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The establishment of the National Institute on Alcohol Abuse
and Alcoholism (NIAAA) in 1971 was bracketed by three seminal
papers that laid the groundwork for the field of fetal alcohol
spectrum disorders (FASD) research. In 1968, Lemoine et al.!
described children with birth defects and neurodevelopmental
disorders associated with prenatal alcohol exposure (PAE). This
French-language report was not widely appreciated until after
the publication in 1973 of two landmark papers in The Lancet,?®
providing the first English-language description of fetal alcohol
syndrome (FAS). The subsequent recognition of the high global
prevalence of FASD and FAS highlighted a paradox. If alcohol
and PAE have been ubiquitous since antiquity, why was FASD
not recognized sooner?

Indeed, there were hints dating back to biblical times that
PAE was harmful to the developing fetus (reviewed by Jones and
Smith? and by Warren“). The London gin epidemic from 1690
to 1752 led to a petition by the London College of Physicians
to the House of Commons to reimpose a tax on spirits, noting
“Spirituous Liquors...[are] too often the cause of weak, feeble,
and distempered children who must be instead of an advantage
and strength a charge to their country.” Their petition
implicated distilled spirits, rather than alcohol, per se, and did
not impugn beer. Human and animal studies from the early
20th century suggested that PAE adversely affected pregnancy
outcomes; however, when NIAAA was first established,
the prevailing view was that alcohol was not harmful to the
developing fetus, and high-dose, intravenous alcohol continued
to be administered to some pregnant women to prevent
premature labor. Thus, one of NIAAA’s seminal accomplishments
was the nurturing of FASD research and the deployment of
research findings to alert clinicians, legislators, and the public to
the dangers of PAE.

This brief review focuses on selected discoveries of the
last half century on the effects of PAE, highlighting the work
of NIAAA-funded researchers as well as the Collaborative
Initiative on Fetal Alcohol Spectrum Disorders (CIFASD),
aresearch consortium funded by NIAAA from 2003 until
the present, for which Dr. Ed Riley has served as principal
investigator and the author of this review has served as scientific
director. Readers are referred to more comprehensive reviews
of FASD for additional information.>®

Fetal Alcohol Syndrome

The major functional disabilities associated with PAE are due
to lifelong cognitive and behavioral impairment.> Alcohol
affects brain development throughout pregnancy, yet the
neuropathology is often microscopic and not evident on clinical
imaging. What made FAS recognizable to early investigators
was not a specific neurodevelopmental syndrome, but rather
the associated constellation of prenatal and postnatal growth
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retardation, small head circumference (microcephaly), and
facial and nonfacial dysmorphology in infants or children

with PAE.?® Microcephaly and prenatal and postnatal growth
retardation are found in numerous neurodevelopmental
disorders. However, alcohol exposure during one of the earliest
embryonic developmental stages (i.e., gastrulation) induces
relatively specific facial dysmorphology that serves as a visible
marker for the underlying brain and neurodevelopmental
abnormalities that cause functional impairment. This specific
facial dysmorphology provided the long-missing link between
PAE, abnormal brain development, and neurodevelopmental
abnormalities. It is the frequent absence of this specific facial
dysmorphology and the difficulty of obtaining a history of

PAE that have challenged clinicians and investigators in fully
characterizing the neurodevelopmental outcomes associated
with alcohol exposure at other stages of gestation.

Diagnosis of FAS and FASD

There is no biological marker or gold standard that identifies
a child with FASD. Consequently, as research on FASD
progressed over the past half century, diagnostic criteria for
FASD, including FAS, evolved and diverged, both within the
United States and in other countries.>71°

All diagnostic systems for FAS require either two or three
of three cardinal facial features: short palpebral fissures;
smooth nasal philtrum; and thin upper lip vermilion. All
diagnostic systems also require structural and/or functional
abnormalities of the central nervous system. Prenatal and
postnatal growth retardation, although predictive of adverse
neurodevelopmental outcomes,!* are not universally required
for diagnosis. FAS may be diagnosed in the absence of a history
of PAE, given the relative specificity of the cardinal facial
features, particularly after ruling out phenocopies of FAS,
including genetic conditions and other teratogenic exposures
(see Table 4 in Hoyme et al. [2016]7).

Absent a gold standard, no diagnostic system can be
considered superior, and agreement among diagnostic systems
within a single cohort is modest.?? Clearly, clinical care and
research on FASD would benefit from the harmonization of
these various diagnostic and classification systems. Below is
amore detailed description of one representative diagnostic
framework, which was developed by the Collaboration on
Fetal Alcohol Spectrum Disorders Prevalence (CoFASP), a
study funded by NIAAA to investigate the epidemiology of
FASD across the United States.” According to CoFASP, the
umbrella term FASD encompasses any one of four conditions:
FAS, partial fetal alcohol syndrome (PFAS), alcohol-related
neurodevelopmental disorder (ARND), and alcohol-related
birth defects (ARBD) (see Table 1).”
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Table 1. Diagnostic Criteria for Four Conditions Within the FASD Spectrum According to CoFASP.

riterium

Confirmed Prenatal  Yes
Alcohol Exposure?

Facial Required Required Required
Dysmorphology®

Growth Deficiency Required Required Not required
Brain Abnormality  Required Required Not required
Cognitive or Required Required Required
Behavioral

Impairmente

Other Systemic
Malformation

Not required Not required Not required

Required Not required N/A
Required if brain  Not required N/A
abnormality is

not present

Required if Not required N/A
growth deficiency

is not present

Required Required* N/A

Not required Not required Required

2 Defined as = 6 drinks/week for 2 weeks or > 3 drinks on > 2 occasions; documentation of maternal intoxication in records; positive
biomarker for alcohol; or evidence of risky maternal drinking on a validated screening tool.

b Defined as > 2 of the following: short palpebral fissures, thin vermilion border, and smooth philtrum.

