined for growth and FAS anomalies independently by two 

expert dysmorphologists (HE Hoyme, MD, and G De Jong, MD), using a standard protocol 

(Hoyme et al., 2005). They were subsequently re-examined in a second clinic (mean age = 

4.0 yr, SD = 0.5; range = 3.4–4.8 yr) held in September 2016 by the same two 

dysmorphologists, assisted by H Bezuidenhout, MD, E Krzesinski, MD, and RC Carter, 

MD. Based on the revised Institute of Medicine guidelines, FAS is characterized by 

microcephaly, growth retardation, and a distinctive craniofacial dysmorphology, including 

short palpebral fissures, a flat philtrum, and a thin vermilion (upper lip). The 

dysmorphologists, SWJ, JLJ, and CDM subsequently conducted case conferences to reach 

consensus regarding which infants met criteria for FAS diagnoses. Diagnoses were obtained 

for all but three heavily exposed infants: one who died of SIDs and two who moved away 

from Cape Town after the scan but prior to the clinic.

Data Analysis

Statistical analyses were performed using SPSS software (v.22; IBM, Armonk, NY, USA). 

All variables were examined for normality of distribution and, where positively skewed 

(>3.0), were subjected to log transformation (average oz AA/day around conception and 

across pregnancy). Fourteen control variables were assessed as potential confounders of the 

effects of prenatal alcohol exposure on CC area—maternal age, parity, education, and 

marital status (married/unmarried); food security (secure/insecure); smoking (cigarettes/day) 

and marijuana and methamphetamine use (days/month) during pregnancy; and infant sex, 

GA at birth, birth weight, length, head circumference, and age in days at time of testing. Use 

of illicit drugs other than marijuana and methamphetamine was rare in this sample—only 

two mothers reported using methaqualone, and analyses were rerun excluding their two 

infants. CC was examined in relation to the continuous measures of PAE using hierarchical 

multiple regression analysis. Total intracranial volume (TIV; TIV = white matter + gray 

matter + cerebrospinal fluid) was entered as the first step to determine whether CC area was 

disproportionately smaller in relation to PAE than would be expected. Maternal smoking, 

marijuana, and methamphetamine used during pregnancy and all other control variables that 

were related even weakly (at p < 0.10) to CC area were entered in the second step to control 

for potential confounders (Jacobson and Jacobson, 2005).

RESULTS

Sample characteristics

Demographic and background characteristics are summarized in Table 1. There were no 

between-group differences for maternal age at delivery, parity, or marital status. Although all 

the women were poorly educated, PAE mothers tended to have completed fewer years of 

school than the controls. Almost half of the women in the PAE group reported some degree 

of food insecurity, compared with 18.2% of the controls; there were no group differences, 

however, for moderate to severe hunger.
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In this heavy drinking community, women in the PAE group consumed an average of 8.4 

standard drinks/occasion across pregnancy on 1–2 days/week. All but 2 of the 11 controls 

(81.8%) abstained from drinking during the pregnancy. When recruited into the study, one 

control reported no alcohol use at time of conception but subsequently reported drinking 3 

drinks on 2 occasions later in pregnancy; the other drank about 2 drinks twice/month. While 

there were no group differences in number of women who smoked cigarettes (PAE 90.6% 

vs. controls 72.7%, X2(1) = 2.18, p = 0.139) or used marijuana (PAE 25.0% vs. controls 

18.2%, X2(1) = 0.21, p = 0.644), mothers in the PAE group smoked more cigarettes/day and 

used marijuana more frequently than controls. Although 8 of the 32 alcohol users (25.0%) 

and 2 of the 11 controls (18.2%) used methamphetamine, there were no significant between-

group differences in number of users, X2(1) = 0.21, p = 0.644, or number of days used. 

Other drug use was rare: two women reported using methaqualone about twice/month, and 

none reported using cocaine or opiates during pregnancy.

There were no between-group differences regarding infant sex, GA at birth, birth weight, or 

TIV, but PAE infants were about 1 week older at time of scan (Table 1). Of the 40 infants for 

whom FASD diagnostic data were available, 8 of the 29 (27.6%) born to the heavy drinking 

mothers met IOM criteria (Hoyme et al., 2005) for full FAS; they had at least two of the 

principal dysmorphic features (short palpebral fissures, thin upper lip, flat or smooth 

philtrum), small head circumference (bottom 10th percentile), and low weight or short 

stature (bottom 10th percentile).

Association of CC area to FASD diagnosis

CC area was first examined in relation to FASD diagnosis in an ANOVA comparing FAS, 

heavy exposed nonsyndromal (HE), and control groups (Table 2). As predicted, there was a 

significant relation between CC area and FASD diagnosis (illustrated in Fig. 2). Post-hoc 
comparisons showed that the CC area was significantly smaller in infants diagnosed with 

FAS than controls, p = 0.006. CC area was intermediate in size for the HE group (p = 0.056 

between FAS and HE, although not significantly smaller than controls, p = 0.166).

