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Abstract

The incidence of neonatal opioid withdrawal syndrome (NOWS) has increased substantially in the
setting of the opioid epidemic, a major public health problem in the United States. At present,
NOWS has commonly used assessment and treatment protocols, but new protocols have
questioned old practices. However, because of limited access to opioid use disorder (OUD)
treatment and socioeconomic factors, many pregnant (and postpartum) women with OUD do not
receive treatment. The pathophysiology of NOWS is not completely understood, although limited
research studies have been conducted in humans and animals to better understand its etiology.
Moreover, there is evidence that epigenetic and genetic factors play a role in the development of
NOWS, but further study is needed. Animal models have suggested that there are deleterious
effects of /n utero opioid exposure later in life. Clinical research has revealed the harmful long-
term sequelae of NOWS, with respect to cognitive function and childhood development. Many
psychiatric disorders begin during adolescence, so as infants born with NOWS approach
adolescence, additional clinical and molecular studies are warranted to identify biologic and
psychosocial risk factors and long-term effects of NOWS. Additionally, access to specialized OUD
treatment for pregnant women must be more readily available in the United States, especially in
rural areas.

The opioid epidemic has developed into an overwhelming public health issue over the past
three decades. One major contributing factor to the opioid epidemic over the past 25 years is
the common use of prescription opioids (POs) to treat chronic, nonprogressive
musculoskeletal pain (Brady et al. 2016). Approximately 80% of new heroin users engaged
in illicit opioid use after the use of POs (Jones 2013; Muhuri et al. 2013; Compton et al.
2016). From 1999 to 2016, a total of 231,264 men and 120,366 women died from opioid-
related causes across the entire United States (Kiang et al. 2019). The current opioid
epidemic is notable for its appearance in rural areas, placing pressure on nonurban legal and
medical systems, which have inadequate resources to deal with large numbers of opioid use
disorder (OUD) patients (U.S. Department of Health and Human Services [HHS], Office of
the Surgeon General 2018). Current trends show that the situation is becoming more deadly:
opioid overdose deaths increased 30% from July 2016 to September 2017 in 52 jurisdictions
across 45 states (Vivolo-Kantor et al. 2018).

Correspondence. andrew.weller@pennmedicine.upenn.edu.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Weller et al. Page 2

The current opioid epidemic has resulted in a similarly large increase of pregnant women
using opioids, which has led to an epidemic of newborns with neonatal opioid withdrawal
syndrome (NOWS) (Winkelman et al. 2018). NOWS is a condition seen among infants born
to mothers who have used opioids during the course of their pregnancy; it occurs because
opioids readily cross the placenta causing the fetus to become dependent on opioids
(Griffiths and Campbell 2014). The term NOWS is often used interchangeably with the more
established term, neonatal abstinence syndrome (NAS). More recently, the term NOWS has
been used to refer to infants born to opioid-using mothers, whereas NAS has been used by
some professionals to refer to infants born to mothers with polysubstance use (Sutter et al.
2014; McQueen and Murphy-Oikonen 2016; MacMullen and Samson 2018).

From 2004 to 2014, the incidence of NOWS increased 433% in the United States from 1.5 to
8.0 per 1000 hospital births (Jilani et al. 2019). In 299 neonatal intensive care units (NICUs)
across the United States from 2004 to 2013, the rate for NICU admission for NOWS
increased from seven cases per 1000 admissions to 27 cases per 1000 admissions, and the
median length of stay for NICU admissions increased from 13 days to 19 days, largely
because of NOWS infants (Tolia et al. 2015). Furthermore, the percentage of NICU days as a
result of NOWS increased from 0.6% to 4.0% during this period (Tolia et al. 2015). One
retrospective cohort study at a single medical center showed that 5.6% of the 177 infants
born to women who used POs for =1 month during their pregnancy developed clinical signs
of withdrawal consistent with NOWS (Kellogg et al. 2011). There is an association between
increased NOWS incidence and geographical areas with higher long-term unemployment
and with a shortage of mental health clinicians, typical of many rural areas of the United
States (Patrick et al. 2019).

The severity of the NOWS epidemic in rural areas of the United States has been
demonstrated by data at Geisinger, an integrated health care system covering a rural area in
northeastern and central Pennsylvania. Geisinger uses the Epic electronic health record
(EHR) system. Per Epic records at Geisinger, from January 1, 2016 to August 31, 2018,
there were 672 pregnant women who had an OUD diagnosis. 7his represents 5% of all
women who were pregnant and delivered during this 30-month period (K Moran, pers.
comm., May 16, 2019). Seven percent of pregnant women received an opioid prescription
during their pregnancy. However, only 72% of opioid-exposed infants were born to mothers
carrying a diagnosis of OUD (K Moran, pers. comm., May 16, 2019). This last statistic
suggests that not all of the mothers with OUD are being identified during pregnancy. A
routine urine drug screen is not part of prenatal care at Geisinger, nor is it recommended by
the American College of Obstetricians and Gynecologists (ACOG). Among this cohort of
672 pregnant women with OUD, only 14% of women with OUD received medication-
assisted treatment (MAT) during pregnancy. Only 45% of women with OUD attend their
postpartum appointment within the Geisinger health system, compared to 72% of women
without OUD (K Moran, pers. comm., May 16, 2019). More must be done to identify
mothers with OUD and engage them to seek treatment both for themselves and for their
infants.
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CLINICAL PRESENTATION

NOWS is a heterogeneous condition that consists of central nervous system hyperactivity,
autonomic nervous system dysfunction, and gastrointestinal problems, with symptoms
typically beginning within 24-72 h after birth (Table 1; Sutter et al. 2014; Kraft et al. 2016).
Seizures are seen in 2%-11% of newborns with NOWS (Kocherlakota 2014). NOWS infants
are often born prematurely, and have smaller head circumferences, even when adjusted for
gestational age (McQueen and Murphy-Oikonen 2016).

ASSESSMENT AND DIAGNOSIS

NOWS is a clinical diagnosis (ICD10 code: P96.1) and is defined by common signs of
opioid withdrawal (Kraft et al. 2016). The diagnosis is based on a history of opioid exposure
in utero of the fetus and symptoms in the neonate consistent with opioid withdrawal. The
clinical landscape is frequently complicated by the mother’s polysubstance use (Abdel-Latif
et al. 2013).