¢ Defined as height and/or weight < 10t centile based on racially/ethnically normed charts.

4 Defined as head circumference < 10 centile, structural brain anomaly, or recurrent nonfebrile seizures.

¢ Cognitive impairment is defined as global cognitive impairment, verbal or spatial IQ, or individual neurocognitive domain = 1.5 SD
below mean. Behavioral impairment is defined as impairment of self-regulation = 1.5 SD below mean. For children under age 3,

developmental delay is required.

* ARND requires two behavioral or cognitive deficits if IQ is not 2 1.5 SD below the mean.

Note: ARBD, alcohol-related birth defects; ARND, alcohol-related neurodevelopmental disorder; FAS, fetal alcohol syndrome; N/A, not

applicable.

Source: Adapted with permission from Wozniak et al.>

The CoFASP diagnostic criteria for FAS require
abnormalities in four clinical domains: craniofacial anomalies;
growth retardation; abnormal brain structure or function;
and neurobehavioral impairment.” Short palpebral fissures
are identified when direct measures are in the 10th centile
or below. Smooth philtrum and thin vermilion border are
identified by comparing facial features to racially normed lip/
philtrum charts. Only two of the three cardinal craniofacial
anomalies need be present for an FAS diagnosis. Prenatal and/
or postnatal growth deficiency is defined as height and/or
weight in the 10th centile or below. Abnormal brain structure
or function may include head circumference in the 10th
centile or below, structural brain abnormalities, or recurrent
nonfebrile seizures.

In the CoFASP framework, neurobehavioral impairment is
measured using standardized tests and may include cognitive
deficits, such as low full-scale 1Q, as well as impairment
of executive functioning, learning, memory, visuospatial
perception, or behavior, including self-regulation, attention,
and impulse control. Most of these impairments are defined
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based on scores of at least 1.5 standard deviation (SD) below
the mean. For children younger than age 3, the criterion for
neurobehavioral impairment is met if there is developmental
delay of at least 1.5 SD below the mean.” Other diagnostic
systems set different thresholds for dysmorphology and
neurobehavioral impairment. For example, a framework
included in the most recent edition of the Diagnostic and
Statistical Manual of Mental Disorders (DSM-5)'2 as a condition
for further study focuses on three domains of impairment
(i.e., neurocognitive, self-regulation, and adaptive function).'®
Mattson and colleagues provide a detailed description of
neurobehavioral impairment in FASD.*

According to the CoFASP framework, with documented
PAE, a diagnosis of PFAS is made when there is cardinal
facial dysmorphology and neurobehavioral impairment but
no growth retardation and no abnormal brain structure or
function; absent evidence of PAE, the diagnosis of PFAS
additionally requires growth deficiency or deficient brain
growth.” ARND is diagnosed when there is neurobehavioral
impairment and a history of PAE but no cardinal facial
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dysmorphology.” Although many children with FASD have

a constellation of dysmorphic features affecting the face,

limbs, and internal organs, PAE in rare cases causes major
malformations without neurobehavioral impairment, structural
brain abnormalities, or growth retardation. This condition is
referred to as ARBD.”

The definition of PAE assumes great importance in clinical
diagnosis and research but differs among the different
diagnostic systems. CoFASP defines PAE based on one of the
followed criteria for maternal alcohol consumption: six or more
drinks per week for two or more weeks during pregnancy;
three or more drinks on at least two occasions; alcohol-
related social or legal problems around the time of pregnancy;
documented intoxication during pregnancy; positive testing
for biomarkers associated with alcohol exposure; or a positive
screen using a validated tool for alcohol use.”

Alcohol Is a Teratogen

Many children diagnosed with FASD have been exposed

to other drugs, such as nicotine, cannabinoids, opioids,

or stimulants; have nutritional deficiency; are raised in

chaotic households; and experience numerous adverse
childhood events. Separately, each of these insults may cause
neurobehavioral impairment. Therefore, not surprisingly, there
was initial reluctance to accept that alcohol causes birth defects
(i.e.,is ateratogen).

Animal models can control for many of these confounding
variables and provided the first strong evidence that alcohol
was indeed teratogenic. Sulik and colleagues showed that a
single alcohol exposure during gastrulation in mice caused
microcephaly, growth retardation, and the cardinal facial
features of FAS in the absence of nutritional deficiency or
other teratogens.'® This discovery drew a direct connection
between alcohol and the constellation of developmental
abnormalities described less than a decade earlier in humans
with FAS. It allowed the conclusion that alcohol toxicity causes
FAS, even though concurrent teratogenic exposures, genetic
polymorphisms, nutritional deficiency, and stressors may
further impact craniofacial and brain development. Because
gastrulation occurs during the third week of human gestation,
when many women are unaware of their pregnancies, this
seminal work also underscored the potential for binge drinking
to cause FAS prior to pregnancy recognition.

Later work from the same laboratory highlighted both
the relative specificity and insensitivity of the cardinal
facial dysmorphology of FAS as a marker of PAE.*%17
Whereas alcohol exposure in mice on gestational day 7
(corresponding to gastrulation) reproduced the cardinal
facial dysmorphology of FAS, exposure on gestational
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day 8.5 (corresponding to neurulation) produced different
facial anomalies more characteristic of DiGeorge syndrome
or retinoic acid embryopathy. Indeed, retinoic acid exposure
and alcohol exposure during gastrulation in mice caused
similar malformations. Although alcohol and retinoic acid
are chemically unrelated, their common potentiation of
programmed cell death in selected embryonic cell populations
induced similar, stage-dependent, developmental outcomes.*8%?
These animal studies demonstrated that the presence and
pattern of craniofacial malformations were dependent on the
timing of teratogen exposure. The cardinal facial dysmorphology
that was first and irrevocably associated with FAS proved to be
a happenstance of alcohol exposure during gastrulation. These
discoveries contributed to the recognition that, at least in some
people, neurobehavioral impairment due to PAE could occur
in the absence of cardinal facial dysmorphology or any facial
dysmorphology at all, as is the case in people with ARND.

