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Abstract
Title of Dissertation: Antiretroviral Drug and Ethanol Meconium Markers for In Utero
Exposure Identification and Infant Toxicity Prediction
Sarah K. Himes, Doctor of Philosophy, 2014
Dissertation Directed by: Professor Dr. Dr. (h.c.) Marilyn A. Huestis, Chief, Chemistry
and Drug Metabolism, National Institute on Drug Abuse (NIDA), National Institutes of
Health
With a longer detection window and collection easier than neonatal urine, drug
quantification in meconium, the 1st neonatal feces, offers powerful insight into 3rd
trimester fetal drug exposure. Meconium drug concentrations better represent fetal drug
exposure compared to drug concentrations in maternal or neonatal plasma and urine, cord
blood, and placenta that have much shorter (hours-weeks) detection windows. My
research demonstrates the clinical impact of large multi-analyte meconium quantification
methods and how these data can be utilized with maternal drug histories to explore
relationships with infant developmental outcomes and better improve meconium result
interpretation. The primary objectives investigated were 1) to develop novel liquid
chromatography tandem mass spectrometry methods for sensitive and specific meconium
quantification of a wide range of antiretroviral (ARV) drugs and alcohol markers, and 2)
to assess these markers’ ability to predict specific adverse infant growth and
neurodevelopmental outcomes, and maternal ARV or alcohol history during pregnancy.
This research showed meconium ARV concentrations can predict some infant outcomes,
offering opportunities to intervene clinically with assistive services. Among infants

exposed prenatally to atazanavir, higher meconium atazanavir concentrations were
associated with lower late language emergence risk at 1 year. This information supports
ATV exposure safety for infant language development. Continued meconium ARV
testing research is needed to further develop our understanding of these markers’ utility.
This research also demonstrated the clinical value of meconium ethyl glucuronide (EtG)
testing as a more accurate identification of maternal alcohol consumption in the latter half
of pregnancy (at or beyond 19 weeks) compared to fatty acid ethyl ester (FAEE) testing,
which is currently utilized by most in the meconium alcohol marker testing field.
Implementation of meconium EtG testing in place of or in addition to current FAEE
testing, would greatly improve clinicians’ identification of prenatal alcohol exposure. In
conclusion, this research demonstrates meconium drug quantification undoubtedly offers
many advantages as an alternative matrix to identify in utero drug exposures. Predictions
of infant outcomes from meconium drug concentrations offer opportunities to intervene
in affected children’s lives, provide mothers treatment, prevent adverse outcomes in
future pregnancies, and confirm safety of therapeutic drugs administered during
pregnancy.
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Chapter 1 – Introduction
A. Prenatal Antiretroviral (ARV) Exposure
A.1. Human Immunodeficiency Virus (HIV) Epidemiology
In the past 30 years, one of the great medical and public health achievements is the near
elimination of HIV infection in children in developed countries.1-2 In 1985 in the US,
HIV prevention polices began with recommendations for high-risk women to receive
HIV-testing and for HIV-infected mothers to avoid breastfeeding.2-3 Prevention and
treatment of HIV and its progression to acquired immune deficiency syndrome (AIDS)
continue to be critical global health priorities as countries strive to eliminate mother-tochild HIV transmission (MTCT).
In 2011 in the US, approximately 50,000 new HIV infections occurred.4 It is
estimated that 1.14 million (0.37%) adolescents and adults older than 13 are currently
living with HIV in the US, with women representing 24.5% of these cases.5 African
American women have the highest HIV infection incidence (38.1 per 100,000) among US
women, 20 times greater than that of white women and 5 times greater than Hispanic
women.6 HIV prevalence among US women (< 0.1%)5 is considerably lower in
comparison to many countries in Southern Africa that demonstrate a more severe
epidemic in women (8% in 2012).7
Prevention of perinatally acquired HIV is a key strategy in disease eradication. In
2011, in low- and middle-income countries, an estimated 1.47 million HIV-infected
pregnant women gave birth, with women from Africa’s sub-Saharan region accounting
for nearly 90% of all HIV-infected pregnant women.7 In the US, approximately 9,000
HIV-infected women give birth each year.2, 8 ARV therapy (ART) to HIV-infected
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pregnant women and neonates reduces perinatal HIV transmission to less than 2% in the
US and Europe.9 Despite ART’s success, obstacles to perinatal HIV transmission
eradication remain including new HIV infections among women of child-bearing age,
absent or delayed prenatal care, infection late in pregnancy and in breastfeeding women,
and poor ART adherence among pregnant women.9-10 In low- and middle-income
countries, additional eradication barriers include limited prenatal HIV testing and limited
ART during pregnancy.11
Without ART intervention during pregnancy, intrauterine and intrapartum HIV
transmission risk worldwide is 15-30% in non-breastfeeding populations.12 Breastfeeding
by an infected mother adds additional risk, with a 25-35% overall transmission rate with
breastfeeding through 6 months, and 30-45% with 18-24 months of breastfeeding.12 In
2012, 90% of HIV-infected pregnant women resided in 21 sub-Saharan Africa countries,
but only 64% received ART for preventing MTCT or improving their own health.13
In many developed countries, pediatric HIV has been virtually eliminated.
International strategies are currently focusing MTCT prevention efforts in countries with
the highest transmission rates. The Joint United Nations Program on HIV/AIDS
(UNAIDS) is striving for perinatal HIV infection eradication by targeting epidemic hot
spots and ensuring access to effective HIV prevention and treatment programs.14 At the
end of 2012, 900,000 (60%) HIV-infected pregnant women received ART; efforts to have
90% of all HIV-infected pregnant women on ART by the end of 2015 are currently in
place.7 With a growing number of HIV-infected pregnant women on ART for MTCT
prevention, there is an increasing demand for monitoring ARV-related toxicities in HIVexposed, uninfected (HEU) infants born to HIV-infected mothers.
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A.2. ARV Pharmacology
HIV targets CD4-positive T lymphocytes in blood and lymphoid organs; HIV binds to
CD4 surface glycoproteins to initiate cell entry.15-16 Infection also occurs in the central
nervous system, with microglia macrophages the primary targets.15-16 HIV’s replication
cycle begins with host cell fusion and entry, followed by viral RNA reverse transcription
to DNA. Viral DNA is then integrated into chromosomal host cell DNA and subsequent
gene expression produces viral RNA and proteins. Precursor proteins undergo maturation
cleavage and new viral particle assembly occurs at the cell surface where new viruses bud
off.17
Currently, 6 ARV drug classes are approved by the Food and Drug
Administration (FDA) for HIV treatment, targeting different HIV replication cycle
stages. The 3 most common drug classes are nucleoside/nucleotide analog reverse
transcriptase inhibitors (NRTIs), non-nucleoside analog reverse transcriptase inhibitors
(NNRTIs), and protease inhibitors (PIs). Integrase, entry, and fusion inhibitors are used to
a lesser degree but drugs in these classes are gaining popularity as national guidelines
evolve and people develop resistance to other ARVs.18
NRTIs competitively inhibit viral DNA replication by blocking HIV reverse
transcriptase activity. NRTIs are structurally similar to endogenous DNA bases except
they lack the 3’ hydroxyl group, thereby preventing a 5’-3’ phosphodiester linkage and
halting DNA elongation.17 NRTIs must be intracellularly phosphosphorylated to their
active 5’ triphosphate forms by cellular kinases to exert ARV activity.19 NRTIs are
primarily eliminated through the kidneys. Current FDA-approved NRTIs include:
zidovudine (AZT), abacavir (ABC), emtricitabine (FTC), lamivudine (3TC), stavudine
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(d4T), didanosine, and tenofovir disoproxil fumarate (TDF), an oral prodrug of tenofovir
(TFV).
NNRTIs bind directly to HIV reverse transcriptase, noncompetitively inhibiting
viral DNA replication.17 This drug class blocks DNA polymerase activity by producing a
conformational change that disrupts the catalytic site;20 these drugs do not require
phosphorylation to become active. Current NNRTIs include nevirapine (NVP), efavirenz
(EFV), delavirdine, etravirine, and rilpivirine. These drugs are primarily eliminated
through hepatic mechanisms (metabolized by cytochrome P450 (CYP) 2B6 and
CYP3A4) and most induce CYP3A4.21-22
PIs inhibit HIV protease enzymes. Functional protease enzymes foster viral
maturation by cleaving large viral precursor polypeptides into smaller functional
proteins.17 With protease inhibition, structurally disorganized and noninfectious viral
particles are released.23 Currently available PIs include ritonavir (RTV), lopinavir (LPV),
darunavir (DRV), saquinavir (SQV), nelfinavir (NFV), fosamprenavir (fAPV; a prodrug
of APV), atazanavir (ATV), tipranavir, and indinavir. PIs are primarily eliminated
through CYP3A4; therefore, drug interactions need to be considered as some PIs, such as
RTV, are CYP3A4 inhibitors, while others, such as LPV, induce CYP3A4.24 For these
reasons, PIs are often prescribed in co-formulations to provide optimal pharmacokinetic
profiles; for example, LPV and DRV require RTV co-administration to achieve effective
serum levels.24 PI-containing regimens are among the preferred first-line regimens in
adolescents and adults.18 Prenatal PI exposure among HEU children was 86% in 2009,
with 79% of children were exposed to a RTV-boosted PI regimen.25
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Integrase strand transfer inhibitors (INSTIs) inhibit HIV integrase enzymes and
prevent viral DNA strand transfer into the host cell chromosomes.26 Three INSTIs are
currently available: raltegravir (RAL), dolutegravir, and elvitegravir. These drugs are
CYP3A4 metabolized as well as heavily glucuronidated via uridine diphosphate
glucuronosyltransferase (UGT) 1A1.26-28 Concomitant use with UGT1A1 inducers, like
rifampin, necessitates dose increases.26
Maraviroc is currently the only approved drug in the new entry inhibitor class.
Maraviroc alters chemokine C-C motif receptor 5 (CCR5) confirmation on host cells; this
prevents viral attachment and entry into host cells.29 HIV can also utilize other coreceptors, like chemokine C-X-C motif receptor 4 (CXCR4), for attachment and entry;
therefore, screening must be done prior to maraviroc administration to determine drug
effectiveness. Maraviroc is CYP3A4-metabolized and therefore dosing is dependent on
whether the ART regimen contains CYP3A4 inducers or inhibitors. Enfuvirtide (T-20) is
the first and only FDA-approved fusion inhibitor. This large peptide binds to the host
cell’s transmembrane protein gp41 and alters its ability to form the peptide bundle
structure necessary for viral cell fusion.17 As a peptide, T-20 is broken down to amino
acid constituents and recycled through the body.30 Fusion and entry inhibitor use is still
limited, but INSTI administration is increasing as recent 2013 National Institutes of
Health (NIH) ART guidelines recommended INSTI-containing regimens in HIV-infected
adolescents and adults.18
A.3. ART for Pregnant Women
ART reduces perinatal transmission through several mechanisms. ART to pregnant HIVinfected women decreases maternal HIV RNA copies in blood and genital secretions,
5