Several clinical instruments are available to assess the severity of NOWS in infants and are
used to guide pharmacotherapy. The most commonly used screening instrument in clinical
settings is the Finnegan Neonatal Abstinence Scoring System (Finnegan et al. 1975; Hudak
and Tan 2012). However, a limitation of the Finnegan scoring system is its length and
complexity (McQueen and Murphy-Oikonen 2016). The Lipsitz Neonatal Drug Withdrawal
Scoring System is another commonly used screening assessment (Lipsitz 1975). Scoring for
the Lipsitz tool is simple and practical to use (McQueen and Murphy-Oikonen 2016). The
Neonatal Withdrawal Inventory is an alternative screening instrument that was designed for
speed and ease of administration (Zahorodny et al. 1998). At this time, there is no evidence
that any assessment tool is superior to another (Jansson 2019).

One new method used in the assessment and management of infants with NOWS s the Eat,
Sleep, Console (ESC) approach (Grossman et al. 2018). According to this protocol, an infant
is evaluated by the ability to eat at least 10z at a feeding, sleep at least 1 h uninterrupted, and
when crying, be consoled within 10 min by a caregiver (Grossman et al. 2018).
Nonpharmacologic interventions are then used as first-line treatment before administering
doses of opioids. This approach was devised to reduce the amount of opioids required by
infants for NOWS management and to shorten hospitalizations for NOWS infants. Studies
have shown that the ESC approach is a promising intervention for the management of
NOWS infants (Achilles and Castaneda-Lovato 2019; Blount et al. 2019; Dodds et al. 2019;
Grisham et al. 2019; Parlaman et al. 2019). It is unclear whether there is sufficient evidence
to recommend the ESC approach as part of standard-of-care.

TREATMENT

Rooming-in of the NOWS infant with the mother in the mother’s hospital room has been
found to reduce NOWS severity (MacMillan et al. 2018). Small, frequent feedings should be
given to the infant. Although methadone and buprenorphine are secreted in breast milk from
mothers receiving those medications, MAT is not a contraindication for breastfeeding
(Pritham 2013; Sutter et al. 2014). In fact, breastfeeding can decrease the severity of NOWS
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symptoms in infants born to these mothers (Malpas et al. 1997; Abdel-Latif et al. 2006;
Pritham et al. 2012; Pritham 2013; Welle-Strand et al. 2013; Kocherlakota 2014). The
mother should be supported to attend to the infant and be given patient education as needed
(Jansson 2019).

Pharmacologic management is also an important component in the treatment of NOWS. At
present, opioid replacement therapy with oral morphine or methadone is generally the first-
line treatment (Hudak and Tan 2012; Jansson 2019). Morphine is a short-acting full p opioid
receptor agonist, whereas methadone is a long-acting full p opioid receptor agonist.
Buprenorphine, a partial | opioid receptor agonist, is a newer agent and has less evidence
supporting its usage. However, some studies suggest that buprenorphine maybe associated
with a shorter duration of medication therapy compared to morphine and methadone for
infants with NOWS (Jones et al. 2008, 2010; Hall et al. 2016; Kraft et al. 2017).

Second-line medications are used in infants with NOWS who have symptoms that are not
controlled by a first-line agent. Clonidine and phenobarbital are second-line agents, which
are generally used as adjunctive treatments to opioid replacement therapy, but are
occasionally used as single agents (Hudak and Tan 2012; Jansson 2019). Data are limited
regarding the efficacy of clonidine and phenobarbital in NOWS (Hudak and Tan 2012;
Jansson 2019). Naloxone, an opioid receptor antagonist, has been used in the resuscitation of
nonresponsive newborns or newborns with cardiorespiratory depression born to mothers
with OUD (Moe-Byrne et al. 2018). However, naloxone must be used with caution as it
could precipitate severe opioid withdrawal symptoms in the infant (Gibbs et al. 1989; Moe-
Byrne et al. 2018).

Once the newborn shows no major signs of withdrawal, has stable scores using assessment
tools, and is feeding well, the infant can be discharged from the hospital (Kocherlakota
2014). A multidisciplinary approach, including an assessment of maternal functioning and
mental health, ongoing OUD treatment (including comorbidities) of the mother and an
assessment of the home and support systems should be implemented (Jansson 2019).
Regular pediatric follow-up is essential and parents must be educated on how and when to
seek care. Infants with NOWS, as they develop, should be assessed for growth and
behavioral milestones to identify failure to thrive. Neurodevelopmental assessments are
necessary to identify cognitive and motor deficits. Psychological and behavioral assessments
are indicated to identify any learning difficulties or attention-deficit/hyperactivity disorder
(ADHD) symptoms when they enter school (Kocherlakota 2014). Social services may be
required to assist those families affected by poverty (including housing and food
instabilities), addictions, and other psychiatric conditions and domestic violence.

Treatment of pregnant women diagnosed with OUD with MAT, using methadone or
buprenorphine, is currently recommended by the World Health Organization (WHO
Guidelines Approved by the Guidelines Review Committee, 2014). However, there are few
studies regarding the effects of MAT on neonatal outcomes at birth. One recent observational
cohort study conducted in Norway and the Czech Republic compared the infants of mothers
with OUD treated with buprenorphine or methadone to infants of mothers with OUD
receiving no MAT, and found that treatment with MAT did not associate with worse
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outcomes at birth (Handal et al. 2019). Naltrexone, a full p opioid receptor antagonist, is a
common treatment for OUD among nonpregnant individuals but is not commonly used in
the treatment of pregnant women. Its use in the treatment of pregnant women could result in
a decrease in the incidence of NOWS infants born to these mothers, as the discontinuation of
naltrexone is not associated with any known withdrawal syndrome. However, there is limited
evidence for the use of naltrexone in pregnant women, so safety and efficacy are not well
established. A retrospective cohort study that compared neonates exposed to naltrexone (7=
68) to those exposed to methadone (7= 199) and buprenorphine (n= 214) in utero found
that naltrexone-exposed infants did not exhibit a higher rate of negative birth outcomes when
compared to the buprenorphine and methadone-exposed infants (Kelty and Hulse 2017).
Another retrospective cohort study compared mother-infant dyads treated with naltrexone (7
= 6) and buprenorphine (n=13) (Wachman et al. 2019). Treatment with naltrexone was
associated with favorable outcomes. There were no reported cases of NOWS in the
naltrexone infants as compared to 92% of the buprenorphine infants (Wachman et al. 2019).
Naltrexone-exposed infants also had shorter hospital stays (Wachman et al. 2019). One
recent prospective cohort study showed promising data indicating that naltrexone-exposed
infants (7= 121) had a lower rate of NOWS when compared to a combined group of
methadone and buprenorphine-exposed infants (7= 109), with fewer NICU admissions and
a shorter length of stay in the hospital (Towers et al. 2019). Additional studies with larger
sample sizes are necessary to determine the appropriateness of naltrexone treatment in
pregnhant women with OUD.