The Face Is a Window to the Brain

The first descriptions of FAS identified a variety of craniofacial
abnormalities in addition to the cardinal features of

short palpebral fissures, smooth nasal philtrum, and thin
upper lip vermilion. Some of these malformations, such as
maxillary hypoplasia, ptosis, and retrognathia, occur in a
host of developmental disorders and are readily recognized
by geneticists, dysmorphologists, and developmental
pediatricians. Therefore, a major quest for the field has
been the discovery of other patterns of facial or nonfacial
dysmorphology that might also link neurobehavioral
impairment to PAE, even in the absence of a history of PAE.

An equally important goal has been to simplify or automate
the detection of any defining facial dysmorphology to facilitate
diagnosis for the many patients that lack access to highly
specialized clinicians. Astley used computer analysis of two-
dimensional facial photographs to evaluate the diagnostic
features defined by the FASD 4-Digit Diagnostic Code,?° whereas
CIFASD and other investigators employed automated analysis
of three-dimensional (3D) facial images. Suttie and colleagues
used dense surface modeling to study facial dysmorphology in
3D images of children from the CIFASD cohort.?! This method
allowed them to quantitate facial shape and to sort facial images
based on the degree to which they resembled those of children
with FAS or controls. This analysis differentiated children with
PAE whose faces did not clearly show the characteristic features
(i.e., those who had nonsyndromal faces) from children without
PAE with greater than 90% specificity. Importantly, children with
PAE who had nonsyndromal facial features also had significantly
lower IQ and learning ability than children whose faces more
closely resembled controls. Using dense surface modeling,
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Muggli and colleagues demonstrated that even mild PAE could
affect facial shape.??

Technology has evolved to enable the acquisition of 3D
images on smartphones, and contour analysis can be automated
in the Cloud. Hence, it may be possible to automate the analysis
of facial dysmorphology and facilitate the diagnosis of FASD
wherever access to internet-connected smartphones is available.

Epidemiology of FASD

FASD is the most common preventable cause of intellectual
disability.?® Using active case ascertainment, CoFASP
investigators estimated the prevalence of FASD among
first-grade students to be 1% to 5% across four regions of
the United States.?* These conservative estimates of FASD
prevalence equal or exceed those for autism spectrum
disorder. Among 222 cases identified as FASD within this
cohort, 12% were classified as FAS, 47% as PFAS, and 41%
as ARND. However, only two of the 222 children (1%) had
previously been diagnosed with FASD, highlighting the extent
to which FASD is underrecognized or misdiagnosed.?®

Estimates of FASD prevalence vary across studies, in part
because of differences in study methodology and classification
definitions. One meta-analysis estimated the global prevalence
of FAS at 0.15% and FASD at 0.77%.2¢ Prevalence estimates
also vary across different countries due to cultural differences
in drinking. One of the highest estimates of FASD prevalence
has been 14% to 21% in the wine-growing region of the
Western Cape Province of South Africa, where weekend binge
drinking has been common.?’

High rates of binge drinking during the childbearing years
are an important contributor to the high prevalence of FASD
in the United States. Approximately 25% of Americans ages
18 to 44 binge drink, 45% of pregnancies are unintended,
and gastrulation often occurs before a woman is aware of her
pregnancy.?®2? Among pregnant women, the prevalence of any
alcohol use (10%) and binge drinking (3%) within the past 30
days is also high. The combination of binge drinking and sex
without contraception greatly increases the risk of an alcohol-
exposed pregnancy.

Whereas binge drinking is a widely accepted risk for
FASD, there is less certainty regarding the risk associated
with low or moderate levels of alcohol consumption during
pregnancy, stemming in part from the inherent challenge of
proving safety as opposed to harm. Both human and animal
studies have failed to establish a threshold for safe drinking
during pregnancy.®® For example, in cell culture experiments,
alcohol concentrations corresponding to those achieved in
the blood and fetus after just one drink inhibit cell adhesion
mediated by the developmentally critical L1 neural cell
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adhesion molecule.®! In humans, intake of less than five to six
standard U.S. drinks per week is associated with craniofacial
dysmorphology and neurobehavioral impairment.22:30:32
Research funded by NIAAA has played a major role in
informing the advisories from the U.S. Surgeon General that
women who are pregnant or trying to conceive should not
consume alcoholic beverages.*

The Neurodevelopmental Effects
of PAE

Early autopsy studies in infants and children with FAS revealed
major brain malformations.®® Among these were microcephaly,
agenesis or hypoplasia of the corpus callosum, ventricular
enlargement, dysplasia of the anterior lobes of the cerebellum,
and neuronoglial heterotopias—findings consistent with major
disruption of neurogenesis, neural cell migration, and the
premature triggering of programmed cell death. These gross
neuropathological abnormalities are not observed in most
children with FASD but highlight the mechanisms underlying
similar, but milder, abnormalities in grey matter thickness,
microstructural white matter abnormalities, decreased
brain volume, and neuronal and glial migration defects.”
Prenatal alcohol exposure also alters the trajectory of grey
matter development during childhood.?* In some studies,
facial abnormalities correlated with volume reductions in
specific brain regions, reinforcing the concept that face and
brain dysmorphology arise concurrently and that the face is
awindow to the brain.?”%>3¢ Clinical imaging in children with
FASD is frequently normal, reflecting the microscopic nature
of brain developmental abnormalities that underlie typical
neurobehavioral impairments related to PAE. Overall, studies
found that neurodevelopmental outcomes are related to the
quantity, frequency, and timing of alcohol exposure as well as
to maternal age, nutritional status, socioeconomic status, and
genetic background of both mother and fetus.®