partly responsible for ART prophylaxis efficacy.31-32 Infant pre-exposure prophylaxis is
another means of protection. Several ARVs cross the placenta and produce systemic drug
levels sufficient to protect the infant during birth canal passage when viral exposure is
high. Infant post-exposure prophylaxis, achieved by administering drugs to the infant
immediately following birth, provides protection against viral particles that may have
entered the fetal/infant circulation during labor and delivery (L&D); AZT is commonly
administered to HEU infants after birth. Mode of delivery is important for preventing
MTCT as studies demonstrated reduced transmission risk with cesarean delivery,33
especially when maternal HIV RNA is > 1000 copies/mL.34
In general, ART during antepartum, intrapartum, and postpartum periods is
superior in preventing perinatal transmission, as opposed to maternal/infant ART during
only 1 or 2 of these periods.9 Longer maternal ART duration started earlier in pregnancy
also is more effective at preventing perinatal transmission than shorter durations started
later in pregnancy.9
Maternal combination ART proves most effective at MTCT prevention.31, 35-36
The NIH9 and World Health Organization (WHO)37 recently updated guidelines
regarding ART to HIV-infected pregnant women and their infants. As of May 2014,
recommended first-line adult ART regimens in the US contain a dual-NRTI backbone of
TDF/FTC, TDF/3TC, ABC/FTC, or ABC/3TC with either a NNRTI (EFV), a RTVboosted PI (ATV or DRV), or an INSTI (RAL, dolutegravir, or elvitegravir).18 In HIVinfected pregnant women, March 2014 recommendations describe a preferred first-line
regimen should contain a dual-NRTI backbone of TDF/FTC, TDF/3TC, ABC/3TC, or
AZT/3TC. This backbone is then complimented primarily by RTV-boosted ATV or
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LPV.9 When possible, EFV should be avoided during the first two months of pregnancy
due to possible risk of neural tube defects. However, as ART regimen changes often are
associated with viral control loss, regimen changes to switch off EFV are not
recommended in pregnant women who present for care already on an EFV-containing
regimen. Although the relative risk remains unclear, there is no significant birth defect
increase with first trimester EFV exposure in humans.9 The risk also is isolated to the first
5-6 gestational weeks when pregnancy is often not yet realized; therefore, unnecessary
regimen changes may provide the largest MTCT and poor maternal health risks.9 When
significant drug interactions, resistance, or co-infections are present, or when virologic
suppression fails, alternative regimens containing a preferred dual-NRTI backbone
complimented with RTV-boosted DRV or SQV, NVP, or RAL may be administered
during pregnancy.9 There is insufficient evidence of safety during pregnancy for the more
recently recommended regimens containing dolutegravir, and elvitegravir. 9, 18
Recent 2014 guidelines recommend HIV-infected pregnant women’s ART should
begin no later than 12 weeks of gestation, regardless of HIV RNA copy number or CD4
T-cell count.9 Earlier ART initiation should be considered in women with a CD4 cell
count ≤ 500 cells/mm3.9 ART continuation postpartum is generally recommended in all
cases; however, in women with current and pretreatment CD4 cell counts > 500
cells/mm3, a collaborative patient-provider decision could be made to delay therapy until
immune status progresses to this threshold.9 However, strong evidence and expert
opinion support ART to all HIV-infected adults, regardless of HIV RNA copy number or
CD4 T-cell count.9, 18, 37
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Intravenous (IV) AZT administration is common practice during HIV-infected
pregnant women’s L&D, despite ART history in pregnancy or delivery mode. When IV
administration is not possible, such as resource-limited settings, oral AZT can be
considered.9, 37 The recent March 2014 NIH guidelines suggest this IV infusion is no
longer required for women receiving combination ART with HIV RNA ≤ 1000
copies/mL consistently in late pregnancy and no concerns regarding full regimen
adherence.9 This recommendation stems from a French study of 11,000 HIV-infected
pregnant women receiving ART between 1997 and 2010; among women with HIV RNA
< 1000 copies/mL (n = 8,501) intrapartum AZT prophylaxis did not reduce the MTCT
rate.38
A scheduled cesarean delivery at 38 weeks is recommended if HIV RNA remains
> 1,000 copies/mL near delivery.9 In women receiving combination ART with HIV RNA
≤ 1,000 copies/mL, there is insufficient evidence that a cesarean delivery alone offers
additional benefit to preventing transmission. Therefore, the opinion among experts is a
scheduled cesarean delivery is unnecessary unless other standard obstetrical indications
are present.9
In the US, infant AZT prophylaxis within 6 h of birth through 6 weeks is
recommended for all HEU infants, with gestational age-based dosing.9 Additional NVP
doses are given when the mother has not received ARV treatment during pregnancy.9
Internationally, these recommendations are similar.37 Limited safety and toxicity data
exist on other ART for infant prophylaxis. However, combination infant ART
prophylaxis is increasing with AZT/3TC/NVP the most commonly used regimen.39-41 In
the US and other resource-rich areas, HIV-infected women should refrain from
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breastfeeding to avoid postnatal transmission through breast milk12 and avoid food
premastication for infants, an additional risk factor.42-43
Some ARV drugs exhibit different pharmacokinetics in men and women, possibly
due to differences in body fat, plasma volume, protein levels, gastric emptying time, CYP
enzyme activities, and drug transport.44-45 Higher plasma concentrations are observed in
women for several boosted PIs, including SQV, DRV, and LPV. This high exposure is
likely the reason for more adverse events in women, such as higher gastrointestinal and
neurological side effect rates with RTV.44-45 Women also suffer more adverse events with
NRTIs, including neuropathy, pancreatitis, and toxicity-driven regimen changes,
associated with increased plasma concentrations or increased phosphorylation to active
components.44-45 With the NNRTI NVP, a higher rash incidence is observed in women,
likely caused by the higher plasma concentrations achieved.44-45 One advantage to higher
plasma drug concentrations is women often achieve virologic suppression faster than
men. Interestingly, NFV, the only PI administered unboosted, does not show these same
differences.45 Physiological changes during pregnancy impact drug disposition, such as
increased plasma volume, body fat, gastric emptying time, and renal clearance, and
decreased plasma protein binding, and gastric pH.9, 46-47 However, most ARVs do not
require dose changes with pregnancy due to multiple opposing effects,47 except RTVboosted ATV, DRV, and LPV.9
A.4. ARV Exposure Quantification
In the US, ARV therapeutic drug monitoring (TDM) is recommended in select situations
or populations including treatment failure, suspected toxicity, potential ARV efficacy
compromise with clinically significant drug interactions and organ dysfunctions requiring
9