GENETIC SUSCEPTIBILITY

Genetic factors play a role in OUD and its treatment and may play a role in determining
which neonates are at risk for NOWS. CYP2B6 is a cytochrome P450 enzyme involved in
the metabolism of drugs including methadone. Genetic variants of the CYP2B6 gene were
found to associate with the need of medication treatment for infants with NOWS born to
mothers with OUD receiving methadone maintenance therapy (Mactier et al. 2017).
Findings from this study suggested that infants carrying genetic variants of CYP2B6
associated with reduced enzyme function and slower metabolism of methadone were less
likely to endure abrupt withdrawal from methadone, and as a result, had less severe NOWS
symptoms (Mactier et al. 2017). There is evidence that suggests single-nucleotide
polymorphisms (SNPs) in OPRM! (the gene encoding the |1 opioid receptor), OPRK1 (the
gene encoding the « opioid receptor), OPRDI (the gene encoding the & opioid receptor),
PNOC (the gene encoding prepronociceptin, a protein that undergoes processing to produce
nociceptin, a neuropeptide involved in pain sensation), and COMT (the gene encoding
catechol- O-methyltransferase, an enzyme involved in the breakdown of the
neurotransmitters dopamine, epinephrine, and norepinephrine) associate with NOWS
severity (Wachman et al. 2013, 2015, 2017). However, some associations did not survive
multiple-testing correction and these findings require replication in studies with larger
sample sizes. Variation of the dopamine D2 receptor (DRD2) gene was found to associate
with the need for NAS treatment in infants exposed to drugs /n utero. However, three women
in the drug-exposed group (/7= 48) of the study presented with nonopioid drug exposure. In
addition, there was a statistically significant difference in daily maternal methadone dose
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and in the number of mothers exposed to methadone between the infants who required NAS
medication and the infants who did not require NAS medication (Oei et al. 2012). NOWS is
likely a polygenic disorder. Additional research must be conducted to determine which
genetic variants confer the most risk in the development of NOWS in infants. As EHRS
become more common, it may be possible to obtain integrated genetic data with EHR,
which will allow for larger sample sizes to be studied to conduct a more sophisticated
analysis of such data to better characterize genetic risk for NOWS.

EPIGENETIC FACTORS

Epigenetic changes can occur because of age and environmental factors, and there is
evidence that they can be caused by substances of abuse (Maguire et al. 2016). In humans,
one study on infants with NOWS found that increased methylation of the OPRMI promoter,
consistent with epigenetic gene silencing, was associated with worse NOWS outcomes
(Wachman et al. 2014, 2018). An observational cohort study compared methadone
maintained opioid-dependent mother-infant dyads to mother-infant opioid- naive dyads in
which the mother was categorized as a smoker or nonsmoker. This study found that there
was increased DNA methylation in DNA collected from buccal swabs of opioid-exposed
newborns as compared to opioid-naive infants in three genes related to opioid function:
ABCBI (a gene that encodes P-glycoprotein, involved in drug transport, whose substrates
include morphine and methadone), CYP2D6 (encoding a cytochrome P450 enzyme involved
in the methadone metabolism), and OPRM1 (McLaughlin et al. 2017).

LONGITUDINAL STUDIES

Long-term follow-up of infants born with NOWS is difficult because of limited retention in
treatment and psychosocial stressors as experienced by the children’s families. However,
some studies show that NOWS affects cognitive, behavioral, and motor development, as well
as academic performance (Grossman and Berkwitt 2019).

Case-control studies of early childhood development for fetal intrauterine opioid exposure
have shown cognitive, psychomotor, and behavioral deficits when the case and control
groups are carefully matched for socioeconomic status, parental educational achievement,
and other relevant factors ( for systematic review and meta-analysis, see Baldacchino et al.
2014, 2015). There were significant impairments of cognition, psychomotor performance,
and behavioral measures in this cohort among the opioid-exposed infants and children
(Baldacchino et al. 2014, 2015). However, a limitation of this meta-analysis pertains to the
small sample sizes (<200 participants) of the pooled studies.

Additional studies have shown the adverse long-term effects of fetal opioid exposure later in
childhood. One study demonstrated that 3- to 6-year-old children with /in utero heroin
exposure were shorter, weighed less, and had smaller head circumferences than unexposed
children matched for age, sex, ethnicity, and socioeconomic status (Wilson et al. 1979;
Maguire et al. 2016). These children also scored lower on measures of cognitive function
(Wilson et al. 1979). Maternal exposure to opioids during pregnancy is associated with
reduced head circumferences and smaller brain volumes of newborn infants on magnetic

Cold Spring Harb Perspect Med. Author manuscript; available in PMC 2021 March 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Weller et al.

Page 7

resonance imaging (MRI) (Yuan et al. 2014), and these reduced brain volumes are still
observed in school-aged children (Sirnes et al. 2017). Small head circumference at birth, a
reflection of slow brain growth /n utero, predicted poorer performance on measures of
intelligence at 20 years of age according to the Helsinki Birth Cohort Study (Raikkonen et
al. 2009; Oei 2019). Children 5-12 years of age born to heroin-dependent mothers, whether
they were raised at home by their mothers or they were adopted by another family, showed
lower performance 1Q scores on the Wechsler Intelligence Scale for Children—Revised
(WISC-R) compared to controls (Ornoy et al. 2001; Maguire et al. 2016). Children of
methadone-maintained mothers followed for the first 18 months of age scored significantly
lower on the Bayley Scales of Infant Development, an indicator of developmental delay
(Rosen and Johnson 1982). A linked analysis of Australian children reported that those born
with NOWS had lower scores on the National Assessment Program—L .iteracy and
Numeracy (NAPLAN) standardized test starting in grade 3 as compared to age-matched
controls. This difference in performance progressively worsened through grade 7 (Oei et al.
2007).