Animal studies have shown that alcohol disrupts brain
development through a variety of mechanisms. Alcohol causes
oxidative injury and programmed cell death in neural crest cells
destined to form craniofacial and brain structures.*>!37 Alcohol
is metabolized to acetaldehyde, a toxic molecule that chemically
modifies and damages DNA and cells.®® Alcohol also produces
enduring epigenetic changes® that alter DNA transcription
and diverse signaling pathways involved in brain development.
Moreover, alcohol impairs neurogenesis and diverts
differentiation of neural stem cells from neural to nonneural
lineages, contributing to brain volume reductions.® Early
research further identified similarities between FAS and milder
phenotypes of syndromes associated with holoprosencephaly,*°
adisorder that affects midline craniofacial and brain
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development and is sometimes associated with mutations in the
Sonic hedgehog (Shh) gene. Alcohol similarly disrupts the Shh
signaling pathway,*>*? thereby altering the function of primary
cilia**—cellular organelles that are critical for development.
Alcohol also may disrupt neuronal cell migration and synaptic
connections through its interactions with the L1 protein,
a developmentally critical neural cell adhesion molecule
that guides neuronal cell migration and axon pathfinding.
Alcohol inhibits L1-mediated cell adhesion at half maximal
concentrations achieved after just one drink.%! Alcohol blocks
L1 adhesion by binding to specific amino acids that regulate
the interaction of L1 molecules located on adjacent cells.**
The nanopeptide NAPVSIPQ potently antagonizes alcohol
inhibition of L1 adhesion and prevents alcohol teratogenesis in
mouse embryos.*®
Finally, genetic factors also may influence the development
of FAS and alcohol’s effects on neurodevelopment.
Concordance for FAS is higher in monozygotic than dizygotic
twins,* and diverse genes have been identified that modulate
the effects of alcohol on craniofacial and brain development.448

Biomarkers of Alcohol Exposure
and Adverse Outcome Risk

In many cases, information on an infant’s history of PAE is
unavailable or unreliable, hampering the clinical diagnosis
of FASD and related research. Analyses of early markers of
alcohol exposure, such as fatty acid ethyl esters in meconium,
can provide relatively sensitive and specific confirmation
of PAE in the last two trimesters of pregnancy*’ but are not
routinely performed in clinical practice. More recent research
from CIFASD has raised hopes that biomarkers of exposure
and risk for adverse outcomes may be obtained during the
second trimester to identify infants and children requiring early
intervention. For example, maternal blood samples from the
second trimester of pregnancy showed increased methylation
of pro-opiomelanocortin and period 2 genes,*® unique cytokine
signatures,®! and a unique profile of micro RNAs linked to
alcohol exposure and neurodevelopmental delay.*? Infant
plasma micro RNAs also predicted PAE-associated growth
restriction and cognitive development.>3

Some of these biomarkers also may be mediators of
biological effects of PAE. Decreased expression of pro-
opiomelanocortin was associated with increased levels of
cortisol in children with PAE, consistent with disinhibition of the
hypothalamic pituitary stress axis.>° The identified micro RNAs
were shown to collectively modulate placental growth and
development,** and proinflammatory cytokines may predispose
to autoimmune and inflammatory conditions later in life.>>%¢
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FASD Across the Lifespan

The effects of PAE on morphology and neurobehavior and health
are lifelong.> As children with FASD mature into adulthood, the
cardinal facial dysmorphology may become less pronounced,
making diagnosis in adulthood more difficult.”” More challenging
still is the diagnosis of FASD in adults with neurobehavioral
disorders who lack both cardinal facial dysmorphology and a
history of PAE. The high prevalence of FASD makes it likely that
many such individuals are followed in adult medical practices
without ever being diagnosed.

A growing area of FASD research concerns the developmental
origins of health and disease associated with PAE.>® Premature
death and increased prevalence of metabolic,immune, and
cardiovascular disorders have been reported in informal surveys
of adults with FASD>¢ as well as in epidemiological studies.>>?
For example, studies in human cohorts and zebrafish indicate
that PAE induces elements of metabolic syndrome in adults by
modifying developmental programs for hepatic and adipose
tissue embryogenesis.¢° Further research will be important to
delineate the full range of human diseases associated with PAE to
allow for earlier detection and intervention.

The Next 50 Years

What should we hope for from the next 50 years of NIAAA-
funded research on FASD? There will never be enough
specialized clinics to diagnose and treat the large numbers of
children and adults with FASD. Recent advances in remote
diagnosis of facial dysmorphology and in neurobehavioral
assessment®! hold promise for broader access to automated,
cloud-based screening and diagnostic tools. The identification
of more specific markers of PAE and adverse developmental
outcomes will greatly aid diagnosis. Treatment is similarly limited
by the high prevalence of FASD in relation to the availability of
skilled therapists. The refinement of early interventions and
their translation to accessible online platforms will be necessary
to fully address the public health burden of FASD. App-based
approaches show early promise but still require considerable
development and refinement.®? Studies on the postnatal
administration of choline to mitigate the neurodevelopmental
effects of PAE also have been encouraging.®*-¢> Finally, the high
prevalence of FASD will most readily be reduced by continued
progress in one of NIAAA’s primary missions—the development
of effective strategies to prevent and treat alcohol use disorder
and the patterns of drinking that engender PAE. Equally
important will be the reduction in stigma associated with these
disorders, so that effective strategies are embraced by those at
risk or affected.

ALCOHOL RESEARCH current Reviews



References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Lemoine P, Harousseau H, Borteyru JP, Menuet JC. Les enfants de
parents alcooliques: Anomalies observées a propos de 127 cas[The
children of alcoholic parents: Anomalies observed in 127 cases].
Quest-médicale. 1968;21:476-482.