Association of CC area to continuous measures of prenatal exposures

The relation of maternal demographic and newborn characteristics to CC area is summarized 

in Table 3. CC area was not related to maternal age at delivery, parity, marital status, or food 

security, and its relation to maternal education fell short of statistical significance. CC area 

was also not associated with maternal smoking and marijuana or methamphetamine use 

during pregnancy. CC area was not related to infant sex, GA at birth, or age at scan. 

Although CC area was not associated with birth weight, length, and head circumference, it 

was, as expected, positively related to TIV.

CC area was next examined in relation to continuous measures of prenatal alcohol exposure 

(Table 4). As predicted, alcohol use both at time of conception and across pregnancy was 

negatively related to CC area. Moreover, the relations between PAE and CC area remained 

significant after adjustment for TIV. The associations between PAE and CC area were not 

attributable to maternal education, smoking and other drug use during pregnancy. These 
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associations also remained unchanged after rerunning the analyses excluding the two 

newborns prenatally exposed to methaqualone.

Figure 3 depicts the association between AA/day and CC area. When two bivariate outliers 

identified using Mahalanobis distance were removed from the analysis, the effects were 

virtually unchanged (e.g., the correlation for AA/day across pregnancy with CC area was 

−0.43, p = 0.005) and the group differences in Table 2 also remained significant (F(2,35) = 

3.92, p = 0.029). Two exposed newborns appear on the scatterplot to have little or no 

exposure on across pregnancy AA/day measure: one was born to a woman who reported 

abstaining around time of conception but later reported a very heavy binge of 7 drinks; the 

other was born to a mother who reported drinking 7.6 drinks/occasion 6 times around time 

of conception but no drinking later in pregnancy. Thus, although average AA/day for these 

two women was relatively low, both engaged in heavy binge drinking, which animal studies 

have shown can lead to very severe impairment (Bonthius and West, 1990; Goodlett et al., 

1990).

Visual inspection of Figure 3 shows that reduction in CC size is not driven solely by smaller 

CC in the eight newborns with FAS, who have microcephaly and reduced TIVs. The relation 

of AA/day across pregnancy to CC size is reduced only modestly when the eight infants 

with FAS are removed from the analysis (r = −0.35, p = 0.038). As can be seen in the figure, 

smaller CCs are also found in the more heavily exposed newborns within the HE group. CC 

size was below the median for this sample in all of the infants exposed at > 1.0 oz AA/day 

(X2(1) = 8.84, p < 0.01).

DISCUSSION

The CC, the main interhemispheric commissure in the human brain, connects the majority of 

the neocortical areas (Schmahmann and Pandya, 2006) and plays a major role in sensory, 

motor, and higher-order communication (Thompson et al., 2011). Although the basic 

structure of the CC develops during the first 18–20 weeks GA, it continues to increase in 

size during the 3rd trimester of pregnancy and the first 2 years postpartum. To our 

knowledge, this is the first study to use neuroimaging to demonstrate effects of PAE on CC 

size in the neonatal brain and to report how exposure disrupts normal brain structure during 

pregnancy. A major strength of this study is the use of manual tracing, which is considered 

the “gold standard” for segmentation of brain regions.

Our finding of smaller callosal size in alcohol-exposed newborns is consistent with early 

autopsy reports of CC agenesis and with reports of disproportionately smaller CC in older 

children with FASD. Visual inspection of our neonatal scans by our senior neuroanatomist 

(CW) revealed no cases of CC agenesis in these infants who survived to term; the CC was 

well formed, albeit disproportionately smaller in relation to PAE. Furthermore, CC size 

remained significantly smaller even after adjustment for TIV, indicating that the impact of 

alcohol on the CC was specific and did not merely reflect overall fetal alcohol-related 

smaller brain size. Nor was this effect attributable to the smaller head circumference 

required for a diagnosis of FAS (Hoyme et al., 2005); the effect continued to be evident after 

the eight infants diagnosed with FAS were removed from the analysis. By contrast to the 
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impact of PAE, CC size was not related to prenatal exposure to smoking, marijuana, and 

methamphetamine, indicating discriminant validity for CC area in relation to alcohol 

exposure during pregnancy.