dose adjustments, and in pregnant women and children.18 TDM of PIs and NNRTIs is
especially important as decreased drug exposure to these therapies is associated with
incomplete viral suppression, drug resistance development, and treatment failure.47-48
Elevated PI plasma concentrations also may be associated with toxic effects, such as
gastrointestinal disorders, hyperbilirubinemia, and elevated lipids.48 However generally,
HIV-infected mothers do not have plasma ARV concentrations routinely monitored; dose
adjustments are more often made based on clinical outcomes.
Assessing ART adherence with self-report has several limitations including recall
and reporting bias when individuals fear disapproval from health care providers.49
Improved compliance is seen with single co-formulation or reduced pill burden
regimens.50 Recent studies documented maternal hair ARV concentrations were a strong
virologic suppression predictor in South African51 and US metropolitan52 women,
suggesting biological ARV markers may improve HIV-infected individuals’ care. Hair
ARV concentrations better predicted virologic suppression (< 80 HIV RNA copies/mL)
than self-reported adherence, race, age, previous PI use, and pretreatment HIV RNA
levels.52 Biological ARV marker concentrations in maternal and neonatal specimens
provide an integrated measure of behavior and biology as concentrations account for
regimen adherence and individual pharmacokinetic variations.52
With the need to monitor ART in pregnant women and assess adequate viral
suppression in the fetus/infant, several procedures are available to quantify ARVs in
amniotic fluid, breast milk, placenta and fetal tissues, maternal, infant, and umbilical cord
blood, cervicovaginal secretions, maternal and infant hair, dried blood spots, and
peripheral blood mononuclear cells.53-63Meconium, the first neonatal feces, begins to
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form in the fetal gut during the 12-13th gestational week and is primarily composed of
mucopolysaccharides, water, epithelial cells, swallowed amniotic fluid, bile, pancreatic,
and intestinal secretions, and other lipids.64-65 Meconium is an advantageous matrix to
assess in utero drug exposure due to ease of collection, adequate specimen volume, and
long drug detection window. Meconium is usually passed within the first 72 h after birth.
This matrix is unique to the developing fetus and is commonly employed in neonatal
screening for in utero drug exposure to cocaine, opioids, amphetamines, cannabinoids,
and alcohol and tobacco markers.64
Meconium drug distribution can be impacted by maternal dose, maternal and fetal
pharmacokinetics, and placental transfer. The placenta is thought to play a role in
partitioning drugs to the fetal compartment based on differing alcohol and cannabinoid
marker concentrations in meconium66-67 and hair 66 from dizygotic twins and guinea pig
pups, while hair from monozygotic twins showed nearly identical hair cocaine
concentrations.66 Ostrea et al65 and Ortega Garcia et al68 suggested serial meconium
analyses to determine fetal exposure timing; however, this may be practical only with
postmortem or small case studies. Serial meconium analysis is not a well-recognized
practice as animal studies show meconium may be mixed in the fetal intestines, as
indicated by sonogram, and not necessarily accumulate in a fixed manner,69 and nothing
is known about drug diffusion throughout meconium.
In humans, quantifying fetal ARV exposure is difficult and generally limited to
estimations based on maternal ARV dose, medication chart information,
pharmacokinetics, placental drug transfer, or neonatal plasma or hair drug concentrations
after delivery to evaluate infant outcome measures;70-74 however, none of these methods
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directly assess drug exposure to the fetus throughout gestation. Neonatal plasma only
offers a snapshot of fetal drug exposure just prior to birth. Infant hair can be
contaminated by drug in the amniotic fluid or cervicovaginal secretions. Cumulative fetal
drug impact from daily maternal drug administration cannot be gleaned from neonatal
plasma or hair testing after birth. Despite understanding gained from animal studies about
the time an ARV drug and its metabolites remain detectable in fetal plasma or tissue,
cumulative fetal exposure over an entire trimester or multiple trimesters in humans is still
poorly understood. Variability in placental transfer and maternal and fetal metabolism
among women receiving similar ART may introduce error in predicting infant outcomes
from these measures. With meconium accumulating over several months, this matrix
offers a longer detection window for in utero drug exposure than other neonatal
matrices.64
In animals, controlled drug administration research demonstrates a maternal dosemeconium concentration relationship for some drugs,75 but evaluating these relationships
in humans is complicated by inaccurate maternal recall, and differences in maternal
pharmacokinetics, placental transfer, and fetal metabolism. Previous investigations
demonstrate meconium’s utility in identifying in utero drug exposure and concentrations
can correlate to maternal self-reported drug use and/or neonatal outcomes.76-80 Meconium
tobacco marker concentrations showed a positive linear association with maternal selfreported cigarette consumption in the third trimester, and predicted reduced birth weight,
gestational age, and head circumference.76-77 Meconium buprenorphine and metabolite
concentrations predicted neonatal abstinence syndrome onset and frequency in infants of
women receiving buprenorphine opioid replacement.80 These data demonstrate
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meconium ARV analysis could offer a more objective in utero ARV exposure measure
and better predict infant toxicities than maternal ART history.
A.5. In Utero ARV Exposure and Related Toxicities
The Pediatric HIV/AIDS Cohort Study (PHACS) is a longitudinal study assessing longterm fetal and infant ART exposure safety during infancy and adolescence in multiple
domains, including metabolic, growth, cardiac, neurologic, neurodevelopmental,
behavioral, language, and hearing. Within PHACS, the Surveillance Monitoring for ART
Toxicities (SMARTT) study is examining clinical and laboratory data from HEU children
born to HIV-infected women to demonstrate ART safety and assess potential adverse
events related to gestational ART exposure. Enrolling since 2007, PHACS employs a
trigger-based study design with initial evaluations on all children and extensive follow-up
on children meeting certain threshold criteria in each domain.81 Concerns are being raised
about potential toxicity in some neonates following gestational ART exposure, including
mitochondrial dysfunction, increased bone porosity, growth deficits, mental health
problems, cardiac changes, and hearing and language impairment.82-91 It is still unclear
why some children develop these abnormalities and others do not. An accurate fetal ARV
exposure measure may be able to predict infants at the greatest risk for these
abnormalities.
In adults, long-term AZT administration is associated with mitochondrial toxicity
as demonstrated by elevated serum lactic acid, skeletal and cardiac muscle wasting,
mitochondrial DNA depletion, and abnormal oxidative phosphorylation enzyme
activities.18 Sufficient circumstantial mitochondrial dysfunction evidence was observed in
a small number of infants (< 1%) exposed to NRTIs AZT and 3TC during gestation.83, 92
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Highly variable mitochondrial dysfunction symptoms were noted.83 Enzymological
mitochondria examination from NRTI-exposed children showed a deficit in one or more
respiratory chain complexes.83 AZT exposure in utero also was clinically associated with
mitochondrial DNA depletion.93 Similar results were seen in animal studies. Patas
monkeys exposed in utero to AZT and 3TC had mitochondrial membrane destruction and
reduced mitochondrial proliferation in the heart, depleted oxidative phosphorylation
capabilities in skeletal muscle, and large mitochondrial DNA reductions in heart,
placenta, brain, and skeletal muscle.94 Mice exposed to AZT and 3TC during fetal
development had lasting body weight and neurobehavioral developmental reductions
through postnatal day 35 (equivalent to mid-adolescence in humans); exposed pups also
demonstrated reduced sensorimotor skills.95
Mitochondrial dysfunction or mutation also can lead to sensorineural hearing
loss.96 Sensorineural hearing loss may require hearing aid utilization and, if diagnosed
late, can lead to problems with language acquisition.97 Sensorineural hearing loss
involves auditory signal distortion as it leaves the inner ear and proceeds to further
processing by higher auditory structures.87 Studies in HIV-infected children show high
hearing loss prevalence (24-39%).98-99 Recently, the PHACS group demonstrated hearing
problems were more common among perinatally HIV-infected (20%) and HEU children
(10.5%) than the general US population (4%), as determined using data from the Third
National Health and Nutrition Examination Survey (NHANES III), from 1988-1994.87
This study found no association between hearing loss and maternal ART regimen
exposure, assessed with combination ART duration and cumulative NRTI exposure;87
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although this lack of association does not exclude maternal ARV drugs’ association with
infant hearing loss.
A series of investigations by Taranatal et al and Castillo et al detail toxic effects
of in utero TFV exposure on developing rhesus macaques.82, 100-101 Chronic TFV
exposure during gestation produced severe skeletal disease in 25% of exposed rhesus
monkeys.100 Exposed fetuses’ crown-rump length, body weight, and brain mass were
significantly lower than non-exposed fetuses.101 Bone mineralization also was impaired
in gestationally TFV-exposed rhesus macaques,82 possibly indicating an increased
fracture risk. High-dose TDF administration also led to fetal growth restrictions in infant
macaques102 that were not observed at lower doses, suggesting a dose-dependent effect
mechanism.102-103
Most human studies to date fail to show the negative growth and bone outcomes
of TFV exposure demonstrated in animals, although some studies show evidence of these
negative TFV-related outcomes. One study in the PHACS cohort found no difference in
z-scores between HEU infants gestationally exposed and unexposed to TDF-containing
regimens for gestational age, birth weight, length, and head circumference.86 However, at
1 year, infants exposed in utero to combination regimens containing TDF had
significantly lower z-scores for length-for-age and head circumference-for-age.86Authors
conclude TDF use during pregnancy is not associated with increased poor neonatal
growth risk, although further investigation is warranted to understand the significance of
the shifted 1 year z-scores.86 In a separate PHACS study, infants with at least 8 weeks of
3rd trimester TFV exposure demonstrated a significant reduction (0.5 standard deviations)
in bone mineral content (BMC) compared to infants with no gestational TFV exposure.104
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In another study, there was no difference in birth weight or weight at 6 months between
TFV-exposed and -unexposed infants; however, TFV exposure during the 2nd or 3rd
trimester significantly predicted a sex-adjusted weight z-score < 5th percentile at 6
months.105 Null findings were seen in an observational study in Africa following infants
through 2 months of age; no TFV-exposure effect was seen on pregnancy outcome, infant
mortality, growth measures, or reported bone fractures.106 Serum creatinine and
phosphate levels also were not significantly different between the TFV-exposed and unexposed.106 Another study employing quantitative ultrasound, collected tibia bone
measurements from gestationally TDF-exposed HEU children (1-6.4 years of age).107 In
this small study (TDF-exposed n = 33, unexposed n = 35) investigators failed to show
group differences in tibia bone measurements and bone formation/resorption markers
present in blood, except increased calcium/creatinine ratios and decreased parathyroid
hormone were observed in the TFV-exposed group compared to the unexposed.107
Anatomical cardiac changes were recently described in gestationally ARVexposed infants from birth to 2 years.85 Reduced end-diastolic septal wall thickness and
left ventricle mass and dimension z-scores indicated impaired myocardial growth with
fetal ARV exposure.85 These effects were more pronounced in girls. While the z-score
shift appeared small in magnitude, the findings were consistent with pediatric
doxorubicin exposure studies demonstrating increased heart failure and cardiac mortality
risk 20-30 years after the exposure.85 Among 13,124 live births in France between
January 1994 and December 2010 exposed to ART during pregnancy, 1st trimester AZT
exposure was associated with increased risk of congenital heart defects (2.3% of 3,267
children exposed to zidovudine in the 1st trimester v.s 1.1% among the 2,152 children
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unexposed to zidovudine, adjusted odds ratio (aOR) = 2.2, 95% confidence interval (CI)
1.3–3.7, P = 0.003).91 This finding requires further exploration and confirmation in
additional populations worldwide as AZT is part of recommended first-line therapies to
HIV-infected pregnant women in the US. Additionally, the molecular mechanism for the
cardiac presentation in these children following AZT exposure is still unknown, although
mitochondrial toxicity is the most likely mechanism given previous findings.94
In utero ATV exposure may be associated with increased language impairment
risk based on previous PHACS reports. Lower mean Bayley Scales of Infant and Toddler
Development-Third Edition (Bayley-III) language domain scores were seen in 1 year-old
HEU infants exposed to ATV-containing regimens during gestation, as compared to nonATV-exposed infants.90 Similarly, ATV-exposed infants had increased late language
emergence (LLE) odds at 1 year.89 Second or third trimester ATV exposure elicited a
stronger effect compared to first trimester exposure. However, 2 year-old language
assessments showed no significant association between LLE and ATV exposure.89
Exposure determination with a more objective fetal measure, like meconium, may
provide more gestational exposure information than maternal medical chart history and
better predict infant outcomes.
A.6. Knowledge Gaps in Prenatal ARV Research
As countries worldwide strive to eliminate MTCT, more HIV-infected pregnant women
will be administered ART. This therapy is highly efficacious at preventing MTCT;
negative infant consequences and toxicities must be considered in relation to a possibly
greater HIV transmission risk if expectant mothers are not administered ART. Multiple
ARV drugs and regimens are available, offering an opportunity to select agents with
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potential lower toxicity, if toxicity can be tied to specific ARV agents. A greater
understanding of potential toxicities associated with in utero ARV exposure is needed. It
is unclear why some infants develop abnormalities and others do not when exposed to the
same ARV regimens. A more objective fetal in utero ARV exposure measure may better
predict infant toxicities than maternal ART history. Meconium ARV concentrations
better reflect fetal drug exposure during the latter half of pregnancy, accounting for
variations in maternal pharmacokinetics, placental transfer, and fetal metabolism. For
infant outcomes potentially associated with second or third trimester exposure, meconium
drug concentrations provide an excellent opportunity to quantify fetal drug exposure.
This dissertation presents the first quantitative meconium ARV assay for simultaneous
analysis of 20 ARV markers, and evaluation of meconium ARV concentrations’ ability to
predict adverse infant developmental outcomes.
Although meconium is routinely utilized to detect prenatal drug and tobacco
exposure, meconium has never before been analyzed for ARVs. Many questions
remained unanswered for ARV exposures, including whether meconium ARV
concentrations correlate with maternal ARV dosing history. If meconium concentrations
were highly correlated to maternal dosing history, this would suggest maternal dosing
history alone could indicate fetal ARV exposure. However, for many illicit and some
therapeutic drugs, maternal dose is not predictive of infant meconium concentrations and
meconium concentrations better predict infant outcomes. Most importantly, we want to
understand whether meconium ARV concentrations can improve infant care by
identifying at-risk children who might have better outcomes following receipt of
additional resources. If meconium ARV concentrations predict adverse infant outcomes,
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identification during the perinatal period would offer an opportunity to provide assistive
services, possibly preventing further negative trajectories or improving development.
Also, further exploration into maternal/neonatal factors, like genetic polymorphisms,
environmental exposures, and maternal disease state prior to pregnancy, potentially
contributing to this predictive relationship between meconium concentrations and infant
outcomes may help to prevent future toxicities by identifying additional risk factors. For
example, mothers with low metabolizing capabilities due to a genetic polymorphism may
have higher plasma concentrations of a toxic parent ARV compound, or if some ARV
metabolites are toxic, mothers with high metabolizing capabilities may generate higher
toxic metabolite concentrations. Additionally, maternal disease state prior to pregnancy
may predispose offspring to increased toxicity risk or susceptibility for negative
outcomes; this finding is observed in animal studies researching maternal cannabis,108-110
androgen111-113 and opiate use,114-115 where parental germline changes are the suggested
mechanism. Future research should strive to better understand the causes associated with
the observed negative consequences following gestational ARV exposure.
Meconium ARV data also might suggest changes to maternal ARV regimens for
future pregnancies to limit adverse outcomes. Understanding what maternal dosing
ranges correlate with meconium concentrations, or how meconium ARV concentrations
accumulate with respect to maternal dose may allow prevention of future toxicities.
Utilizing meconium ARV concentrations to study these knowledge gaps allows for
improved mother and infant care, as well as care of future in utero ARV-exposed infants.
Finally, these data provide an excellent tool to define ARV meconium detection
windows as detailed information on maternal ARV start and stop dates during pregnancy