Jones KL, Smith DW. Recognition of the fetal alcohol syndrome

in early infancy. Lancet. 1973;302(7836):999-1001. https://doi.
org/10.1016/s0140-6736(73)91092-1.

Jones KL, Smith DW, Ulleland CN, Streissguth P. Pattern of
malformation in offspring of chronic alcoholic mothers. Lancet.
1973;1(7815):1267-1271. https://doi.org/10.1016/s0140-
6736(73)91291-9.

Warren KR. Areview of the history of attitudes toward drinking in
pregnancy. Alcohol Clin Exp Res. 2015;39(7):1110-1117. https://doi.
org/10.1111/acer.12757.

Wozniak JR, Riley EP, Charness ME. Clinical presentation,
diagnosis, and management of fetal alcohol spectrum disorder.
Lancet Neurol. 2019;18(8):760-770. https://doi.org/10.1016/51474-
4422(19)30150-4.

Mattson SN, Bernes GA, Doyle LR. Fetal alcohol spectrum
disorders: A review of the neurobehavioral deficits associated with
prenatal alcohol exposure. Alcohol Clin Exp Res. 2019;43(6):1046-
1062. https://doi.org/10.1111/acer.14040.

Hoyme HE, Kalberg WO, Elliott AJ, et al. Updated clinical guidelines
for diagnosing fetal alcohol spectrum disorders. Pediatrics.
2016;138(2):e20154256. https://doi.org/10.1542/peds.2015-
4256.

Coles CD, Gailey AR, Mulle JG, Kable JA, Lynch ME, Jones KL. A
comparison among 5 methods for the clinical diagnosis of fetal
alcohol spectrum disorders. Alcohol Clin Exp Res. 2016;40(5):
1000-1009. https://doi.org/10.1111/acer.13032.

Hemingway SJA, Bledsoe JM, Brooks A, et al. Comparison of the
4-Digit Code, Canadian 2015, Australian 2016 and Hoyme 2016
fetal alcohol spectrum disorder diagnostic guidelines. Adv Pediatr
Res. 2019;6(2):31. https://doi.org/10.35248/2385-4529.19.6.31.
Cook JL, Green CR, Lilley CM, et al. Fetal alcohol spectrum
disorder: A guideline for diagnosis across the lifespan. CMAJ.
2016;188(3):191-197. https://doi.org/10.1503/cmaj.141593.
Carter RC, Jacobson JL, Molteno CD, Dodge NC, Meintjes EM,
Jacobson SW. Fetal alcohol growth restriction and cognitive
impairment. Pediatrics. 2016;138(2):e20160775. https://doi.
org/10.1542/peds.2016-0775.

American Psychiatric Association. Diagnostic and Statistical Manual
of Mental Disorders. 5th ed. Arlington, VA: American Psychiatric
Association; 2013.

Kable JA, O’Connor MJ, Olson HC, et al. Neurobehavioral Disorder
Associated with Prenatal Alcohol Exposure (ND-PAE): Proposed
DSM-5 diagnosis. Child Psychiatry Hum Dev. 2015;47(2016):
335-346. https://doi.org/10.1007/s10578-015-0566-7.

Mattson SN, Riley EP, Gramling L, Delis DC, Jones KL.
Neuropsychological comparison of alcohol-exposed

children with or without physical features of fetal alcohol
syndrome. Neuropsychology. 1998;12(1):146-53. https://doi.
org/10.1037//0894-4105.12.1.146.

Sulik KK, Johnston MC, Webb MA. Fetal alcohol syndrome:
Embryogenesis in a mouse model. Science. 1981;214(4523):
936-938. https://doi.org/10.1126/science.6795717.

Sulik KK, Dehart DB. Retinoic-acid-induced limb malformations
resulting from apical ectodermal ridge cell death. Teratology.
1988;37(6):527-537. https://doi.org/10.1002/tera.1420370602.
Lipinski RJ, Hammond P, O’Leary-Moore SK, et al. Ethanol-induced
face-brain dysmorphology patterns are correlative and exposure-
stage dependent. PloS One. 2012;7(8):e43067. https://doi.
org/10.1371/journal.pone.0043067.

Vol 42 No 12022

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

Sulik KK, Cook CS, Webster WS. Teratogens and craniofacial
malformations: Relationships to cell death. Development. 1988;103
Suppl:213-231. https://journals.biologists.com/dev/article-
pdf/103/Supplement/213/1120752/213.pdf.

Dunty WC Jr, Chen SY, Zucker RM, Dehart DB, Sulik KK.

Selective vulnerability of embryonic cell populations to ethanol-
induced apoptosis: Implications for alcohol-related birth

defects and neurodevelopmental disorder. Alcohol Clin Exp Res.
2001;25(10):1523-1535. http://dx.doi.org/10.1097/00000374-
200110000-00017.

Astley SJ. Palpebral fissure length measurement: Accuracy of the
FAS facial photographic analysis software and inaccuracy of the
ruler. J Popul Ther Clin Pharmacol. 2015;22(1):e9-e26.

Suttie M, Foroud T, Wetherill L, et al. Facial dysmorphism across
the fetal alcohol spectrum. Pediatrics. 2013;131(3):e779-e788.
https://doi.org/10.1542/peds.2012-1371.

Muggli E, Matthews H, Penington A, et al. Association between
prenatal alcohol exposure and craniofacial shape of children

at 12 months of age. JAMA Pediatr. 2017;171(8):771-780.
https://doi.org/10.1001/jamapediatrics.2017.0778.

Williams JF, Smith VC, Committee on Substance Abuse. Fetal
alcohol spectrum disorders. Pediatrics. 2015;136(5):e1395-e1406.
https://doi.org/10.1542/peds.2015-3113.