As detailed above, two studies have linked smaller callosal size to poorer interhemispheric 

transfer of information in school-age children with FASD (Roebuck et al., 2002; Dodge et 

al., 2009). In addition, nine diffusion tensor imaging (DTI) studies from six independent 

laboratories have documented poorer microstructural integrity in the CC in children and 

adults with PAE, although there are inconsistencies regarding which areas of the CC are 

impaired. Four of these studies examined only the CC (Ma et al., 2005; Li et al., 2009; 

Wozniak et al., 2006, 2009), whereas the others performed whole brain analyses based on 

whole brain DTI (Sowell et al., 2008; Fryer et al., 2009; Fan et al., 2016), and tractography 

(Lebel et al., 2008). These DTI findings linking PAE to lower FA and greater diffusion 

indicate WM pathology due to poor myelination, less dense or coherent fiber bundles, and/or 

poorer axonal integrity. In the first study to perform whole brain DTI and tractography 

analyses in newborns, we also recently found marked alterations in WM integrity within the 

CC in alcohol-exposed infants in this Cape Town cohort (Taylor et al., 2015). Given that the 

CC is the sole region in which integrity deficits have been seen in all of the whole brain DTI 

studies of FASD to date, the data suggest that this structure is particularly vulnerable to PAE.

Five of the DTI studies also examined behavioral correlates of the fetal alcohol-related 

deficits in CC WM integrity. Using diffusion tractography, Lebel et al. (2010) found that 

lower FA was correlated with poorer performance on a mathematics achievement test in 

children with FASD. Sowell et al. (2008) found associations with poorer visual-motor 

performance; Wozniak et al. (2009), with poorer visual perceptual skills. In our whole brain 

DTI study, in which a broader range of cognitive outcomes were assessed, we found that 

fetal alcohol-related poorer structural integrity in two CC regions—splenium and isthmus—

was associated with lower full scale IQ, verbal comprehension, and processing speed scores 

on the Wechsler Intelligence Scales for Children, Fourth edition (WISC-IV), poorer short-

delay recall on the California Verbal Learning Test, and poorer eyeblink conditioning (Fan et 

al., 2016). Eyeblink conditioning is a Pavlovian classical conditioning paradigm, in which 

the subject learns to blink in response to the sound of a tone that has been paired to 

administration of an air puff to the eye. We have found that this paradigm, which assesses a 

basic form of learning, is particularly sensitive to prenatal alcohol exposure (Jacobson et al., 

2008, 2011; Cheng et al., 2014). Using multiple regression to test statistically the degree to 

which effects of PAE on these cognitive outcomes are mediated by higher mean diffusivity 

in the CC, the two outcomes that were most clearly affected were WISC-IV information 

processing speed and eyeblink conditioning. Thus, these data suggest that fetal alcohol-

related structural deficits already seen here in the newborn CC may later affect not only 

interhemispheric transfer of information but also play a role in mediating adverse effects of 

PAE on a range of cognitive outcomes.

Given the very heavy drinking by many pregnant women in the Cape Coloured population, 

this community provided a unique opportunity to prospectively recruit large numbers of 

newborns with FAS, which would not be possible at a single U.S. site without screening tens 

of thousands of pregnant women. In addition, the prospective design of this study enabled us 
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to obtain quantitative estimates of degree of PAE based on maternal reports of drinking 

obtained during pregnancy. In several neuroimaging studies, we have found that, when 

compared with clinical diagnosis, prospective maternal reports of alcohol consumption 

during pregnancy more clearly predict adverse effects on brain structure (Meintjes et al., 

2014; De Guio et al., 2014; Robertson et al., 2016) and function (Du Plessis et al., 2014; 

Woods et al., 2015). Similarly, in this study, whereas the effect of clinical diagnostic group 

on CC size for the nonsyndromal HE group fell short of statistical significance, the 

correlation of callosal size with our continuous measure of prenatal alcohol exposure 

continued to be significant even after adjustment for potential confounding variables.

Studies comparing very preterm newborns with typically developing fullterms have used 

callosal size differences to show how premature birth disrupts brain structure (Thompson et 

al., 2011). Because the early developing brain is particularly vulnerable to teratological 

insult, neonatal structural MRI also has the potential to provide early indicators of fetal 

alcohol-related insult before confounding postnatal socioenvironmental factors begin to 

impact on development. Given that the craniofacial dysmorphic features that characterize 

FAS are often difficult to detect in infancy, early indicators of adverse effects are needed that 

will contribute to understanding the ontogeny of impairment as it unfolds across 

development. It has been suggested that, “disrupted development of the CC may have 

implications for other midline structures that develop in association with the CC, such as the 

fornix, hippocampus, septum pellucidum, and cingulate cortex” (Thompson et al., 2011). 

Midline craniofacial anomalies have been recognized as a hallmark of FAS in humans and 

animal models, since this syndrome was first identified (Jones and Smith, 1973; Sulik et al., 

1981). Given that structural deficits in other midline brain regions have also been reported in 

FASD (e.g., Johnson et al., 1996; Swayze et al., 1997; Meintjes et al., 2014), the CC deficit 

identified here in newborns may offer a unique opportunity to support early identification of 

a range of midline structural impairments.