19

also is available. Research on meconium windows of detection is rare but is critical to
understanding these data’s implications and preventing adverse infant outcomes.
The Chemistry and Drug Metabolism Section of the Intramural Research Program
at the National Institute on Drug Abuse collaborates with many large research groups.
Intrauterine ARV exposure data presented in this dissertation were generated through
collaboration with PHACS, a longitudinal study from gestation to adolescence assessing
long-term fetal and infant ARV exposure safety in multiple domains. PHACS currently
enrolls at 22 US sites, including two in Puerto Rico. Each sites’ Institutional Review
Board approved the study. PHACS monitors perinatally HIV-infected and HEU children
and adolescents. Infant follow-up employs a trigger-based study design with all children
experiencing initial evaluations and extensive follow-up on children meeting certain
threshold criteria in metabolic, growth, cardiac, neurologic, neurodevelopmental,
behavioral, language, and hearing domains.81
B. Prenatal Alcohol Exposure
B.1. Epidemiology of Alcohol Use during Pregnancy
Recent US survey studies report alcohol consumption among 7.6-12.2% of pregnant
respondents, with binge drinking reported among 1.4-2.7%.116-118 Most women stop or
reduce drinking during pregnancy, although many women continue to drink. Fetal
alcohol syndrome (FAS) is the most severe manifestation of prenatal alcohol exposure,
exhibited by craniofacial anomalies, growth deficits, and central nervous system
dysfunction.119-120 Fetal alcohol spectrum disorder (FASD) describes the entire prenatal
alcohol exposure consequence spectrum, including FAS, growth retardation, craniofacial
dysmorphology, cognitive disorders, and social and behavioral impairments.119-121 FAS
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represents 10-15% of all FASD122 and FASD is estimated to impact 2-5% of children.123
The general population’s FAS prevalence is estimated between 0.05-0.3%,123 although
among heavy drinkers and specific subpopulations, FAS incidence is 0.9-4.3%.124-127
Prenatal alcohol exposure is associated with many pregnancy complications in
addition to negative infant and child outcomes. Spontaneous abortion risk was 45%
among heavy drinkers with at least 1 FAS child, compared to 15% among all
pregnancies.128 Stillbirth, prematurity, and fetal growth impairment incidences also are
significantly higher among alcohol consuming pregnant women.129-130 Clinical studies
demonstrated maternal alcohol consumption of 7 standard drinks/week (average 0.5 oz
absolute alcohol/ day) was deleterious to child growth and development.131-132 Maternal
consumption as low as 1 drink/week also negatively impacted early childhood behavioral
externalizing and aggression measures.133
Human and laboratory animal investigations indicate binge-drinking behaviors
also can be detrimental during pregnancy. Studies in rats demonstrated an isolated heavy
alcohol dose was more harmful than chronic lower level exposure, and peak blood
ethanol levels, not total ethanol dose, correlated with adverse outcomes.134-137 In humans,
binge drinking (≥ 5 drinks on a single occasion) during pregnancy was associated with
reduced prenatal growth,138-139 poor infant mental and psychomotor development,139
central information processing problems,139-140 attention, memory, and cognitive function
deficits at 7 years of age,141 and increased restlessness, distractibility, and lack of
persistence at 11 years.142
Alcohol use among HIV-infected individuals presents further challenges
including limited HIV care access, poor ARV medication adherence, substance use
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treatment needs, and complicating comorbid medical and health conditions.18, 143 Heavy
alcohol use is commonly associated with ART non-adherence.143 Illicit drug and alcohol
use also are often associated with depression and anxiety. These conditions are
particularly important in HIV treatment as depressed patients are more likely to be nonadherent.143 HIV-infected women who drink alcohol during pregnancy put their infants at
risk for both HIV and FASD. South Africa has one of the world’s largest HIV-infected
populations, with an estimated 5.6 million in 2009, as well as one of the highest alcohol
consumption per drinker levels worldwide.144 In South Africa’s KwaZulu-Natal province,
where HIV infection among pregnant women (38.7%) is highest in the country, drinking
during pregnancy is a larger problem among HIV-infected women than non-infected
pregnant women.144 In this province, an estimated 18% of HIV-infected women drink
during pregnancy with 67% of drinkers usually drinking 3 or more alcoholic beverages
per occasion.144
FASD encompasses a broad cognitive and behavioral deficit range; some heavily
exposed children still exhibit cognitive impairments while lacking syndromal FAS
growth retardation or craniofacial dysmorphology. More severe alcohol-related defects
will depend on alcohol dose and exposure timing during fetal development, older
maternal delivery age (> 30), and maternal alcohol abuse history.139, 145-147 Prenatal
alcohol exposure effect susceptibility also is governed by maternal genetic factors and the
postnatal home environment.139, 145-147 A biological maternal alcohol consumption marker
that correlates to poor infant outcomes would provide objective exposed infant
identification and early access to FASD assistive services.
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B.2. Maternal/Fetal Alcohol Metabolism
Most ingested ethanol (> 90%) is metabolized via oxidation to acetaldehyde in the liver
by cytosolic alcohol dehydrogenase.148 Acetaldehyde is then metabolized by aldehyde
dehydrogenase (present both in cell cytoplasm and mitochrondria) to acetate.148 Genetic
variations in these two dehydrogenase enzymes greatly contribute to ethanol metabolism
variation in the population, with alcohol metabolism varying 4-fold between
individuals.145, 149 Most remaining ethanol is metabolized by CYP2E1 to acetaldehyde;
this metabolic pathway is highly inducible at high ethanol concentrations and also
generates ethanol-derived free radicals.149-150 Catalase also metabolizes ethanol to
acetaldehyde. This occurs in peroxisomes and may play a role in ethanol elimination
from the brain where other enzymes are limited.149A small percentage of ethanol
undergoes non-oxidative metabolism yielding fatty acid ethyl esters (FAEE), ethyl
glucuronide (EtG), and ethyl sulfate (EtS). These chemical ethanol derivatives are
detectable longer than ethanol in several matrices and are, therefore, clinically useful in
identifying recent alcohol exposure. FAEE are formed by ethanol esterification with
endogenous free fatty acids via FAEE synthases and acyl-CoA:ethanol acyltransferases
found primarily in the liver.151-152 Small ethanol amounts (< 0.1%) are converted to EtG
and EtS by ethanol conjugation to glucuronic acid or activated sulfate through the actions
of UGTs and sulphotransferases, respectively.153-154 In addition to these metabolic
pathways, 2-10% of consumed ethanol is eliminated unchanged in breath, urine, or
sweat.148, 155
Fetal ethanol metabolism is limited compared to adults. Fetal hepatic alcohol
dehydrogenase activity is detectable as early as 8 weeks and is 3-4% of adult activity,156
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which is generally 0.01-0.02 g/dL/h.148, 157 Fetal CYP2E1 ethanol metabolism is present
as early as 16 weeks with 10-30% of adult enzymatic activity.158-159 CYP2E1
biotransformation capabilities in fetal brain tissue160 suggest a possible mechanism of
prenatal alcohol’s detrimental central nervous system effects. As CYP2E1 ethanol
metabolism can generate reactive oxygen species, free radicals, acetaldehyde, and other
aldehydes, all of which can induce cellular injury,160 the variable central nervous system
effects manifested from prenatal alcohol exposure may result from this mechanism.155
Non-oxidative fetal ethanol metabolism is limited to FAEE and EtS formation as
the fetus is not capable of producing EtG. Placental perfusion studies demonstrate
meconium FAEE result exclusively from fetal synthesis as FAEE do not cross the
placenta.161 In contrast, EtG readily crosses the placenta,162 and meconium EtG is
primarily of maternal origin as fetal glucuronidation capacity is poor. 163-164 No EtS
placental transfer studies are reported, although fetal sulfotransferases demonstrate
significant and variable activity165-167 and therefore, meconium EtS may result from both
maternal and fetal generation.
Placental ethanol metabolism occurs mostly via the CYP2E1 pathway, although
its role in fetal alcohol exposure susceptibility is still unknown.155 While the placenta
expresses alcohol and aldehyde dehydrogenase enzymes, these enzymes are low-affinity
low-activity isoforms and therefore, this placental metabolic pathway is likely not as
prominent as CYP2E1.155 In addition to possible ethanol metabolism, the placenta
partitions maternally consumed ethanol to the fetus.66-67
Ethanol rapidly distributes throughout body water content, and reaches the fetal
compartment within minutes after maternal administration.168 Fetal blood alcohol
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concentrations approach equilibrium with maternal blood alcohol concentrations within
1-2 h.157, 169As fetal ethanol metabolism is limited, fetal alcohol elimination is mainly
achieved with transfer back to maternal circulation. Animal studies suggest rapid
bidirectional transfer between maternal and fetal compartments but also show prolonged
fetal ethanol exposure as amniotic fluid acts as a reservoir during maternal
elimination.155, 170-171 Ethanol entering the fetus is first eliminated to amniotic fluid via
fetal urine and breathing movements.155, 172 Before gestational week 20, ethanol also can
diffuse across fetal skin to amniotic fluid, but when fetal skin keratinizes between weeks
20 and 24, this pathway is removed.155, 172 Complete ethanol elimination from amniotic
fluid is accomplished by reabsorption back into the fetal circulation where it can be
transferred to the maternal circulation by the placenta. Reabsorption is accomplished by
fetal swallowing (500-1,000 mL/day), breathing (170 mL/day inhalation), or diffusion
across the amnion via the osmotically-driven intramembranous pathway (200-500
mL/day).155 Reabsorption from amniotic fluid is thought to be the rate-limiting step in
fetal alcohol elimination as amniotic fluid ethanol concentrations are significantly higher
than maternal and fetal blood concentrations during maternal elimination.155, 170-171
Individual adverse infant outcome susceptibility may vary based on genetic factors
governing maternal, fetal, and placental ethanol metabolism and maternal-fetal-amniotic
fluid flow rates.145, 155
B.3. Biological Markers for In Utero Alcohol Exposure Monitoring
Non-oxidative alcohol marker presence in different maternal and neonatal matrices,
including placenta, meconium, and maternal hair, can be used to identify maternal
alcohol consumption during pregnancy; however, there is great debate in the field about
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which markers, FAEEs or EtG and EtS, are best. Maternal self reported alcohol
consumption identifies exposed infants when more apparent syndromal FAS traits are
lacking; however, maternal recall is prone to reporting bias and social stigmas related to
drinking during pregnancy.173 Objective meconium markers indicative of fetal alcohol
exposure and available shortly after birth could greatly improve fetal alcohol exposure
identification.
While many studies document meconium FAEE detection in infants born to
drinking mothers, few studies collect sufficient self-report data to correlate maternal
alcohol consumption to presence and concentrations of meconium FAEE.174-178 Studies
by Bearer et al demonstrated individual FAEE, including ethyl oleate, ethyl linoleate, and
ethyl arachidonate, are highly sensitive markers for identifying infants prenatally exposed
to alcohol and discriminating high exposure levels (≥ 21 drinks/week).174-176 Despite
these findings, there is disagreement in the field on 1) whether individual or cumulative
FAEE meconium concentrations should be employed in gestational alcohol exposure
assessments and 2) what cutoff should be applied to discriminate meconium from nondrinking women’s infants. A cumulative FAEE meconium cutoff concentration of 2
nmol/g (~600 ng/g) was proposed by Chan et al177, 179 to discriminate infants born to
abstaining mothers; however, there is no consensus on which FAEEs to include. In 2003,
Chan et al first proposed cumulative concentrations to include 4 FAEE: ethyl palmitate,
ethyl stearate, ethyl oleate, and ethyl linoleate;177 however, in 2004, these authors
suggested adding ethyl palmitoleate, ethyl linolenate, and ethyl arachidonate.179 The
authors’ cutoff rationale was that 2 nmol/g of the suggested 7 summed FAEE was the
lowest found in the author’s laboratory among confirmed drinkers’ neonates (n = 6);177,
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179

however, no discussion is provided on drinking patterns in these 6 women. This cutoff

may be too high to permit detection of moderate and light drinking behaviors. The
proposed cutoff is controversial as several publications with a 2 nmol/g cutoff include
different FAEE in the cumulative concentration assessment.180-183 Accuracy of this
cumulative cutoff is also questioned, as 12.5% of specimens with total FAEE < 2 nmol/g
had positive maternal self-report (although, no distinction was made on trimester of
positive self-report).181 Additional research is needed to describe meconium FAEE in
non-drinking populations.
An important meconium FAEE analysis consideration is stability; one study
demonstrated poor meconium FAEE stability in all storage/shipping conditions except
when frozen immediately after collection.184 This finding led to the recommendation that
meconium samples should not be exposed to more than one freeze-thaw cycle for FAEE
monitoring.184 However, more recent research demonstrates acceptable FAEE stability in
authentic meconium even after 3 freeze-thaw cycles;185 large stability differences
observed between subjects or the difference in sample preparation techniques may
account for the different results between these two studies.185
In comparison to FAEE meconium reports, there are far fewer EtG and EtS
investigations. There also is no consensus in the field on an appropriate EtG or EtS cutoff
concentration to identify alcohol exposed infants. Some studies show a good correlation
between meconium FAEE and EtG,180 while others demonstrate a poor correlation.186-188
One study utilizing cumulative FAEE (ethyl palmitate, ethyl stearate, ethyl oleate, and
ethyl linoleate) ≥ 500 ng/g obtained good agreement with EtG meconium results when a
≥ 274 ng/g EtG cutoff was applied.180 Italian investigators Morini and Pichini et al
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suggested meconium EtG cutoffs of 333 ng/g (1.5 nmol/g)186 and 444 ng/g (2 nmol/g)187
to discriminate heavy maternal alcohol use from occasional or no use. Lower EtG cutoffs,
111-200 ng/g (0.5-0.9 nmol/g), also were recently suggested by these same authors to be
more predictive of prenatal alcohol exposure.189 Meconium EtS may improve meconium
result interpretation; however, there are few data evaluating this marker.186 Morini et al
suggested a 1.51 ng/g (0.012 nmol/g) EtS cutoff in addition to a 333 ng/g EtG cutoff for
heavy maternal alcohol consumption.186 More research is needed to confirm meconium
EtG and EtS sensitivity and specificity. A greater understanding of meconium EtG and
EtS concentrations in non-drinking populations also is needed.
EtG formation is mainly accomplished by UGT1A9, 2B7, and at lower ethanol
concentrations, 1A1.153, 190-191 Ethanol glucuronidation also can be impacted by certain
cannabinoids and flavonoids.190-191 These studies indicate genetic UGT polymorphisms
and other consumed substances and food may contribute to EtG variability seen in
controlled administration studies.192-193 In human liver microsome experiments,
cannabinol increased ethanol glucuronidation, whereas cannabidiol inhibited EtG
formation, but effects were only significant at the highest concentration tested, 15 mg/L
cannabinol or cannabidiol, which far exceeds biological concentrations observed in
humans following smoking.194-195 Genetic variability may also impact meconium EtG
concentrations.
Few studies assessed the predictive value of meconium FAEE concentrations on
infant outcomes196-201 and no studies employed EtG/EtS meconium concentrations.
Previous studies showed elevated cumulative meconium FAEE were associated with
lower one-minute Apgar scores,196 birth weight, length, and head circumference, and
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executive function task scores at age 4.197 A study in guinea pigs demonstrated
cumulative FAEE meconium concentrations correlated with lower fetal body and brain
weight after daily maternal alcohol consumption.198 Elevated individual FAEE
significantly correlated to lower birth weight (ethyl myristate199 and ethyl oleate196) and
decreased mental and psychomotor performance in 2 year-old children (ethyl myristate,
oleate, linoleate, linolenate, and arachidonate199). Elevated meconium ethyl oleate also
predicted infant FAS or partial FAS diagnoses by age 5.200 Infant cognitive performance
on memory recognition and processing speed tasks more strongly related to meconium
ethyl oleate than maternal self-reported alcohol consumption.200 Meconium FAEE may
be employed as a clinical tool to assist prenatal alcohol exposure detection shortly after
birth and allow intervention to prevent secondary FASD problems, including mental
health problems, disruptive school behavior, justice system involvement, substance use
problems, and inappropriate sexual behaviors.202-203 Further investigation and comparison
of meconium EtG with FAEE is needed to determine the best in utero alcohol exposure
marker.
B.4. Knowledge Gaps in Alcohol Exposure Research
This dissertation presents the first simultaneous FAEE, EtG, and EtS meconium
extraction method, permitting direct comparison between these alcohol markers obtained
from the same specimen aliquot. Application of this method will strengthen current
EtG/EtS and FAEE meconium knowledge and improve interpretation of meconium
alcohol markers. More data are needed to validate the efficacy of meconium EtG and EtS
to identify gestational alcohol exposure and to better understand the relationships
between meconium EtG/EtS and FAEE. To date, meconium EtG and EtS have not been
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adequately compared to detailed maternal self-report. The ability to predict adverse infant
developmental outcomes with meconium alcohol marker concentrations or presence and
agreement between EtG, EtS and FAEE markers still requires resolution.
The Chemistry and Drug Metabolism Section is collaborating with a group
investigating prenatal alcohol exposure’s role in Sudden Infant Death Syndrome (SIDS)
and adverse pregnancy outcomes, such as stillbirth, and FAS/FASD diagnoses. The
Prenatal Alcohol in SIDS and Stillbirth (PASS) Network, established in 2003, has
enrolled nearly 12,000 pregnant women mainly, but not exclusively, from two high-risk
populations: American Indians in the North and South Dakota and multiracial South
Africans in Cape Town. Each sites’ Institutional Review Board approved the study.
Infant follow-up will continue through the first year of life.
Emerging evidence suggests adult health is partly programmed during germline
and fetal development. Studies show maternal diet and obesity,204-205 pollution
exposure,206, and alcohol,207 tobacco,208 cocaine,209 cannabis,108-110 androgen111-113 and
opiate use114-115 have profound effects on future generations’ adult lives. These data
demonstrate the importance of in utero drug exposure information in longitudinal
prospective studies. Objective fetal alcohol and ARV exposure measures, demonstrated
in this dissertation, are essential to understanding larger exposure implications through
continued follow-up.
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Chapter 2 – Development and Validation of the First Liquid
Chromatography-Tandem Mass Spectrometry Assay for
Simultaneous Quantification of Multiple Antiretrovirals in
Meconium1
Abstract
A novel method for the simultaneous quantification of 16 antiretroviral (ARV) drugs and
4 metabolites in meconium was developed and validated. Quantification of 6
nucleoside/nucleotide reverse transcriptase inhibitors, 2 non-nucleoside reverse
transcriptase inhibitors, 7 protease inhibitors and 1 integrase inhibitor was achieved in
0.25 g of meconium. Specimen preparation included methanol homogenization and solid
phase extraction. Separate positive and negative polarity multiple reaction monitoring
mode injections were required to achieve sufficient sensitivity. Linearity ranged from 1075 ng/g up to 2,500 ng/g for most analytes and 100-500 ng/g up to 25,000 ng/g for some;
all correlation coefficients were ≥ 0.99. Extraction efficiencies from meconium were
32.8-119.5% with analytical recovery 80.3-108.3% and total imprecision 2.2-11.0% for
all quantitative analytes. Two analytes with analytical recovery (70.0-138.5%) falling
outside the 80-120% criteria range were considered semiquantitative. Matrix effects were
-98.3-47.0% and -98.0-67.2% for analytes and internal standards, respectively. Analytes
were stable (> 75%) at room temperature for 24 h, 4°C for 3 days, -20°C for 3 freezethaw cycles over 3 days and on the autosampler. Method applicability was demonstrated
by analyzing meconium from HIV-uninfected infants born to HIV-positive mothers on
ARV therapy. This method can be used as a tool to investigate the potential effects of in
utero ARV exposure on childhood health and neurodevelopmental outcomes.
1