May PA, Chambers CD, Kalberg WO, et al. Prevalence of

fetal alcohol spectrum disorders in 4 US communities. JAMA.
2018;319(5):474-482. https://doi.org/10.1001/jama.2017.21896.
Chasnoff IJ, Wells AM, King L. Misdiagnosis and missed diagnoses
infoster and adopted children with prenatal alcohol exposure.
Pediatrics. 2015;135(2):264-270. https://doi.org/10.1542/
peds.2014-2171.

Lange S, Probst C, Gmel G, Rehm J, Burd L, Popova S. Global
prevalence of fetal alcohol spectrum disorder among children

and youth: A systematic review and meta-analysis. JAMA
Pediatr. 2017;171(10):948-956. https://doi.org/10.1001/
jamapediatrics.2017.1919.

May PA, Blankenship J, Marais AS, et al. Approaching the
prevalence of the full spectrum of fetal alcohol spectrum disorders
in a South African population-based study. Alcohol Clin Exp Res.
2013;37(5):818-830. https://doi.org/10.1111/acer.12033.

Tan CH, Denny CH, Cheal NE, Sniezek JE, Kanny D. Alcohol use and
binge drinking among women of childbearing age - United States,
2011-2013. MMWR Morb Mortal Wkly Rep. 2015;64(37):1042-1046.
https://doi.org/10.15585/mmwr.mmé6437a3.

Finer LB, Zolna MR. Declines in unintended pregnancy in the United
States, 2008-2011. N Engl J Med. 2016;374(9):843-852. https://doi.
org/10.1056/NEJMsal1506575.

Charness ME, Riley EP, Sowell ER. Drinking during pregnancy

and the developing brain: Is any amount safe? Trends Cogn Sci.
2016;20(2):80-82. https://doi.org/10.1016/j.tics.2015.09.011.
Ramanathan R, Wilkemeyer MF, Mittal B, Perides G, Charness ME.
Ethanol inhibits cell-cell adhesion mediated by human L1. J Cell Biol.
1996;133(2):381-390. https://doi.org/10.1083/jch.133.2.381.
Lees B, Mewton L, Jacobus J, et al. Association of prenatal alcohol
exposure with psychological, behavioral, and neurodevelopmental
outcomes in children from the adolescent brain cognitive
development study. Am J Psychiatry. 2020;177(11):1060-1072.
https://doi.org/10.1176/appi.ajp.2020.20010086.

Clarren SK, Alvord EJ, Sumi SM, Streissguth AP, Smith DW. Brain
malformations related to prenatal exposure to ethanol. J Pediatr.
1978;92(1):64-67. https://doi.org/10.1016/s0022-3476(78)
80072-9.

Lebel C, Mattson SN, Riley EP, et al. A longitudinal study of the
long-term consequences of drinking during pregnancy: Heavy in
utero alcohol exposure disrupts the normal processes of brain
development. J Neurosci. 2012;32(44):15243-15251. https://doi.
org/10.1523/JNEUROSCI.1161-12.2012.

ALCOHOL RESEARCH cCurrent Reviews


https://doi.org/10.1016/s0140-6736(73)91092-1
https://doi.org/10.1016/s0140-6736(73)91092-1
https://doi.org/10.1016/s0140-6736(73)91291-9
https://doi.org/10.1016/s0140-6736(73)91291-9
https://doi.org/10.1111/acer.12757
https://doi.org/10.1111/acer.12757
https://doi.org/10.1016/S1474-4422(19)30150-4
https://doi.org/10.1016/S1474-4422(19)30150-4
https://doi.org/10.1111/acer.14040
https://doi.org/10.1542/peds.2015-4256
https://doi.org/10.1542/peds.2015-4256
https://doi.org/10.1111/acer.13032
https://doi.org/10.35248/2385-4529.19.6.31
https://doi.org/10.1503/cmaj.141593
https://doi.org/10.1542/peds.2016-0775
https://doi.org/10.1542/peds.2016-0775
https://doi.org/10.1007/s10578-015-0566-7
https://doi.org/10.1037/0894-4105.12.1.146
https://doi.org/10.1037/0894-4105.12.1.146
https://doi.org/10.1126/science.6795717
https://doi.org/10.1002/tera.1420370602
https://doi.org/10.1371/journal.pone.0043067
https://doi.org/10.1371/journal.pone.0043067
https://journals.biologists.com/dev/article-pdf/103/Supplement/213/1120752/213.pdf
https://journals.biologists.com/dev/article-pdf/103/Supplement/213/1120752/213.pdf
http://dx.doi.org/10.1097/00000374-200110000-00017
http://dx.doi.org/10.1097/00000374-200110000-00017
https://doi.org/10.1542/peds.2012-1371
https://doi.org/10.1001/jamapediatrics.2017.0778
https://doi.org/10.1542/peds.2015-3113
https://doi.org/10.1001/jama.2017.21896
https://doi.org/10.1542/peds.2014-2171
https://doi.org/10.1542/peds.2014-2171
https://doi.org/10.1001/jamapediatrics.2017.1919
https://doi.org/10.1001/jamapediatrics.2017.1919
https://doi.org/10.1111/acer.12033
https://doi.org/10.15585/mmwr.mm6437a3
https://doi.org/10.1056/NEJMsa1506575
https://doi.org/10.1056/NEJMsa1506575
https://doi.org/10.1016/j.tics.2015.09.011
https://doi.org/10.1083/jcb.133.2.381
https://doi.org/10.1176/appi.ajp.2020.20010086
https://doi.org/10.1016/s0022-3476(78)80072-9
https://doi.org/10.1016/s0022-3476(78)80072-9
https://doi.org/10.1523/JNEUROSCI.1161-12.2012
https://doi.org/10.1523/JNEUROSCI.1161-12.2012

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

Suttie M, Wozniak JR, Parnell SE, et al. Combined face-brain
morphology and associated neurocognitive correlates in fetal
alcohol spectrum disorders. Alcohol Clin Exp Res. 2018;42(9):
1769-1782. https://doi.org/10.1111/acer.13820.