An Australian cohort study following birth, hospitalization, and death records for all
children born in New South Wales between 2000 and 2011 to a maximum of 13 years of age
found that children with a history of NOWS were significantly more likely to be hospitalized
for “mental and behavioral disorders” when compared to children born without a NOWS
diagnosis (Uebel et al. 2015; Oei 2019). This includes speech/language disorders, autism,
and behavioral and emotional disorders including ADHD, oppositional defiant disorder
(ODD), and conduct disorder (CD) (Uebel et al. 2015; Oei 2019). The reason for increased
risk of development of psychiatric disorders is unclear but social stressors (especially
poverty), as well as the effect of opioids on the developing brain, likely play a role (Uebel et
al. 2015; Oei 2019). Furthermore, there is evidence that prenatal exposure to opioids /n utero
affects maturation of cortical tracts in the brain. Higher diffusivity, as measured by diffusion
tensor imaging, is correlated with reduced brain maturation and myelination (Walhovd et al.
2012). Higher mean diffusivity was observed in the superior longitudinal fasciculi of infants
exposed to methadone /n utero as compared to controls, indicative of altered development of
neural tracts (Walhovd et al. 2012). At this time, longitudinal studies have inconsistent
findings on the effects of fetal methadone and buprenorphine exposure on motor
development in neonates (Kaltenbach and Finnegan 1987; Sundelin Wahlsten and Sarman
2013; Maguire et al. 2016). Additional research must be done to assess the long-term effects
of such exposure on the development of mental disorders later in childhood and adolescence.

There have been few studies on the effects of NOWS on adult outcomes. A study in Spain
was conducted in which 30 adult subjects (mean age 22.23 years) born to heroin-addicted
mothers were contacted to complete an interview on their psychosocial development,
socioeconomic status, and mental health issues (Herranz et al. 2014; Oei 2019). These
subjects reported that they experienced a high rate of emotional and physical abuse in
childhood (Herranz et al. 2014; Oei 2019). One-third of these subjects were diagnosed with
a psychiatric disorder, the most common diagnoses being ADHD and major depressive
disorder (MDD) (Herranz et al. 2014; Oei 2019). Social problems were common, with 30%
of subjects having been arrested and 36.7% of them being unemployed (Herranz et al. 2014;
Oei 2019). There was a high level of substance use in the study sample as compared to rates
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of substance use in the general population (Herranz et al. 2014; Oei 2019). It is unclear to
what extent these issues reflect consequences of NOWS rather than psychosocial and
economic factors correlated with maternal drug use.

ANIMAL MODELS

Animal models have been studied to learn more about the long-term effects of /n utero
opioid exposure on behaviors in adulthood (for review, see Byrnes and Vassoler 2018). Such
exposure in rats has been shown to influence social and sexual behaviors when the rats reach
adulthood (Byrnes and Vassoler 2018) as demonstrated by changes in the timing of vaginal
opening in female progeny, which is an assessment of sexual maturation (Litto et al. 1983;
Vathy et al. 1983, 1985). Sexual behaviors have also been affected by prenatal opioids with
decreased sexual behaviors in females and an increase in sexual behaviors in males (Vathy
and Katay 1992). Opioid exposure /in utero increases pinning behavior in rats, which is a
model of social behavior (Hol et al. 1996; Buisman-Pijlman et al. 2009). The presence of
opioids /n utero also shapes learning and memory processes in rats when they become
adults, which may be due to the impact of opioids on neuronal activity and /in utero
neurodevelopment (Byrnes and Vassoler 2018). Furthermore, prenatal opioid exposure in
rats has also been found to influence the endogenous opioid system in adulthood, including
effects of opioid analgesic response and effects on reward (a model of addiction-like
behaviors) (Byrnes and Vassoler 2018). Studies conducted on rats show that hyperalgesia
and reduced opioid sensitivity are seen in the early postnatal period, whereas increased
opioid sensitivity is seen in adulthood (Byrnes and Vassoler 2018). Studies of effects on
opioid reward indicate increased behavioral sensitization and conditioned place preference
(Byrnes and Vassoler 2018). A recently published study suggests that an SNP in OPRM1
influences behavioral outcomes in mice with neonatal opioid exposure. In this study, mouse
pups were treated with saline or morphine from postnatal days 1-14, which is a
developmental period equivalent to the third trimester of pregnancy in humans (Robinson et
al. 2019). Mice exposed to morphine during this period showed sex and genotype-specific
changes in locomotor sensitization after morphine treatment as adults, a model for opioid
sensitivity (Robinson et al. 2019). This study also showed that neonatal opioid exposure in
mice resulted genotype-dependent changes in marble-burying behavior, a representation of
anxiety (Robinson et al. 2019). In the future, it will be necessary to conduct genome-wide
association studies (GWAS) of multiple outbred mice (such as the diversity outcross mice) in
animal models of NOWS to determine which genetic variants confer risk for NOWS
development. However, studies on animal models of opioid exposure have numerous
differences in the timing, route of administration, type, and dose of opioid being used
(Byrnes and Vassoler 2018). This can lead to difficulties in drawing firm conclusions about
potential human outcomes from the results of animal studies. Therefore, it will also be
important to determine if the genetic, epigenetic, and behavioral effects seen in animals also
occur in human patients.

GAPS IN KNOWLEDGE

Although there are some data that are present with respect to psychiatric disorders that
develop when NOWS infants become adults, replication of these findings is needed. Infants
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born with NOWS likely have an increased risk of various substance use disorders when they
become adults, but there are virtually no data on this currently. Other gaps in knowledge
include whether the decreased head circumferences in infants born with NOWS leads to an
increased risk of developing psychiatric or medical conditions later in life. Furthermore,
there is no knowledge whether a history of NOWS causes structural abnormalities in the
brain in adulthood.

CONCLUSIONS AND RELEVANCE

The infants born with NOWS during the current opioid crisis must be followed through
childhood and adolescence to determine the long-term sequelae of opioid exposure /n utero.
Long-term follow-up of infants born with NOWS through adolescence is lacking. This
longitudinal perspective is critical because many psychiatric conditions, such as mood
disorders, anxiety disorders, psychotic disorders, and substance use disorders, commonly
develop during adolescence.

Access to MAT must improve, especially in rural and impoverished areas of the United
States. Genetics may play a role in determining which neonates are at risk to develop
NOWS. Alleles that might convey risk for NOWS must be further characterized. Animal
models maybe important in this regard. Pharmacogenetics studies must be conducted to
identify biomarkers of response that could be clinically useful in guiding pharmacotherapy
for infants with NOWS. With an understanding of the long-term sequelae of /in utero
exposure, appropriate educational and therapeutic programs may be developed to address
cognitive, developmental, and psychiatric needs of these individuals, as they progress
through childhood to adolescence and young adulthood. Given the large increase in the
incidence of NOWS in the past decade, psychiatrists, especially child and adolescent
psychiatrists, will be increasingly called upon to evaluate individuals with a history of
NOWS. Therefore, they must be well prepared to assess and treat these patients, now and
into the future.