Himes SK et al. Analytical Chemistry 2013. 85(3): 1896-1904.
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Introduction
Prevention and treatment of HIV/AIDS is a major global health priority, with prevention
of perinatally acquired HIV a key strategy in eradication of the disease. In 2009, in lowand middle-income countries, an estimated 1.4 million HIV-infected pregnant women
gave birth, with women from Africa’s sub-Saharan region accounting for 91% of all
pregnant women living with HIV.210 Approximately 9,000 HIV-positive women give
birth each year in the United States.8 Antiretroviral (ARV) administration to HIV-positive
pregnant women and neonates reduces perinatal HIV transmission to less than 2%
worldwide.211 However, concerns have been raised about potential toxicity in some
neonates following gestational ARV exposure including mitochondrial dysfunction,
increased bone porosity, growth deficits, and hearing and language impairments.82-83, 86-87,
92, 212

Accurate quantification of ARV exposure by maternal ARV history is difficult as

maternal pharmacokinetics, placental transfer and fetal metabolism vary.
Prenatal highly active antiretroviral therapy (HAART) exposure increased from
19 to 88% from 1997 to 2009 and children born to HIV-infected women are exposed to a
wide variety of ARV regimens.25 The increasing trend and diversity of ARV in utero
exposures demand a method that can simultaneously quantify a large variety of
exposures.
Meconium is the first neonatal fecal sample. It begins to form in the fetus during
the 12th-13th week of gestation and accumulates thereafter.64, 175 It is usually passed within
the first 24-72 h after birth and collection from diapers is easy and non-invasive.64
Meconium drug analysis is advantageous as disposition in meconium reflects fetal drug
exposure during the 3rd and perhaps 2nd trimesters.76, 78-79
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Previous investigations demonstrated meconium’s utility in detecting in utero
drug exposure and concentrations can correlate to maternal self-reported drug use and/or
neonatal outcomes.76, 78-79, 213 Assessment of in utero tobacco exposure with meconium
showed reduced infant birth weight, gestational age and head circumference in infants
with positive meconium specimens.76 Analysis of buprenorphine in meconium suggested
that buprenorphine marker concentrations predicted the onset and frequency of neonatal
abstinence syndrome (NAS) in infants born to women on buprenorphine opioid
replacement medication.80
Children exposed in utero to the same ARV regimen exhibit different
developmental outcomes.82-83, 86-87, 92, 212 It is unclear why some children manifest
abnormalities and others do not despite the mother reportedly taking similar doses of
ARVs. This may be because there is no causal association between in utero ARV
exposure and certain developmental abnormalities, or alternatively, the inconsistent
results may be because current methods quantifying fetal exposure are inadequate to
examine this association. We believe meconium ARV drug and metabolite concentrations
may better predict children likely to manifest developmental abnormalities than reported
maternal dose. Therefore, we developed and validated the first liquid chromatographytandem mass spectrometry (LC-MS/MS) assay for simultaneous quantification of ARVs
and metabolites in meconium.
There is value to assaying all drug exposures from a single specimen. Pregnant
women on modern therapy usually receive 3-4 ARVs from at least 2 different drug
classes. Therefore, simultaneous extraction and quantification of several ARVs from
different classes is needed to reduce the required specimen amount as small amounts of
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meconium (< 1 g) are available from infants. There are several published assays for
quantification of specific ARV drug classes (protease inhibitors, PIs; non-nucleoside
reverse transcriptase inhibitors, NNRTIs; and nucleoside/nucleotide reverse transcriptase
inhibitors, NRTIs) in plasma while there are only three assays simultaneously quantifying
multiple ARV classes in plasma.54, 57, 61
ARV analytical methods have been reported for blood, plasma or serum;
however, quantitative methods are available for ARVs in amniotic fluid, breast milk,
placental and fetal tissues, umbilical cord blood, cervicovaginal secretions, and hair.53, 56,
60, 62, 214

To date, there are no analytical methods for ARV drugs in meconium. This novel

method provides a valuable tool for identifying and quantifying ARV exposure in
children born to infected women in order to better evaluate the effect of gestational ARV
exposure on health and neurodevelopmental outcomes.
Experimental Section
Meconium
A homogenous lot of ARV-negative meconium was prepared from meconium pools
confirmed negative for amphetamines, opioids, cocaine, and cannabinoids. Prior to
method validation, the meconium pool was confirmed negative for all ARV analytes at
the assay’s limits of quantification (LOQs). To demonstrate method applicability, 32
meconium specimens were obtained through the Surveillance Monitoring for
Antiretroviral Toxicities Study in HIV-uninfected Children Born to HIV-infected Women
(SMARTT) protocol of the Pediatric HIV/AIDS Cohort Study (PHACS). Beginning in
2007, this study enrolls HIV-exposed but uninfected children of HIV-infected women
administered ARVs during pregnancy in the United States to study the long-term effects
34