Roussotte FF, Sulik KK, Mattson SN, et al. Regional brain volume
reductions relate to facial dysmorphology and neurocognitive
functionin fetal alcohol spectrum disorders. Hum Brain Mapp.
2012;33(4):920-937. https://doi.org/10.1002/hbm.21260.

Chen SY, Sulik KK. Free radicals and ethanol-induced cytotoxicity
in neural crest cells. Alcohol Clin Exp Res. 1996;20(6):1071-1076.
https://doi.org/10.1111/j.1530-0277.1996.tb01948.x.

Serio RN, Gudas LJ. Modification of stem cell states by alcohol
and acetaldehyde. Chem Biol Interact. 2020;316:108919.
https://doi.org/10.1016/j.cbi.2019.108919.

LiuY, Balaraman Y, Wang G, Nephew KP, Zhou FC. Alcohol
exposure alters DNA methylation profiles in mouse embryos

at early neurulation. Epigenetics. 2009;4(7):500-511. https://doi.
org/10.4161/epi.4.7.9925.

Sulik KK, Johnston MC. Embryonic origin of holoprosencephaly:
Interrelationship of the developing brain and face. Scan Electron
Microsc. 1982;(Pt 1):309-322.

Ahlgren SC, Thakur V, Bronner-Fraser M. Sonic hedgehog rescues
cranial neural crest from cell death induced by ethanol exposure.
Proc Natl Acad Sci U S A. 2002;99(16):10476-10481. https://doi.
org/10.1073/pnas.162356199.

Kietzman HW, Everson JL, Sulik KK, Lipinski RJ. The teratogenic
effects of prenatal ethanol exposure are exacerbated by Sonic
Hedgehog or GLI2 haploinsufficiency in the mouse. PLoS One.
2014;9(2):e89448. https://doi.org/10.1371/journal.pone.0089448.
Boschen KE, Fish EW, Parnell SE. Prenatal alcohol exposure
disrupts Sonic hedgehog pathway and primary cilia genes in the
mouse neural tube. Reprod Toxicol. 2021;105:136-147. https://doi.
org/10.1016/j.reprotox.2021.09.002.

Arevalo E, Shanmugasundararaj S, Wilkemeyer MF, et al. An
alcohol binding site on the neural cell adhesion molecule L1. Proc
Natl Acad Sci US A. 2008;105(1):371-375. https://doi.org/10.1073/
pnas.0707815105.

Wilkemeyer MF, Chen SY, Menkari C, Brenneman D, Sulik KK,
Charness ME. Differential effects of ethanol antagonism and
neuroprotection in peptide fragment NAPVSIPQ prevention

of ethanol-induced developmental toxicity. Proc Natl Acad Sci
USA.2003;100(14):8543-8548. https://doi.org/10.1073/
pnas.1331636100.

Streissguth AP, Dehaene P. Fetal alcohol syndrome in twins

of alcoholic mothers: Concordance of diagnosis and 1Q. Am J

Med Genet. 1993;47(6):857-861. https://doi.org/10.1002/
ajmg.1320470612.

McCarthy N, Wetherill L, Lovely CB, Swartz ME, Foroud

TM, Eberhart JK. Pdgfra protects against ethanol-induced
craniofacial defects in a zebrafish model of FASD. Development.
2013;140(15):3254-3265. https://doi.org/10.1242/dev.094938.
Eberhart JK, Parnell SE. The genetics of fetal alcohol spectrum
disorders. Alcohol Clin Exp Res. 2016;40(6):1154-1165. https://doi.
org/10.1111/acer.13066.

Bearer CF, Jacobson JL, Jacobson SW, et al. Validation of a new
biomarker of fetal exposure to alcohol. J Pediatr. 2003;143(4):
463-469. https://doi.org/10.1067/50022-3476(03)00442-6.
Sarkar DK, Gangisetty O, Wozniak JR, et al. Persistent changes in
stress-regulatory genes in pregnant women or children exposed
prenatally to alcohol. Alcohol Clin Exp Res. 2019;43(9):1887-1897.
https://doi.org/10.1111/acer.14148.

Vol 42 No 1| 2022

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Bodnar TS, Raineki C, Wertelecki W, et al. Altered maternal
immune networks are associated with adverse child
neurodevelopment: Impact of alcohol consumption during
pregnancy. Brain Behav Immun. 2018;73:205-215. https://doi.
org/10.1016/.bbi.2018.05.004.

Balaraman S, Schafer JJ, Tseng AM, et al. Plasma miRNA profiles
in pregnant women predict infant outcomes following prenatal
alcohol exposure. PLoS One. 2016;11(11):e0165081. https://doi.
org/10.1371/journal.pone.0165081.

Mahnke AH, Sideridis GD, Salem NA, et al. Infant circulating
MicroRNAs as biomarkers of effect in fetal alcohol spectrum
disorders. Sci Rep. 2021;11(1):1429. https://doi.org/10.1038/
s41598-020-80734-y.

Tseng AM, Mahnke AH, Wells AB, et al. Maternal circulating
miRNAs that predict infant FASD outcomes influence placental
maturation. Life Sci Alliance. 2019;2(2):e201800252. https://doi.
org/10.26508/1sa.201800252.

Popova S, Lange S, Shield K, et al. Comorbidity of fetal alcohol
spectrumdisorder: A systematic review and meta-analysis. Lancet.
2016;387(10022):978-987. https://doi.org/10.1016/S0140-
6736(15)01345-8.