ACKNOWLEDGMENTS

The preparation of this manuscript was supported by a Tobacco Settlement Act grant from the Pennsylvania
Department of Health (W.H.B. is PI) and NIH Grant No. R0O1 DA044015 (W.H.B. is MPI). A.E.W. was supported
by T32 MH014654 (W.H.B. is PI). R.C.C. was supported by Grant No. KO1 DA03 6751. B.C.R. was supported by a
2017 NARSAD Young Investigator Grant (No. 26634) from the Brain and Behavior Research Foundation as the
Patrick A. Coffer Investigator, funding for which was generously provided by Ronald and Kathy Chandonais. The
authors declare no competing interest. A.E.W., W.H.B., and R.C.C. conceived of the idea of the manuscript. A.E.W.
drafted the manuscript. All authors provided critical feedback and revision of the manuscript for important
intellectual content.

REFERENCES

Abdel-Latif ME, Pinner J, Clews S, Cooke F, Lui K, Oei J. 2006. Effects of breast milk on the severity
and outcome of neonatal abstinence syndrome among infants of drug-dependent mothers. Pediatrics
117: e1163-e1169. doi:10.1542/peds.2005-1561 [PubMed: 16740817]

Abdel-Latif ME, Oei J, Craig F, Lui K. 2013. Profile of infants born to drug-using mothers: a state-
wide audit. J Paediatr Child Health 49: E80-E86. doi:10.1111/j.1440-1754.2012.02471.x [PubMed:
22530812]

Cold Spring Harb Perspect Med. Author manuscript; available in PMC 2021 March 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Weller et al.

Page 10

Achilles JS, Castaneda-Lovato J. 2019. A quality improvement initiative to improve the care of infants
born exposed to opioids by implementing the eat, sleep, console assessment tool. Hosp Pediatr 9:
624—631. doi:10.1542/hpeds.2019-0144 [PubMed: 31358546]

Baldacchino A, Arbuckle K, Petrie DJ, McCowan C. 2014. Neurobehavioral consequences of chronic
intrauterine opioid exposure in infants and preschool children: a systematic review and meta-
analysis. BMC Psychiatry 14: 104. doi:10.1186/1471-244X-14-104 [PubMed: 24708875]

Baldacchino A, Arbuckle K, Petrie DJ, McCowan C. 2015. Erratum: neurobehavioral consequences of
chronic intrauterine opioid exposure in infants and preschool children: a systematic review and
meta-analysis. BMC Psychiatry 15: 134. doi:10.1186/s12888-015-0438-5 [PubMed: 26108949]

Blount T, Painter A, Freeman E, Grossman M, Sutton AG. 2019. Reduction in length of stay and
morphine use for NAS with the “eat, sleep, console” method. Hosp Pediatr 9: 615-623.
d0i:10.1542/hpeds.2018-0238 [PubMed: 31285356]

Brady KT, McCauley JL, Back SE. 2016. Prescription opioid misuse, abuse, and treatment in the
United States: an update. Am J Psychiatry 173: 18-26. doi:10.1176/appi.ajp.2015.15020262
[PubMed: 26337039]

Buisman-Pijlman FT, Gerrits MA, Van Ree JM. 2009. Increased opioid release in specific brain areas
in animals exposed to prenatal morphine and emotional stress later in life. Neuroscience 159: 405—
413. doi:10.1016/j.neuroscience.2008.11.010 [PubMed: 19138727]

Byrnes EM, Vassoler FM. 2018. Modeling prenatal opioid exposure in animals: current findings and
future directions. Front Neuroendocrinol 51: 1-13. doi:10.1016/j.yfrne.2017.09.001 [PubMed:
28965857]

Compton WM, Jones CM, Baldwin GT. 2016. Relationship between nonmedical prescription-opioid
use and heroin use. New Engl J Med 374: 154-163. doi:10.1056/NEJMra1508490 [PubMed:
26760086]

Dodds D, Koch K, Buitrago-Mogollon T, Horstmann S. 2019. Successful implementation of the eat
sleep console model of care for infants with NAS in a community hospital. Hosp Pediatr 9: 632—
638. doi:10.1542/hpeds.2019-0086 [PubMed: 31340986]

Finnegan LP, Connaughton JF Jr, Kron RE, Emich JP. 1975. Neonatal abstinence syndrome:
assessment and management. Addict Dis 2: 141-158. [PubMed: 1163358]

Gibbs J, Newson T, Williams J, Davidson DC. 1989. Naloxone hazard in infant of opioid abuser.
Lancet 334: 159-160. doi:10.1016/S0140-6736(89)90214-6

Griffiths SK, Campbell JP. 2014. Placental structure, function and drug transfer. BJA Education 15:
84-89.

Grisham LM, Stephen MM, Coykendall MR, Kane MF, Maurer JA, Bader MY. 2019. Eat, sleep,
console approach: a family-centered model for the treatment of neonatal abstinence syndrome.
Adv Neonatal Care 19: 138-144. doi:10.1097/ANC.0000000000000581 [PubMed: 30855311]

Grossman M, Berkwitt A. 2019. Neonatal abstinence syndrome. Semin Perinatol 43: 173-186.
doi:10.1053/j.semperi.2019.01.007 [PubMed: 30773241]

Grossman MR, Lipshaw MJ, Osborn RR, Berkwitt AK. 2018. A novel approach to assessing infants
with neonatal abstinence syndrome. Hosp Pediatr 8: 1-6. doi:10.1542/hpeds.2017-0128 [PubMed:
29263121]

Hall ES, Isemann BT, Wexelblatt SL, Meizen-Derr J, Wiles JR, Harvey S, Akinbi HT. 2016. A cohort
comparison of buprenorphine versus methadone treatment for neonatal abstinence syndrome. J
Pediatr 170: 39-44.e1. doi:10.1016/j.jpeds.2015.11.039 [PubMed: 26703873]

Handal M, Nechanska B, Skurtveit S, Lund 10, Gabrhelik R, Engeland A, Mrav¢ik V. 2019. Prenatal
exposure to opioid maintenance treatment and neonatal outcomes: nationwide registry studies from
the Czech Republic and Norway. Pharmacol Res Perspect 7: e00501. doi:10.1002/prp2.501
[PubMed: 31428431]

Herranz GS, Lopez Vilchez MA, Ledo JD, Mur Sierra A. 2014. Children born to heroin-addicted
mothers: what’s the outcome 25 years later? J Addict Res Ther 5: 1-6.
doi:10.4172/2155-6105.1000180 [PubMed: 25927012]

Hol T, Niesink M, van Ree JM, Spruijt BM. 1996. Prenatal exposure to morphine affects juvenile play
behavior and adult social behavior in rats. Pharmacol Biochem Behav 55: 615-618. doi:10.1016/
S0091-3057(96)00274-2 [PubMed: 8981592]

Cold Spring Harb Perspect Med. Author manuscript; available in PMC 2021 March 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Weller et al.