of prenatal exposure to ARVs. PHACS study design and enrollment criteria are described
by Williams et al.81 Infant follow-up through childhood and adolescence has a triggerbased design; initial assessments are conducted on all children, with more intensive
evaluations on those meeting certain thresholds, to determine whether there are adverse
developmental outcomes.81 Meconium samples were collected from infants within 72 h
of delivery at the hospital and stored at -20°C prior to analysis.
Reagents
The following reagents were obtained through the AIDS Research and Reference
Reagent Program, Division of AIDS, NIAID, NIH (Bethesda, MD): lamivudine (3TC),
abacavir (ABC), amprenavir (APV), atazanavir (ATV), zidovudine (3'-azidothymidine;
AZT), stavudine (2'-3'-didehydro-2'-3'-dideoxythymidine; d4T), darunavir (DRV),
efavirenz (EFV), emtricitabine (FTC), lopinavir (LPV), nelfinavir (NFV), nevirapine
(NVP), raltegravir (RAL), ritonavir (RTV), saquinavir (SQV), and tenofovir (TFV).
Metabolite standards abacavir carboxylate (ABC-C), abacavir glucuronide (ABC-G),
zidovudine glucuronide (AZT-G), and nelfinavir hydroxy-tert-butylamide (M8), and
deuterated or isotopically labeled internal standards were purchased from Toronto
Research Chemicals (North York, Ontario, Canada). Methanol and formic acid were from
Fisher Scientific (Fair Lawn, NJ). Acetonitrile and trifluoroacetic acid were from SigmaAldrich (St. Louis, MO). Water was purified in-house by an ELGA Purelab Ultra
Analytic purifier (Siemens Water Technologies, Lowell, MA). All solvents were highperformance liquid chromatography (HPLC) grade or better. Strata-X solid-phase
extraction (SPE) cartridges (60 mg /3 mL) were used in sample preparation
(Phenomenex, Torrance, CA).
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Instrumentation
Experiments were performed on an AB Sciex 3200 Qtrap mass spectrometer with a
TurboV electrospray ionization (ESI) source (AB Sciex, Foster City, CA). The mass
spectrometer was interfaced to a Shimadzu UFLCXR system with two LC-20ADXR
pumps, a SIL-20ACXR autosampler, and a CTO-20 AC column oven (Shimadzu
Corporation, Columbia, MD). A TurboVap LV evaporator from Zymark (Hopkinton,
MA) was used to evaporate samples under nitrogen. Samples were centrifuged with an
Eppendorf 5804R centrifuge. SPE was performed with a CEREX System-48 positivepressure manifold (SPEware Corp, Baldwin Park, CA).
Preparation of Standard Solutions
Powdered standards were reconstituted in the manufacturer’s recommended solvent.
Individual stock solutions of 2 mg/mL 3TC, ABC, APV, ATV, AZT, d4T, DRV, EFV,
FTC, LPV, NFV, NVP, RAL, RTV, SQV, and TFV; and 1mg/mL ABC-C, ABC-G,
AZT-G and M8 were diluted with methanol to prepare calibrator solutions. A high
calibrator solution containing 6,250 ng/mL of ARV standards (62,500 ng/mL for DRV,
APV, d4T, AZT, AZT-G and EFV) was prepared in methanol and serial dilutions created
subsequent calibrator stock solutions of 625 and 50 ng/mL (6,250 and 500 ng/mL for
DRV, APV, d4T, AZT, AZT-G and EFV). Appropriate volumes ranging from 20-100 µL
were added to 0.25 g meconium yielding 10, 50, 75, 100, 250, 500, 1,000, and 25,00 ng/g
calibrators for all analytes except DRV, APV, d4T, AZT, AZT-G and EFV (100, 500,
750, 1,000, 2,500, 5,000, 10,000, and 25,000 ng/g).
Quality control (QC) solutions were prepared in methanol using different stock
solutions than for preparing calibration standards. Low, medium and high quality control
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samples were prepared across the linear dynamic range of each analyte. Stock internal
standard solution preparation is described in the Supplemental Information. Internal
standards for each analyte are listed in Tables 1 and 3. All calibrator, QC and internal
standard solutions were stored at -20°C.
Procedures
Sample Preparation. Blank meconium (0.25 ± 0.003 g) was weighed into a 1.5 mL
microcentrifuge tube and fortified with calibrator or QC solution and internal standard.
Methanol (1 mL) was added and specimens homogenized with wooden applicator sticks,
vortexed vigorously and centrifuged at 15,000 g for 10 min at 4 °C. The supernatant was
transferred to a clean 13 x 100 mm glass tube. An additional 1mL of methanol was added
to the specimens and mixed vigorously for 10 min on a multi-tube vortexer. Specimens
were centrifuged and the supernatant was added to the previous aliquot and evaporated to
0.1 mL under nitrogen at 42°C. The concentrated supernatant was reconstituted in 3 mL
0.025% (12.3 mM) formic acid in deionized water (v/v), pH 2.9, and vortexed.
Solid-Phase Extraction. Strata-X extraction columns were conditioned with 1.25 mL
methanol and 1.25 mL 0.025% formic acid in deionized water (v/v), pH 2.9. Samples
were decanted onto conditioned columns with collection of the fraction passing through
the column in 10 mL conical polypropylene tubes. These fractions were removed and
SPE columns washed with 1.25 mL 5% methanol in de-ionized water (v/v). Columns
were dried via vacuum at 20 psi for 5 min prior to eluting analytes with 1.5 mL elution
solvent (0.025% formic acid in acetonitrile (v/v)) into clean 15 mL conical polypropylene
tubes. Three to 5 psi was applied to each column to assist flow during all SPE steps.
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A second SPE procedure was required to recover TFV, which was not retained on
the SPE columns at pH 2.9. After the initial elution that collected all other analytes, the
same SPE columns were re-equilibrated with 1.25 mL deionized water containing
0.025% formic acid and 1% trifluoroacetic acid (v/v), pH 1.1. The pH of the initial
sample was adjusted to 1.1 by adding 40 µL trifluoroacetic acid prior to applying to reconditioned columns. Columns were washed with 0.25 mL de-ionized water prior to
eluting with 1.5 mL elution solvent into 15 mL conical polypropylene tubes containing
initial eluates. Combined eluates from the pH 2.9 and 1.1 extractions were dried under
nitrogen at 42°C in a Zymark evaporator. Samples were reconstituted in 150 µL of
0.025% formic acid in deionized water, vortexed for 30 s, centrifuged at 4°C at 10,500 g
for 5 min and transferred to autosampler vials.
Liquid Chromatography. To achieve maximum sensitivity, 2 injections, 1 in positive and
1 in negative ionization mode were required for quantification of 20 target analytes. Most
analytes optimally ionized in positive mode; however, d4T, AZT, AZT-G, and EFV
required negative mode acquisition. Both runs were performed on a Poroshell 120 endcapped C18 column (150 x 2.1 mm, 2.7 µm) fitted with a Zorbax Eclipse Plus C18 guard
column (2.1 x 12.5 mm, 5 µm) and a 0.2 µm in-line frit (Agilent Technologies, Santa
Clara, CA). The column oven and autosampler temperatures were 40 and 4ºC,
respectively. Gradient elution was performed using water (A) and methanol (B), both
adjusted to pH 2.70 (± 0.05) with formic acid (0.05%/volume), at a flow rate of 0.3
mL/min. The first acquisition method (method 1) utilized a gradient program beginning
with 0% B, increased to 90% B over 24 min, increased to 100% B at 26 min, held for 4
min, decreased to 0% B in 0.5 min and held for 4 min; total run time was 34 min. The
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second acquisition method (method 2) quantifying d4T, AZT-G, AZT, and EFV used a
gradient beginning with 0% B, increased to 90% B over 6min, increased to 100% B at 9
min, held for 3 min, decreased to 0% B in 0.5 min and held for 4 min; total run time was
16 min. In both methods, HPLC eluent was diverted to waste for the first 2 min and the
final 8.5 min of analysis; injection volumes were 10 µL.
Mass Spectrometry. Mass spectrometric data were acquired with ESI operating in
positive mode for method 1 and negative mode for method 2. Table 1 shows the
compound-specific optimized MS/MS parameters achieved via direct infusion at 10
µL/min of 250 ng/mL (4 µg/mL required for analytes in negative mode) reference
solutions in 50% aqueous methanol solution. Method 1 was divided into 5 periods as
follows: period 1-TFV, 3TC, FTC; period 2-ABC, ABC-G, ABC-C; period 3-NVP;
period 4-RAL, M8, DRV, APV, NFV, SQV; period 5-ATV, RTV, LPV. Optimized
source parameters were as follows: gas (1), 0.41 MPa; gas (2), 0.52 MPa; curtain gas,
0.21 MPa (0.17 MPa periods 4 and 5); source temperature, 600°C; and ion source voltage
5,500 V (5,000 V for periods 1 and 2). Method 2 was divided into 2 periods as follows:
period 1-d4T, AZT, AZT-G; period 2-EFV. Optimized source parameters for method 2
were the same as method 1 except ion spray voltage was -4,500 V.
Data Analysis. Linear regression with 1/x2 weighting was employed for all analytes. Peak
area ratios of target analytes and respective internal standards were calculated for each
concentration. Analyst 1.5 (AB Sciex, Foster City, CA) was utilized for all data
collection and processing.
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Table 1. LC-MS/MS parameters for antiretrovirals and metabolites in meconium
Analyte
Q1
Q3
Dwell
DP
CE
Internal
Q1
Q3
Dwell DP CE
mass
mass (msec)
(V)
(V) standard
mass
mass (msec) (V) (V)
(m/z) (m/z)
(m/z) (m/z)
TFV
40
61
31 TFV-d6
40
66
33
288.0 176.2
294.1 182.2
288.0 159.0
40
61
41
294.1 164.2
40
66
41
3TC
60
31
19 3TC60
26
21
230.1 112.0
233.0 115.0
230.1
95.0
60
31
51 13C,15N2
233.0
97.0
60
26
51
FTC
80
26
19 FTC80
21
19
248.1 130.2
251.0 133.2
248.1 113.0
80
26
53 13C,15N2
251.0 114.9
80
21
49
ABC
80
46
25 ABC-d4
80
46
27
287.1 191.2
291.2 195.1
287.1 150.2
80
46
41
291.2 152.2
80
46
41
ABC-G
80
36
37 ABC-d4
80
46
27
463.3 191.3
291.2 195.1
463.3 287.3
80
36
29
291.2 152.2
80
46
41
ABC-C
80
26
25 ABC-d4
80
46
27
301.7 191.3
291.2 195.1
301.7 150.2
80
26
41
291.2 152.2
80
46
41
NVP
80
56
33 NVP-d5
80
61
35
267.2 226.2
272.1 227.2
267.2
80.2
80
56
53
272.1 198.0
80
61
51
RAL
60
61
41 RAL-d3
60
51
39
445.2 109.0
448.2 109.2
445.2 361.2
60
61
25
448.2 364.2
60
51
25
M8
60
71
45 NFV-d3
60
71
99
584.3 330.2
571.3 110.0
584.3 135.3
60
71
67
571.3
82.2
60
71 113
APV
60
56
25 APV-d4
60
41
27
506.2 245.2
510.2 245.2
506.2 156.1
60
56
35
510.2 156.2
60
41
35
DRV
60
36
25 DRV-d9
60
36
25
548.2 392.3
557.2 401.4
548.2
69.1
60
36
51
557.2
68.9
60
36
51
NFV
60
66
41 NFV-d3
60
71
99
568.3 330.2
571.3 110.0
568.3 135.2
60
66
67
571.3
82.2
60
71 113
SQV
60
71
39 SQV-d9
60
81 119
671.3 570.1
680.4 128.2
671.3 128.2
60
71
125
680.4 225.2
60
81
75
ATV
60
71
61 ATV-d5
60
81
61
705.3 168.2
710.3 168.0
705.3 335.1
60
71
39
710.3 340.2
60
81
41
RTV
60
51
83 RTV-d6
60
51
83
721.2 140.2
727.3 146.2
721.2 296.2
60
51
29
727.3 302.2
60
51
29
LPV
60
41
59 LPV-d8
60
36
63
629.2 155.2
637.3 163.1
629.2 447.2
60
41
25
637.3 447.2
60
36
25
d4T
60
-35
-30 d4T-d3
60
-35 -32
223.0
42.0
226.0
42.0
223.0 192.9
60
-35
-16
226.0 195.9
60
-35 -12
AZT
60
-35
-14 AZT-d3
60
-35 -14
266.0 223.1
269.0 226.2
266.0
42.1
60
-35
-30
269.0
42.0
60
-35 -32
AZT-G
60
-105 -32 GAZT-d3
60
-55 -32
442.1 125.0
446.0 128.0
442.1
42.1
60
-105 -70
446.0
42.1
60
-55 -86
EFV
60
-60
-42 EFV-d5
40
-50 -46
314.0
69.0
318.9
69.0
314.0 244.1
60
-60
-24
318.9 248.0
40
-50 -24
Bold denotes quantifier transition. Q1 quadrupole 1, Q3 quadrupole 3, DP declustering potential, CE
collision energy, TFV tenofovir, 3TC lamivudine, FTC emtricitabine, ABC abacavir, ABC-G ABCglucuronide, ABC-C ABC carboxylate, NVP nevirapine, RAL raltegravir, APV amprenavir, DRV
darunavir, NFV nelfinavir, M8 nelfinavir hydroxy-tert-butylamide, SQV saquinavir, ATV atazanavir, RTV
ritonavir, LPV lopinavir, d4T stavudine, AZT zidovudine, AZT-G AZT-glucuronide, EFV efavirenz
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Validation. Specificity, sensitivity, linearity, intra- and inter-day imprecision, analytical
recovery, extraction efficiency, matrix effect, carryover, dilution integrity, endogenous
and exogenous interferences, and analyte stability were evaluated. Specificity was
assessed by relative retention time, precursor mass, and fragment ion. Retention times for
QC and authentic specimens were required to be within ± 0.2 min of the mean calibrator
retention time. Transition peak area ratios for QC and authentic specimens were required
to be within ± 20% of the mean peak area ratios for calibrators of each analyte.
Sensitivity was defined by limits of detection (LOD) and LOQ. Decreasing
concentrations of drug-fortified meconium were analyzed to empirically determine LOD
and LOQ. LOD was defined as the concentration with a signal-to-noise ratio of at least 3,
transition peak area ratios within 20% of the mean calibrator ratios, retention time within
± 0.2 min of the mean calibrator retention time, and acceptable peak shape. LOQ was
defined by LOD criteria in addition to a signal-to-noise ratio of at least 10 and acceptable
bias and imprecision (calculated target concentration and relative standard deviation
within ± 20%, n = 5). Any analyte for which accuracy did not fall within 80%-120% of
the target concentration was considered semiquantitative.
Linearity, expressed by the squared correlation coefficient (R2), was evaluated
with calculation of a least squares regression line. Heteroscedasticity was compensated
with a 1/x2 weighting factor. Linearity of each analyte was determined with at least 6
concentration levels, not including the blank matrix, on 5 separate days.
Intra-day and inter-day analytical recovery (accuracy) and imprecision were
determined from 4 replicates at 3 QC concentrations analyzed in 5 batches with separate
calibration curves. Percent accuracy was assessed by comparing the mean QC
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concentration to the expected concentration value. Inter-day accuracy and imprecision
were assessed with 4 replicates on 5 different days (n = 20). The recommendations of
Krouwer and Rabinowitz215 were used to calculate pooled intra-day, inter-day and total
imprecision, expressed as % relative standard deviation.
Extraction efficiency and matrix effect were determined according to
Matuszewski et al.216 Extraction efficiency was calculated by dividing the mean analyte
peak areas of samples with QC and internal standard solutions added prior to SPE by the
mean analyte peak area of blank samples fortified with these solutions after SPE (n = 5).
Matrix effect was examined by dividing the mean analyte peak area of extracted blank
samples fortified after SPE to the mean analyte peak area of neat samples prepared in
initial mobile phase at equivalent concentrations (n = 5). The value was converted to a
percentage and subtracted from 100 to represent the amount of signal suppression or
enhancement due to matrix presence.
Carryover was determined by injecting a negative specimen containing internal
standard after a specimen containing 2 and 5 times the upper limit of quantification (n =
3). High concentrations of ARVs may be observed in meconium, making dilution
necessary. Dilution integrity (1:5) was assessed with 3 meconium specimens fortified
with high QC solution and internal standards and homogenized in methanol as previously
described. After each centrifugation, 200 μL supernatant was combined with 800 μL
supernatant from meconium fortified with only internal standard and the procedure was
followed as usual.
Interference from endogenous substances was evaluated through analysis of 10
blank meconium pools fortified with internal standards. Interferences from 96 illicit and
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common therapeutic drugs and metabolites and other ARVs (Table 2) were evaluated by
adding potential interfering agents to meconium samples fortified with low QC solution.
Table 2. [Supplement] Exogenous interferences investigated by fortification into a low quality control
sample
Δ9-tetrahydrocannabinol
cocaine
nicotine
11-hydroxy-Δ9-tetrahydrocannabinol
codeine
nitrazepam
11-nor-9-carboxy-Δ9-tetrahydrocannabinol cotinine
norbenzoylecgonine
2-ethyl-5-methyl-3,3-diphenylpyrroline
dextromethorphan
norbuprenorphine
3,4-methylenedioxyamphetamine
diazepam
norcocaethylene
3,4-methylenedioxyethyl-amphetamine
didanosine
norcocaine
3,4-methylenedioxymethamphetamine
diphenhydramine
norcodeine
3,4-methylenedioxy-N-methyl-butanamine ecgonine
norcotinine
3-methoxymethamphetamine
ecgonine ethyl ester
nordiazepam
4-bromo-2,5-dimethoxyphenethylamine
ecgonine methyl ester
norfluoxetine
4-hydroxy-3-methoxyamphetamine
enfuvirtide
normorphine
6-acetylcodeine
etravirine
nornicotine
6-acetylmorphine
flunitrazepam
noroxycodone
7-aminoclonazepam
fluoxetine
noroxymorphone
7-aminoflunitrazepam
flurazepam
oxazepam
7-aminonitrazepam
hydrocodone
oxycodone
acetaminophen
hydromorphone
oxymorphone
acetylsalicylic acid
ibuprofen
paraxetine
alprazolam
imipramine
pentazocine
amphetamine
indinavir
phencyclidine
anhydroecgonine methyl ester
ketamine
phentermine
benzodioxolylbutanamine
lorazepam
p-hydroxyamphetamine
benzoylecgonine
maraviroc
p-hydroxybenzoylecgonine
bromazepam
methadone
p-hydroxycocaine
brompheniramine
methamphetamine
p-hydroxymethamphetamine
buprenorphine
m-hydroxybenzoylecgonine propoxyphene
caffeine
m-hydroxycocaine
rilpivirine
cathinone
morphine
temazepam
chlorpheniramine
morphine-3-glucuronide
tipranavir
clomipramine
morphine-6-glucuronide
trans-3'-hydroxycotinine
clonazepam
N-ethylamphetamine
clonidine
2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine
cocaethylene
11-nor-9-carboxy-Δ9-tetrahydrocannabinol-glucuronide