Himmelreich M, Lutke CJ, Hargrove E. The lay of the land: Fetal
alcohol spectrum disorder (FASD) as a whole-body diagnosis. In:
Begun AL, Murray MM, eds. The Routledge Handbook of Social Work
and Addictive Behaviors. London, UK: Routledge; 2020:191-215.
Streissguth AP, Aase JM, Clarren SK, Randels SP, LaDue RA,
Smith DF. Fetal alcohol syndrome in adolescents and adults.
JAMA. 1991;265(15):1961-1967. https://doi.org/10.1001/
jama.1991.03460150065025.

Lunde ER, Washburn SE, Golding MC, Bake S, Miranda RC,
Ramadoss J. Alcohol-induced developmental origins of adult-onset
diseases. Alcohol Clin Exp Res. 2016;40(7):1403-1414. https://doi.
org/10.1111/acer.13114.

Kable JA, Mehta PK, Coles CD. Alterations in insulin levels in
adults with prenatal alcohol exposure. Alcohol Clin Exp Res.
2021;45(3):500-506. https://doi.org/10.1111/acer.14559.
Weeks O, Bosse GD, Oderberg IM, et al. Fetal alcohol spectrum
disorder predisposes to metabolic abnormalities in adulthood.

J Clin Invest. 2020;130(5):2252-2269. https://doi.org/10.1172/
JCI132139.

Goh PK, Doyle LR, Glass L, et al. A decision tree to identify children
affected by prenatal alcohol exposure. J Pediatr. 2016;177:121-127.
el. https://doi.org/10.1016/j.jpeds.2016.06.047.

Petrenko CL, Parr J, Kautz C, Tapparello C, Olson HC. A mobile
health intervention for fetal alcohol spectrum disorders (Families
Moving Forward Connect): Development and qualitative
evaluation of design and functionalities. JMIR Mhealth Uhealth.
2020;8(4):e14721. https://doi.org/10.2196/14721.

Thomas JD, La Fiette MH, Quinn VR, Riley EP. Neonatal choline
supplementation ameliorates the effects of prenatal alcohol
exposure on adiscrimination learning task in rats. Neurotoxicol
Teratol. 2000;22(5):703-711. https://doi.org/10.1016/s0892-
0362(00)00097-0.

Warton FL, Molteno CD, Warton CMR, et al. Maternal choline
supplementation mitigates alcohol exposure effects on neonatal
brain volumes. Alcohol Clin Exp Res. 2021;45(9):1762-1774. https://
doi.org/10.1111/acer.14672.

Wozniak JR, Fink BA, Fuglestad AJ, et al. Four-year follow-up of
arandomized controlled trial of choline for neurodevelopment in
fetal alcohol spectrum disorder. J Neurodev Disord. 2020;12(1):9.
https://doi.org/10.1186/s11689-020-09312-7.

ALCOHOL RESEARCH current Reviews


https://doi.org/10.1111/acer.13820
https://doi.org/10.1002/hbm.21260
https://doi.org/10.1111/j.1530-0277.1996.tb01948.x
https://doi.org/10.1016/j.cbi.2019.108919
https://doi.org/10.4161/epi.4.7.9925
https://doi.org/10.4161/epi.4.7.9925
https://doi.org/10.1073/pnas.162356199
https://doi.org/10.1073/pnas.162356199
https://doi.org/10.1371/journal.pone.0089448
https://doi.org/10.1016/j.reprotox.2021.09.002
https://doi.org/10.1016/j.reprotox.2021.09.002
https://doi.org/10.1073/pnas.0707815105
https://doi.org/10.1073/pnas.0707815105
https://doi.org/10.1073/pnas.1331636100
https://doi.org/10.1073/pnas.1331636100
https://doi.org/10.1002/ajmg.1320470612
https://doi.org/10.1002/ajmg.1320470612
https://doi.org/10.1242/dev.094938
https://doi.org/10.1111/acer.13066
https://doi.org/10.1111/acer.13066
https://doi.org/10.1067/S0022-3476(03)00442-6
https://doi.org/10.1111/acer.14148
https://doi.org/10.1016/j.bbi.2018.05.004
https://doi.org/10.1016/j.bbi.2018.05.004
https://doi.org/10.1371/journal.pone.0165081
https://doi.org/10.1371/journal.pone.0165081
https://doi.org/10.1038/s41598-020-80734-y
https://doi.org/10.1038/s41598-020-80734-y
https://doi.org/10.26508/lsa.201800252
https://doi.org/10.26508/lsa.201800252
https://doi.org/10.1016/S0140-6736(15)01345-8
https://doi.org/10.1016/S0140-6736(15)01345-8
https://doi.org/10.1001/jama.1991.03460150065025
https://doi.org/10.1001/jama.1991.03460150065025
https://doi.org/10.1111/acer.13114
https://doi.org/10.1111/acer.13114
https://doi.org/10.1111/acer.14559
https://doi.org/10.1172/JCI132139
https://doi.org/10.1172/JCI132139
https://doi.org/10.1016/j.jpeds.2016.06.047
https://doi.org/10.2196/14721
https://doi.org/10.1016/s0892-0362(00)00097-0
https://doi.org/10.1016/s0892-0362(00)00097-0
https://doi.org/10.1111/acer.14672
https://doi.org/10.1111/acer.14672
https://doi.org/10.1186/s11689-020-09312-7

	Fetal Alcohol Spectrum Disorders: Awareness to Insight in Just 50 Years
	Fetal Alcohol Syndrome
	Diagnosis of FAS and FASD
	Alcohol Is a Teratogen
	The Face Is a Window to the Brain
	Epidemiology of FASD
	The Neurodevelopmental Effectsof PAE
	Biomarkers of Alcohol Exposureand Adverse Outcome Risk
	FASD Across the Lifespan
	The Next 50 Years
	References