Page 11

Hudak ML, Tan RC. 2012. Neonatal drug withdrawal. Pediatrics 129: e540-e560. doi:10.1542/
peds.2011-3212 [PubMed: 22291123]

Jansson LM. 2019. Neonatal abstinence syndrome. UpTo-Date, Waltham, MA. https://
www.uptodate.com/contents/neonatal-abstinence-syndrome [accessed May 13, 2019].

Jilani SM, Frey MT, Pepin D, Jewell T, Jordan M, Miller AM, Robinson M, St Mars T, Bryan M, Ko
JY, et al. 2019. Evaluation of state-mandated reporting of neonatal abstinence syndrome—six
states, 2013-2017. MMWR Morb Mortal Wkly Rep 68: 6-10. doi:10.15585/mmwr.mm6801a2
[PubMed: 30629576]

Jones CM. 2013. Heroin use and heroin use risk behaviors among nonmedical users of prescription
opioid pain relievers—United States, 2002-2004 and 2008-2010. Drug Alcohol Depend 132: 95—
100. doi:10.1016/j.drugalcdep.2013.01.007 [PubMed: 23410617]

Jones HE, Martin PR, Heil SH, Kaltenbach K, Selby P, Coyle MG, Stine SM, O’Grady KE, Arria AM,
Fischer G. 2008. Treatment of opioid-dependent pregnant women: clinical and research issues. J
Subst Abuse Treat 35: 245-259. doi:10.1016/j.jsat.2007.10.007 [PubMed: 18248941]

Jones HE, Kaltenbach K, Heil SH, Stine SM, Coyle MG, Arria AM, O’Grady KE, Selby P, Martin PR,
Fishcher G. 2010. Neonatal abstinence syndrome after methadone or buprenorphine exposure.
New Engl J Med 363: 2320-2331. doi:10.1056/NEJM0a1005359 [PubMed: 21142534]

Kaltenbach K, Finnegan LP. 1987. Perinatal and developmental outcome of infants exposed to
methadone in utero. Neurotoxicol Teratol 9: 311-313. doi:10.1016/0892-0362(87)90021-3
[PubMed: 3683349]

Kellogg A, Rose CH, Harms RH, Watson WJ. 2011. Current trends in narcotic use in pregnancy and
neonatal outcomes. Am J Obstet Gynecol 204: 259.e1-259.e4. doi:10.1016/j.ajog.2010.12.050
[PubMed: 21376165]

Kelty E, Hulse G. 2017.A retrospective cohort study of birth outcomes in neonates exposed to
naltrexone in utero: a comparison with methadone-, buprenorphine- and nonopioid-exposed
neonates. Drugs 77: 1211-1219. doi:10.1007/s40265-017-0763-8 [PubMed: 28536981]

Kiang MV, Basu S, Chen J, Alexander MJ. 2019. Assessment of changes in the geographical
distribution of opioid-related mortality across the United States by opioid type, 1999-2016. JAMA
Netw Open 2: €190040. doi:10.1001/jamanetworkopen.2019.0040 [PubMed: 30794299]

Kocherlakota P 2014. Neonatal abstinence syndrome. Pediatrics 134: e547-e561. doi:10.1542/
peds.2013-3524 [PubMed: 25070299]

Kraft WK, Stover MW, Davis JM. 2016. Neonatal abstinence syndrome: pharmacologic strategies for
the mother and infant. Semin Perinatol 40: 203-212. doi:10.1053/j.semperi.2015.12.007 [PubMed:
26791055]

Kraft WK, Adeniyi-Jones SC, Chervoneva |, Greenspan JS, Abatemarco D, Kaltenach K, Ehrlich ME.
2017. Buprenorphine for the treatment of the neonatal abstinence syndrome. New Engl J Med 376:
2341-2348. doi:10.1056/NEJM0a1614835 [PubMed: 28468518]

Lipsitz PJ. 1975. A proposed narcotic withdrawal score for use with newborn infants: a pragmatic
evaluation of its efficacy. Clin Pediatr (Phila) 14: 592-594. doi:10.1177/000992287501400613
[PubMed: 1126108]

Litto WJ, Griffin JP, Rabii J. 1983. Influence of morphine during pregnancy on neuroendocrine
regulation of pituitary hormone secretion. J Endocrinol 98: 289-295. doi:10.1677/joe.0.0980289
[PubMed: 6875436]

MacMillan KDL, Rendon CP, Verma K, Riblet N, Washer DB, Volpe Holmes A. 2018. Association of
rooming-in with outcomes for neonatal abstinence syndrome: a systematic review and meta-
analysis. JAMA Pediatr 172; 345-351. doi:10.1001/jamapediatrics.2017.5195 [PubMed:
29404599]

MacMullen NJ, Samson LF. 2018. Neonatal abstinence syndrome: an uncontrollable epidemic. Crit
Care Nurs Clin North Am 30: 585-596. doi:10.1016/j.cnc.2018.07.011 [PubMed: 30447815]

Mactier H, McLaughlin P, Gillis C, Osselton MD. 2017. Variations in infant CYP2B6 genotype
associated with the need for pharmacological treatment for neonatal abstinence syndrome in
infants of methadone-maintained opioid-dependent mothers. Am J Perinatol 34: 918-921.
doi:10.1055/s-0037-1600917 [PubMed: 28320034]

Cold Spring Harb Perspect Med. Author manuscript; available in PMC 2021 March 25.


https://www.uptodate.com/contents/neonatal-abstinence-syndrome
https://www.uptodate.com/contents/neonatal-abstinence-syndrome

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Weller et al. Page 12

Maguire DJ, Taylor S, Armstrong K, Shaffer-Hudkins E, Germain AM, Brooks SS, Cline GJ, Clark L.
2016. Long-term outcomes of infants with neonatal abstinence syndrome. Neonatal Netw 35: 277-
286. doi:10.1891/0730-0832.35.5.277 [PubMed: 27636691]