For most compounds investigated, expected concentrations in meconium were
unavailable; therefore a 20,000 ng/g concentration was chosen for all interfering agents to
far exceed observed concentrations seen for drugs of abuse.217-219 A compound did not
interfere if the low QC quantified within 20% of target and had stable retention time and
correct transition ratios.
Analyte stability in meconium was evaluated with 4 replicates at each QC
concentration under 3 conditions: 24 h at room temperature (RT), 72 h at 4°C, and 3
43

freeze-thaw cycles at −20°C (23 h freeze, 1 h thaw at RT). Calculated concentrations of
stability specimens were compared to 4 QC specimens prepared on the day of analysis.
Autosampler stability was assessed by reinjecting QC specimens after 48 h and
comparing calculated concentrations to original values using the initial calibration curve.
Results and Discussion
We present the first validated LC-MS/MS method for the analysis of ARV drugs and
metabolites in meconium. Meconium ARV drug and metabolite concentrations may
better predict children likely to manifest developmental abnormalities than reported
maternal ARV dose as meconium objectively reflects fetal drug exposure during late
pregnancy. This validated assay will be employed to compare meconium concentrations
to maternal antiretroviral regimens and child developmental outcomes.
Calibration and Validation
This method was validated according to the criteria described in the Experimental
Section. Calibration results are detailed in Table 3. LODs ranged from 1-500ng/g and
LOQs from 10-500 ng/g. The high 500 ng/g LOQ for d4T and AZT-G was due to poor
fragmentation that failed to yield qualifier product ions of sufficient sensitivity for a
lower LOQ; fragmentation of d4T and parent AZT are described by Gehrig et al.54 For
many analytes, linear ranges spanned more than 2 orders of magnitude.
Two analytical runs were required to quantify all 20 analytes in meconium. Poor
sensitivity was observed with positive mode ionization for EFV, AZT, AZT-G, and d4T
native and deuterated standards and they could not be chromatographically isolated in
method 1 to allow for polarity switching. A second injection of the same extract with a
shorter run time was developed for these analytes.
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Table 3. Limits of detection (LOD), quantification (LOQ), calibration results and retention times for ARV drugs and metabolites in meconium by LCMS/MS
Retention
Linear range
R2
y-intercept
Slope
LOD LOQ
Internal
Analyte
time (min)
(ng/g)
(range, n = 5)
(mean ± SD, n = 5)
(ng/g) (ng/g) (mean ± SD, n = 5)
standard
4.3
10 – 2,500
0.997 – 0.999
0.002 ± 0.031
1.812 ± 0.087
10
5
TFV-d6
TFV
5.5
50 – 2,500
0.995 – 0.998
0.003 ± 0.004
1.200 ± 0.112
50
25
3TC-13C,15N2
3TC
6.5
10 – 2,500
0.998 – 1.000
-0.003 ± 0.004
1.306 ± 0.046
10
5
FTC-13C,15N2
FTC
11.5
10 – 2,500
0.993 – 0.999
0.005 ± 0.004
0.480 ± 0.028
10
1
ABC-d4
ABC
10.5
50 – 2,500
0.990 – 0.995
0.000 ± 0.001
0.148 ± 0.043
10
5
ABC-d4
ABC-G
11.6
75 – 2,500
0.990 – 0.998
0.002 ± 0.001
0.015 ± 0.003
75
25
ABC-d4
ABC-C
13.9
10 – 2,500
0.990 – 0.999
0.523 ± 0.032
1.65 ± 0.336
10
5
NVP-d5
NVP
17.5
10 – 2,500
0.998 – 1.000
-0.031 ± 0.015
1.628 ± 0.106
10
10
RAL-d3
RAL
18.6
100 – 25,000
0.994 – 1.000
0.009 ± 0.004
0.514 ± 0.033
100
10
APV-d4
APV
18.7
100 – 25,000
0.996 – 0.998
0.002 ± 0.002
0.940 ± 0.337
100
50
DRV-d9
DRV
18.9
10 – 2,500
0.994 – 0.998
0.107 ± 0.060
7.368 ± 0.060
10
5
NFV-d3
M8
20.1
10 – 2,500
0.996 – 0.999
0.105 ± 0.036
5.020 ± 0.360
10
5
NFV-d3
NFV
20.9
10 – 2,500
0.994 – 0.999
0.006 ± 0.009
0.727 ± 0.048
10
5
SQV-d9
SQV
22.4
10 – 2,500
0.995 – 0.999
0.175 ± 0.009
1.898 ± 0.136
10
1
ATV-d5
ATV
23.3
10 – 2,500
0.996 – 0.999
0.052 ± 0.033
1.684 ± 0.033
10
1
RTV-d6
RTV
24.1
10 – 2,500
0.996 – 0.999
0.139 ± 0.005
0.795 ± 0.014
10
5
LPV-d8
LPV
4.3
500 – 25,000
0.994 – 0.998
0.007 ± 0.007
0.531 ± 0.172
500
250
d4T-d3
d4T
4.9
100 – 25,000
0.996 – 0.999
0.005 ± 0.009
0.860 ± 0.170
100
50
AZT-d3
AZT
5.3
500 – 25,000
0.990 – 0.993
-0.117 ± 0.036
2.072 ± 0.132
500
500
AZT-G-d3
AZT-G
8.0
100 – 25,000
0.997 – 0.999
0.003 ± 0.004
1.698 ± 0.515
100
50
EFV-d5
EFV

Analytical recovery and imprecision were evaluated at 3 concentrations spanning
the linear dynamic range of each analyte. ABC-C and ABC-G failed to meet quantitative
criteria as the mean intra-day analytical recovery was > 120% at some of the tested
concentrations and the range of inter-day analytical recovery was > 120% at the tested
concentrations (Table 4). Therefore, we regard any data for ABC-C and ABC-G as
semiquantitative. Accurate quantitation issues for these metabolites may stem from the
poor and variable recovery (23.8-50.2%, Table 5) and the lack of deuterated ABC-C and
ABC-G standards. ABC-d4 was chosen as an internal standard for ABC-C and ABC-G as
it has a similar retention time and is the most structurally similar. ABC and ABC-d4 had
higher extraction efficiencies (76.6-87.2%, Table 5) than ABC-C and ABC-G. Matrix
effect of ABC-d4 matched ABC-C well, but this was not the case for ABC-G. A bettersuited internal standard might improve quantification of these metabolites. Another
metabolite included in this method, M8, also lacked a deuterated internal standard;
however use of NFV-d3 proved to be sufficient for accurate quantification of this
metabolite.
For all quantitative analytes, intra- and inter-day analytical accuracy in meconium
ranged from 80.3-108.3%, inter-day imprecision from 0-8.6% and total imprecision from
2.2-11.0% (Table 4). Semiquantitative ABC-C and ABC-G showed greater variability
with total imprecision from 11.9-17.9%. Representative chromatograms of extracted
blank meconium, LOQ and positive meconium specimens collected through the PHACS
study are shown in Figure 1.
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Table 4. Analytical recovery (bias) and imprecision data for ARVs in meconium
Analytical recovery
Imprecision
(% of target concentration)
(% RSD, n = 20)
Intra-day, n = 4
Inter-day, n = 20
Expected
Pooled
InterAnalyte
conc.
Mean
Range
Mean
Range
intraTotal
day
(ng/g)
day
30
107.5
100.7 – 117.0
105.0
86.3 – 117.0
4.7
7.7
9.0
TFV
300
106.2
101.0 – 114.0
107.9
101.0 – 117.0
3.5
3.8
5.2
2,000
101.4
98.0 – 105.5
103.8
98.0 – 115.0
4.1
1.0
4.2
150
110.3
106.7 – 114.7
106.4
98.0 – 114.7
3.5
2.0
4.0
3TC
750
107.9
102.0 – 111.3
106.7
100.4 – 112.0
3.7
0.8
3.8
2,000
106.5
105.0 – 107.5
103.7
96 .0– 114.5
3.5
3.1
4.7
30
105.7
104.7 – 106.7
103.0
96.3 – 111.0
2.7
1.4
3
FTC
300
103.8
101.0 – 108.0
104.5
96.3 – 111.3
3.0
1.4
3.3
2,000
98.6
96.0 – 101.5
99.6
90.5 – 108.0
3.8
3.1
5.0
30
107.8
102.0 – 114.7
111.9
98.7 – 119.0
4.6
1.1
4.7
ABC
300
110.9
108.3 – 116.7
109.2
97.0 – 118.3
3.6
5.3
6.4
2,000
96.9
84.0 – 102.5
95.3
84.0 – 104.5
5.4
3.3
6.3
30
120.3
105.7 – 127.7
109.7
88.0 – 127.7
8.1
8.6
11.9
ABC-Ga
300
118.8
104.0 – 124.3
110.8
81.3 – 129.3
12.4
4.1
13.1
2,000
114.1
96.5 – 122.0
102.8
72.5 – 137.5
15.5
9.0
17.9
150
120.2
108.7 – 128.0
105.1
70.0 – 128.0
10.2
13
16.5
ABC-Ca
750
120.6
112.0 – 133.3
111.8
91.5 – 137.3
11.9
5.8
13.2
2,000
111.8
104.5 – 117.0
103.4
73.5 – 138.5
12.8
8.7
15.5
30
108.3
104.3 – 115.3
111
104.3 – 116.7
3.6
0.7
3.7
NVP
300
109.4
100.7 – 117.7
109.7
98.3 – 117.7
4.5
1.1
4.7
2,000
90.8
86.5 – 95.0
92.0
84.0 – 99.5
2.9
3.1
4.2
30
84.5
80.7 – 90.0
89.3
80.3– 108.0
4.2
6.2
7.5
RAL
300
103.0
93.0 – 112.3
104.4
93.0 – 115.0
3.9
5.4
6.7
2,000
95.0
94.0 – 96.0
97.3
93.5 – 108.0
4.0
2.6
4.8
30
105.4
84.0 – 119.3
104.8
84.0 – 119.3
6.8
8.6
11
M8
300
103.9
86.0 – 119.7
103.3
86.0 – 119.7
6.3
7.4
9.7
2,000
91.8
80.5 – 112.0
95.8
80.5 – 112.0
9.2
3.7
9.9
300
102.8
94.3 – 111.7
106.1
94.0 – 116.0
5.3
3.4
6.3
APV
3,000
105.6
100.3 – 110.0
104.7
94.3 – 110.0
2.9
2.2
3.6
20,000
89.9
86.5 – 93.0
92.3
84.0 – 104.0
3.9
0
3.9
300
96.5
88.7 – 108.7
101.0
88.7 – 108.7
4.4
2.3
4.9
DRV
3,000
100.1
92.7 – 105.3
99.7
92.7 – 105.3
2.4
0
2.4
20,000
85.5
81.0 – 94.5
89.2
81.0 – 100.0
2.8
4.3
5.1
30
105.8
102.7 – 109.7
107.1
93.7 – 116.0
4.5
2.2
5.0
NFV
300
101.2
94.0 – 107.7
106.3
94.0 – 118.7
3.9
4.0
5.6
2,000
91.0
83.5 – 100.0
94.9
83.5 – 107.5
5.3
5.4
7.5
30
95.5
86.7 – 109.7
103.0
86.7 – 119.0
8.1
3.6
8.9
SQV
300
99.4
93.7 – 101.7
105.5
92.0 – 117.0
6.0
3.4
6.9
2,000
101.8
90.0 – 103.5
99.0
90.0 – 114.5
6.9
0
6.9
30
107.0
101.3 – 114.7
110.3
101.3 – 119.3
3.2
3.7
4.9
ATV
300
103.9
100.0 – 110.7
107.0
100.0 – 116.7
3.1
3.7
4.8
2,000
89.5
84.5 – 93.5
91.9
84.5 – 101.0
2.7
2.0
3.4
30
102.1
97.3 – 105.0
104.4
94.7 – 115.3
3.5
4.8
5.9
RTV
300
105.2
98.0 – 118.7
107.9
98.0 – 118.7
3.9
0
3.9
2,000
93.9
87.0 – 102.0
97.5
87.0 – 103.5
4.2
2.5
4.9
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Table 4 continued. Analytical recovery (bias) and imprecision data for ARVs in meconium
Analytical recovery
Imprecision
(% of target concentration)
(% RSD, n = 20)
Intra-day, n = 4
Inter-day, n = 20
Expected
Pooled
InterAnalyte
conc.
Mean
Range
Mean
Range
intraTotal
day
(ng/g)
day
30
107.3
100.7 – 112.3
107.7
99.3 – 117.7
3.7
1.3
3.9
LPV
300
108.8
106.3 – 113.3
106.5
101.3 – 113.3
2.3
1.3
2.7
2,000
98.8
90.5 – 103.0
99.0
90.5 – 103.0
3.0
0.3
3.0
500
97.3
96.0 – 99.3
97.7
91.3 – 106.0
3.3
1.6
3.7
d4T
7,500
100.0
98.7 – 103.2
100.0
92.9 – 105.3
2.6
2.0
3.3
20,000
93.5
87.0 – 96.5
95.8
87.0 – 101.5
3.0
1.8
3.5
300
102.2
96.0 – 108.3
102.0
91.3 – 110.0
4.1
0.9
4.2
AZT
3,000
104.7
101.0 – 108.0
103.0
95.0 – 112.3
3.6
2.2
4.2
20,000
95.5
93.0 – 97.5
97.8
87.5 – 109.0
3.2
4.4
5.4
500
95.8
92.0 – 100.0
98.2
92.0 – 101.3
1.6
1.4
2.2
AZT-G
7,500
102.9
96.9 – 107.9
107.8
96.9 – 117.5
4.0
1.6
4.3
20,000
108.9
97.5 – 116.5
112.9
93.0 – 118.0
6.9
0
6.9
300
98.4
97.0 – 102.3
103.4
97.0 – 111.0
3.0
2.7
4.0
EFV
3,000
103.5
101.7 – 106.0
104.6
99.0 – 111.7
2.1
2.1
3.0
20,000
95.8
90.0 – 101.5
93.7
85.5 – 101.5
3.6
1.1
3.8
a. Since accuracy fell outside 80-120% target concentrations for ABC-G and ABC-C QC
concentrations, these analytes are considered semiquantitative.
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Table 5. Mean extraction efficiency and matrix effect for ARVs in meconium
Extraction efficiency
Matrix effect
(%, n = 4)
(%, n = 4)
Analyte
Low
Medium
High
Low
Medium
High
TFV
44.0
37.9
32.8
-7.3
-13.5
-24.9
3TC
68.7
79.7
74.5
36.6
26.4
47.0
FTC
97.2
80.4
73.3
2.6
13.1
11.0
ABC
76.9
87.2
76.6
-60.7
-54.9
-49.8
ABC-G
40.6
31.6
23.8
-15.5
-5.1
-29.9
ABC-C
41.7
50.2
33.3
-68.8
-59.2
-69.5
NVP
84.4
87.1
90.0
-11.3
-9.2
-10.2
RAL
58.7
57.1
62.1
-6.1
-15.6
-35.6
APV
78.7
97.6
107.2
-94.4
-93.3
-94.8
DRV
93.7
106.7
111.5
-95.6
-94.5
-94.8
M8
82.2
97.9
76.9
-91.3
-90.0
-90.3
NFV
100.8
119.5
76.9
-92.9
-92.7
-95.7
SQV
103.0
98.8
99.8
-95.8
-95.1
-97.1
ATV
97.6
104.7
78.4
-66.5
-63.5
-74.8
RTV
106.1
84.2
99.2
-78.1
-75.4
-87.5
LPV
103.6
119.5
95.9
-86.6
-89.5
-91.6
d4T
91.0
81.3
77.0
-86.3
-82.0
-56.8
AZT-G
57.7
71.3
64.4
-91.3
-90.7
-68.5
AZT
86.9
96.1
80.6
-96.4
-95.1
-83.1
EFV
111.7
101.1
113.6
-98.3
-96.8
-91.5