The DTI evidence summarized above points to poorer WM integrity as a specific target of 

PAE and suggests that the CC may be particularly vulnerable. Two studies of very preterm 

infants have linked structural anomalies of the neonatal CC to functional impairment—one 

to less optimal neurological test scores at 6 weeks (Mathew et al., 2013); the other, to 

delayed cognitive development and impaired motor function at 2 years of age (Thompson et 

al., 2012). An innovative methodology indicated that degree of myelination of the CC can be 

assessed in infants, a technique that could be used in future studies of FASD to identify 

newborns at risk for the disorder (Deoni et al., 2011). Neonatal CC size has the potential to 

provide additional information that can be useful in identifying alcohol-affected children. 

For example, CC size may be one of several indicators that the infant has been exposed to 

alcohol prenatally in cases where mothers of children who meet criteria for FAS or PFAS do 

not admit drinking during pregnancy.

This study has limitations common to other longitudinal studies of prenatal exposure. 

Although the sample size is small and the study warrants replication, the findings were 

sufficiently robust to demonstrate differential effects of exposure to alcohol as contrasted to 

smoking and other drugs. Measurement error surrounding estimates of true alcohol exposure 

to the fetus may obscure some group differences, but differences between true and estimated 
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exposure are likely small, given the validation of our pregnancy alcohol ascertainment 

protocol in relation to levels of fatty acid ethyl esters in meconium samples in this 

community (Bearer et al., 2003) and the predictive validity of the timeline follow-back 

interviewing techniques we used (Jacobson et al., 2002). Given the very heavy drinking in 

this population and the unique genetic and cultural background of the infants in our sample, 

these findings warrant replication in other less exposed groups using continuous measures of 

alcohol exposure. The absence to date of broadly accepted, well-validated automated 

systems for segmenting the infant brain points to the importance of using manual tracing to 

replicate these newborn CC findings.

Given that midline craniofacial anomalies have been identified in humans and animal 

models as particularly affected in FASD, the alcohol-related newborn CC deficit seen here 

may support early identification of a range of midline structural impairments. Use of CC 

size in identifying potentially affected newborns can thus facilitate early intervention, 

including those specifically targeted at strengthening interhemispheric connectivity. Future 

studies are needed to examine the degree to which smaller CC during the newborn period 

provides an early indicator of fetal alcohol-related cognitive deficits that have been linked to 

this critically important brain structure in childhood and adolescence.
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Fig. 1. 
(A). Proton density (left), T1 relaxation time (middle) and T2* relaxation time (right) for 

newborn brain. (B) Sagittal (left), coronal (middle) and axial (right) views of a volume 

synthesized from tissue parameter estimates for a 24 degree flip angle.
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Fig 2. 
Corpus callosa in three infants: Healthy control (left); newborn with FAS (middle); heavy 

exposed nonsyndromal (right).
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Fig. 3. 
Relation of prenatal alcohol exposure to corpus callosum size: solid line shows linear 

regression line; dashed line shows median for controls.
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Table 2

Effects of FASD diagnosis on corpus callosum area

N M SD

FAS 8 94.7 13.1

HE 21 107.7 11.6

Controls 11 116.0 23.2

F(2,37) = 4.20, p = 0.023

FAS = fetal alcohol syndrome; HE = other heavy alcohol exposed
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Table 3

Relation of maternal demographics and newborn characteristics to corpus callosum area (N = 43)

r

Maternal characteristics

 Maternal age at delivery −.01

 Parity .01

 Education .29†

 Marital status .06

 Food securitya .10

 Smoking and drug use during pregnancy

  Cigarettes −.13

  Marijuana −.06

  Methamphetamine −.11

Newborn characteristics

 Sex −.07

 Gestational age at birth .02

 Age at scan −.18

 Birth weight .25

 Length −.04

 Head circumference .23

 Total intracranial volume .36*

†
p < .10

*
p < .05.

a
Dichotomized as food secure vs. food insecure; missing for 2 women.
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Table 4

Relation of prenatal alcohol exposure to corpus callosum area (N = 43)

r β1 β2

Prenatal alcohol exposure

 At conception

  AA/day −.40** −.38* −.34*

  AA/occasion −.31* −.31* −.27†

  Frequency −.42** −.37* −.34*

 Across pregnancy

  AA/day −.39* −.34* −.33*

  AA/occasion −.32* −.31* −.28†

  Frequency −.41** −.34* −.34*

†
p < .06

*
p < .05

**
p < .01

Values are Pearson r. β1 = standardized regression coefficient, after adjustment for total intracranial volume; β2 = standardized regression 

coefficient, after adjustment for total intracranial volume maternal education, prenatal exposure to smoking, marijuana, and methamphetamine.

AA = absolute alcohol
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