Malpas TJ, Horwood J, Darlow BA. 1997. Breastfeeding reduces the severity of neonatal abstinence
syndrome. J Paediatr Child Health 33: 38. [PubMed: 9069042]

McLaughlin P, Mactier H, Gillis C, Hickish T, Parker A, Liang WJ, Osselton MD. 2017. Increased
DNA methylation of ABCB1, CYP2D6, and OPRM1 genes in newborn infants of methadone-
maintained opioid-dependent mothers. J Pediatr 190: 180-184.e1. doi:10.1016/j.jpeds.2017.07.026
[PubMed: 28867064]

McQueen K, Murphy-Oikonen J. 2016. Neonatal abstinence syndrome. New Engl J Med 375: 2468-
2479. doi:10.1056/NEJMral600879 [PubMed: 28002715]

Moe-Byrne T, Brown JVE, McGuire W. 2018. Naloxone for opioid-exposed newborn infants. The
Cochrane Database Syst Rev 10: Cd003483. [PubMed: 30311212]

Muhuri PK, Gfroerer JC, Davies C. 2013. Associations of nonmedical pain reliever use and initiation
of heroin use in the United States. CBHSQ Data Review, SAMHSA. www.samhsa.gov/data/sites/
default/filessyDR006/DR006/nonmedical-pain-reliever-use-2013.htm

Oei JL. 2019. After NAS. Semin Fetal Neonatal Med 24:161-165. doi:10.1016/j.siny.2019.01.012
[PubMed: 30797731]

Oei JL, Xu HX, Abdel-Latif ME, Vunnam K, Al-AMry A, Clews S, Falconer J, Feller JM, Lui K.
2012. Dopamine D2 receptor gene polymorphisms in newborn infants of drug-using women. Arch
Dis Child Fetal Neonatal Ed 97: F193-F198. doi:10.1136/archdischild-2011-300235 [PubMed:
21948329]

Oei JL, Melhuish E, Uebel H, Azzam N, Breen C, Burns L, Hilder L, Bajuk B, Abdel-Latif ME, Ward
M, et al. 2017. Neonatal abstinence syndrome and high school performance. Pediatrics 139:
€20162651. doi:10.1542/peds.2016-2651 [PubMed: 28093465]

Ornoy A, Segal J, Bar-Hamburger R, Greenbaum C. 2001. Developmental outcome of school-age
children born to mothers with heroin dependency: importance of environmental
factors.DevMedChildNeurol43:668-675.doi:10.1017/S0012162201001219

Parlaman J, Deodhar P, Sanders V, Jerome J, McDaniel C. 2019. Improving care for infants with
neonatal abstinence syndrome: a multicenter, community hospital-based study. Hosp Pediatr 9:
608-614. doi:10.1542/hpeds.2019-0083 [PubMed: 31308049]

Patrick SW, Faherty LJ, Dick AW, Scott TA, Dudley J, Stein BD. 2019. Association among county-
level economic factors, clinician supply, metropolitan or rural location, and neonatal abstinence
syndrome. JAMA 321: 385-393. doi:10.1001/jama.2018.20851 [PubMed: 30694320]

Pritham UA. 2013. Breastfeeding promotion for management of neonatal abstinence syndrome. J
Obstet Gynecol Neonatal Nurs 42: 517-526. doi:10.1111/1552-6909.12242

Pritham UA, Paul JA, Hayes MJ. 2012. Opioid dependency in pregnancy and length of stay for
neonatal abstinence syndrome. J Obstet Gynecol Neonatal Nurs 41: 180-190. doi:10.1111/
j.1552-6909.2011.01330.x

Raikkonen K, Forsen T, Henriksson M, Kajantie E, Heinonen K, Pesonen AK, Leskinen JT, Laaksonen
I, Osmond C, Barker DJ, et al. 2009. Growth trajectories and intellectual abilities in young
adulthood: The Helsinki birth cohort study. Am J Epidemiol 170: 447-455. doi:10.1093/aje/
kwp132 [PubMed: 19528290]

Robinson SA, Jones AD, Brynildsen JK, Ehrlich ME, Blendy JA. 2019. Neurobehavioral effects of
neonatal opioid exposure in mice: influence of the OPRM1 SNP. Addict Biol 2019: e12806.

Rosen TS, Johnson HL. 1982. Children of methadone-maintained mothers: follow-up to 18 months of
age. J Pediatr 101: 192-196. doi:10.1016/S0022-3476(82)80115-7 [PubMed: 6178811]

Sirnes E, Oltedal L, Bartsch H, Eide GE, Elgen IB, Aukland SM. 2017. Brain morphology in school-
aged children with prenatal opioid exposure: a structural MRI study. Early Hum Dev 106-107: 33—
39. doi:10.1016/j.earlhumdev.2017.01.009

Sundelin Wahlsten V, Sarman I. 2013. Neurobehavioural development of preschool-age children born
to addicted mothers given opiate maintenance treatment with buprenorphine during pregnancy.
Acta Paediatr 102: 544-549. doi:10.1111/apa.12210 [PubMed: 23432078]

Cold Spring Harb Perspect Med. Author manuscript; available in PMC 2021 March 25.


http://www.samhsa.gov/data/sites/default/files/DR006/DR006/nonmedical-pain-reliever-use-2013.htm
http://www.samhsa.gov/data/sites/default/files/DR006/DR006/nonmedical-pain-reliever-use-2013.htm

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Weller et al. Page 13

Sutter MB, Leeman L, Hsi A. 2014. Neonatal opioid with-drawal syndrome. Obstet Gynecol Clin
North Am 41:317-334. doi:10.1016/j.0gc.2014.02.010 [PubMed: 24845493]

Tolia VN, Patrick SW, Bennett MM, Murthy K, Sousa J, Smith PB, Clark RH, Spitzer AR. 2015.
Increasing incidence of the neonatal abstinence syndrome in U.S. neonatal ICUs. New Engl J Med
372:2118-2126. doi:10.1056/NEJMsal500439 [PubMed: 25913111]

Towers CV, Katz E, Weitz B, Visconti K. 2019. Use of naltrexone in treating opioid use disorder in
pregnancy. Am J Obstet Gynecol 222: 83.e1-83.e8. doi:10.1016/j.ajog.2019.07.037 [PubMed:
31376396]

Uebel H, Wright IM, Burns L, Hilder L, Bajuk B, Breen C, Abdel-Latif ME, Feller JM, Falconer J,
Clews S, et al. 2015. Reasons for rehospitalization in children who had neonatal abstinence
syndrome. Pediatrics 136: e811-e820. doi:10.1542/peds.2014-2767 [PubMed: 26371197]

U.S. Department of Health and Human Services (HHS), Office of the Surgeon General. 2018. Facing
addiction in America: the surgeon general’s spotlight on opioids. HHS, Washington, DC.

Vathy I, Katay L. 1992. Effects of prenatal morphine on adult sexual behavior and brain
catecholamines in rats. Brain Res Dev Brain Res 68: 125-131. doi:10.1016/0165-3806(92)90254-
T [PubMed: 1521318]

Vathy IU, Etgen AM, Rabii J, Barfield RJ. 1983. Effects of prenatal exposure to morphine sulfate on
reproductive function of female rats. Pharmacol Biochem Behav 19: 777-780.
doi:10.1016/0091-3057(83)90079-5 [PubMed: 6647511]

Vathy IU, Etgen AM, Barfield RJ. 1985. Effects of prenatal exposure to morphine on the development
of sexual behavior in rats. Pharmacol Biochem Behav 22: 227-232.
doi:10.1016/0091-3057(85)90382-X [PubMed: 3983215]

Vivolo-Kantor AM, Seth P, Gladden RM, Mattson CL, Baldwin GT, Kite-Powell A, Coletta MA. 2018.
Vital signs: trends in emergency department visits for suspected opioid overdoses-United States,
July 2016-September 2017. MMWR Morb Mortal Wkly Rep 67: 279-285. doi:10.15585/
mmwr.mm6709e1 [PubMed: 29518069]

Wachman EM, Hayes MJ, Brown MS, Paul J, Harvey-Wilkes K, Terrin N, Huggins GS, Aranda JV,
Davis JM. 2013. Association of OPRM1 and COMT single-nucleotide polymorphisms with
hospital length of stay and treatment of neonatal abstinence syndrome. JAMA 309: 1821-1827.
d0i:10.1001/jama.2013.3411 [PubMed: 23632726]

Wachman EM, Hayes MJ, Lester BM, Terrin N, Brown MS, Nielsen DA, Davis JM. 2014. Epigenetic
variation in the p-opioid receptor gene in infants with neonatal abstinence syndrome. J Pediatr 165:
472-478. doi:10.1016/j.jpeds.2014.05.040 [PubMed: 24996986]

Wachman EM, Hayes MJ, Sherva R, Brown MS, Davis JM, Farrer LA, Nielsen DA. 2015. Variations
in opioid receptor genes in neonatal abstinence syndrome. Drug Alcohol Depend 155: 253-259.
doi:10.1016/j.drugalcdep.2015.07.001 [PubMed: 26233486]

Wachman EM, Hayes MJ, Sherva R, Brown MS, Shrestha H, Logan BA, Heller NA, Nielsen DA,
Farrer LA. 2017. Association of maternal and infant variants in PNOC and COMT genes with
neonatal abstinence syndrome severity. Am J Addict 26: 42—49. doi:10.1111/ajad.12483 [PubMed:
27983768]

Wachman EM, Hayes MJ, Shrestha H, Nikita FNU, Nolin A, Hoyo L, Daigle K, Jones HE, Nielsen
DA. 2018. Epigenetic variation in OPRM1 gene in opioid-exposed mother-infant dyads. Genes
Brain Behav 17: €12476. doi:10.1111/gbb.12476 [PubMed: 29575474]

Wachman EM, Saia K, Miller M, Valle E, Shrestha H, Carter G, Werler M, Jones H. 2019. Naltrexone
treatment for pregnant women with opioid use disorder compared with matched buprenorphine
control subjects. Clin Ther 41: 1681-1689. doi:10.1016/j.clinthera.2019.07.003 [PubMed:
31358302]

Walhovd KB, Watts R, Amlien |, Woodward LJ. 2012. Neural tract development of infants born to
methadone-maintained mothers. Pediatr Neurol 47: 1-6. doi:10.1016/j.pediatrneurol.2012.04.008
[PubMed: 22704008]

Welle-Strand GK, Skurtveit S, Jansson LM, Bakstad B, Bjarko L, Ravndal E. 2013. Breastfeeding
reduces the need for withdrawal treatment in opioid-exposed infants. Acta Paediatr 102: 1060—
1066. [PubMed: 23909865]

Cold Spring Harb Perspect Med. Author manuscript; available in PMC 2021 March 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Weller et al.

Page 14

WHO Guidelines Approved by the Guidelines Review Committee. 2014. Guidelines for the
identification and management of substance use and substance use disorders in pregnancy. World
Health Organization, Geneva.

Wilson GS, McCreary R, Kean J, Baxter JC. 1979. The development of preschool children of heroin-
addicted mothers: a controlled study. Pediatrics 63: 135-141. [PubMed: 86983]

Winkelman TNA, Villapiano N, Kozhimannil KB, Davis MM, Patrick SW. 2018. Incidence and costs
of neonatal abstinence syndrome among infants with Medicaid: 2004-2014. Pediatrics 141:
€20173520. doi:10.1542/peds.2017-3520 [PubMed: 29572288]

Yuan Q, Rubic M, Seah J, Rae C, Wright IM, Kaltenbach K, Feller JM, Abdel-Latif ME, Chu C, Oei
JL, et al. 2014. Do maternal opioids reduce neonatal regional brain volumes? A pilot study. J
Perinatol 34: 909-913. doi:10.1038/jp.2014.111 [PubMed: 24945162]

Zahorodny W, Rom C, Whitney W, Giddens S, Samuel M, Maichuk G, Marshall R. 1998. The
neonatal withdrawal inventory: a simplified score of newborn withdrawal. J Dev Behav Pediatr 19:
89-93. doi:10.1097/00004703-199804000-00005 [PubMed: 9584937]

Cold Spring Harb Perspect Med. Author manuscript; available in PMC 2021 March 25.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Weller et al.

Acute neonatal opioid withdrawal syndrome (NOWS) symptoms in infants

Symptomsa

High-pitched cry
Irritability

Difficulty sleeping
Increased muscle tone
Tremors

Skin excoriation (due to excessive movement)
Hyperthermia

Loose stools

Yawning

Sweating

Nasal stuffiness

Sneezing

aData adapted from Kraft et al. (2016).
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