For all quantitative analytes except TFV, extraction efficiency of native and
deuterium- and isotopically-labeled analytes ranged from 55.6-119.5% (Table 5). The
dual SPE procedure described in this method was specifically developed to optimize
recovery of TFV as approximately 30% of the study population is administrated this
medication and it is part of the recommended first-line ARV regimen for pregnant
women.25 TFV and TFV-d6 were not well recovered (< 10%) by SPE at pH 2.9, an
optimal pH for extraction of all other analytes with recovery ranging from 55-80%. An
initial pH of 1.1 demonstrated poor extraction efficiency (22-39%) for NFV, M8, SQV,
RTV and LPV; these analytes were easily recovered with an initial pH of 2.9. Therefore,
we collected the TFV fraction during the initial pH 2.9 sample loading and adjusted the
TFV fraction pH to 1.1 to improve SPE phase binding.
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Figure 1. MRM chromatograms of a) extracted blank meconium, b) ARV limits of quantification, and c) ARVs detected in authentic meconium
specimens from ARV-exposed, HIV-uninfected infants

Application of this fraction to the same SPE column after initial elution followed by reequilibration achieved maximum extraction efficiencies while minimizing cost and
required specimen for our complete analyte panel. This procedure improved TFV
extraction efficiency to 32.8-44.0% across the linear range. Similarly low TFV extraction
efficiencies of 40.6-46.5% were reported in plasma220-221 and these methods targeted TFV
with only 1-2 additional compounds included.
Matrix effects ranged from -98.3-47% (Table 5). Significant matrix effects
occurred for several analytes; similar matrix effects also occurred for corresponding
internal standards enabling accurate quantification. Significant matrix effect is not
uncommon in meconium analysis.222 This method is unique among ARV quantification
methods in other matrices in its utilization of 17 separate deuterated or isotopically
labeled internal standards. Inclusion of appropriately matched internal standards is
critical to achieve accurate quantification despite matrix effects encountered during
meconium analysis.
Meconium from 10 different ARV-negative pools contained no interfering
compounds with the analytes of interest. None of the 96 potential exogenous
interferences fortified at 20,000 ng/g into low QC samples caused quantitation criteria or
transition ratios to fail for any quantitative analyte. No carryover was detected after a
specimen containing 2 and 5 times the upper LOQ. Dilutions (1:5) of specimens fortified
with high QC were within 89.9-113.0% of expected diluted concentrations. Quantitative
analytes proved to be > 75% stable at all concentrations under the four tested conditions:
24 h RT, 72 h 4°C, -20°C freeze/thaw cycles, and 48 h on the 4°C autosampler (Table 6).
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Table 6. [Supplement] Stabilitya of ARV drugs and metabolites in meconium
48 h Autosampler
24 h Room temperature
72 h 4°C
3 Freeze/thaw cycles
Analyte
(% difference, n = 4)
(% difference, n = 4)
(% difference, n = 4)
(% difference, n = 4)
Low
Medium
High
Low
Medium
High
Low
Medium
High
Low
Medium
High
b
TFV
-1.7
-2.4
0.1
-5.3
-7.0
1.1
-4.0
-5.3
-0.2
-9.7
1.4
-9.2
3TCc
-2.4
0.5
-2.0
-8.0
-8.9
0.4
-3.9
-8.4
3.6
-8.6
-4.1
-6.3
FTC
-8.0
-8.5
-6.5
-10.5
-6.4
2.2
-4.3
-2.7
3.9
-4.5
-1.3
-2.4
ABC
-1.3
1.0
-3.8
2.9
1.7
6.9
13.9
-5.5
8.3
10.6
-0.7
4.0
ABC-G
8.9
16.9
14.6
-33.2
-15.8
-4.6
-3.5
-11.2
8.7
-5.5
1.2
8.8
ABC-C
4.0
18.8
5.6
-6.5
1.4
0.4
16.8
8.3
25.8
13.0
2.9
8.3
NVP
-3.3
-3.3
-1.0
-3.5
-5.5
0.4
-4.3
-6.8
-0.4
-8.6
-6.5
-10.0
RAL
-4.6
-4.3
1.7
-23.3
-20.7
-8.2
-17.3
3.6
-7.8
-11.8
-4.0
-8.9
M8
4.0
5.5
-3.0
-5.9
1.5
-6.1
-13.7
3.6
-7.8
-1.3
-8.3
-9.8
APVd
-2.3
2.9
0.1
-22.1
-15.6
-8.5
-15.5
-10.9
-4.7
-10.8
-3.6
-5.9
DRV
-5.0
-3.3
-4.4
-19.4
-14.7
-5.5
-9.4
-7.4
-4.1
-7.1
-3.5
-1.7
NFV
-3.4
-4.0
-4.5
-7.8
-4.0
-1.7
-0.1
4.8
-3.8
-5.9
-1.7
-6.8
SQV
2.1
-5.3
-4.6
-3.2
-2.8
-2.1
-1.7
-0.8
-0.5
-7.5
-5.2
1.3
ATV
1.6
3.2
1.1
-7.8
-7.7
-1.8
-2.5
-5.3
1.4
-4.6
-5.0
-4.6
RTV
0.3
4.3
0.2
-4.9
-6.1
-0.8
-2.6
0.2
2.5
-4.7
-0.8
-5.3
LPV
2.2
1.5
-0.6
-8.3
-2.7
2.7
-1.1
0.2
1.4
-2.7
1.4
-0.9
d4Te
0.7
-3.1
3.6
-12.2
-5.4
3.5
-4.8
-3.0
2.8
-3.1
2.9
1.2
AZT
-2.2
1.4
7.1
-3.4
-5.4
1.8
-4.4
-3.1
0.6
-3.1
-2.7
-4.7
AZT-G
10.2
10.1
16.6
-14.2
7.6
12.8
-3.9
-3.8
7.7
-3.4
2.8
7.9
EFV
8.2
3.0
5.5
-5.0
-3.3
9.0
-2.8
2.1
7.5
0.2
1.5
6.3
a. Positive values indicate percent increase from original QC concentrations
b. TFV, FTC, ABC, ABC-G, NVP, RAL, NFV, M8, SQV, ATV, RTV, LPV low, medium and high QC concentrations were 30, 300 and 2,000
ng/g meconium.
c. 3TC, ABC-C low, medium and high QC concentrations were 150, 750 and 2,000 ng/g meconium.
d. APV, DRV, AZT, EFV low, medium and high QC concentrations were 300, 300 and 20,000 ng/g meconium.
e. d4T, GAZT low, medium and high QC concentrations were 1500, 7,500 and 20,000 ng/g meconium.

Application of Method
Within the PHACS study population, there are a wide range of maternal ARV regimens
with the 16 parent drugs quantified in this method representing 99% of neonatal in utero
ARV exposures. Metabolites ABC-G, ABC-C, M8, and AZT-G were chosen for
inclusion in this method due to prevalence of parent drug use, commercial availability of
standards and published literature suggesting extensive metabolism of the parent
compound to these analytes (ABC-G and ABC-G),223 high placental transfer (M8),214
and/or metabolite presence in fetal animal tissue (AZT-G).224 Authentic meconium
specimens from 32 HIV-uninfected infants born to HIV-positive mothers enrolled in the
PHACS study who received diverse combination ARV therapy during pregnancy were
tested to demonstrate method applicability. Analysts did not know what ARV
medications the infants’ mothers received. Results from authentic PHACS specimens are
shown in Figure 1c, indicating the method correctly identified authentic ARV exposures.
This objective information on fetal ARV exposure can be used to further assess ARVrelated toxicities in exposed uninfected children.
Conclusion
This method is the first to quantify ARV drugs and metabolites in meconium. Utilization
of this method yields a comprehensive profile of in utero ARV exposure. Quantitative
meconium analysis for ARV drugs and metabolites may better reflect fetal exposure
during the third and perhaps second trimesters than self-report and medical histories, as
maternal pharmacokinetics, placental transfer and fetal metabolism vary. This sensitive
and specific LC-MS/MS method for quantifying ARV drugs and metabolites in
meconium can be employed to assess fetal ARV exposure and evaluate whether
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meconium ARV concentrations better predict developmental toxicities than drug regimen
alone. This assay can identify ARV-exposed children at risk of developing toxicities.
Correlations of meconium concentrations to maternal ARV dose and infant toxicities may
offer an opportunity for dose adjustment and prevention of toxicities in exposed children.
[Supplement] Preparation of Internal Standard Solution
Stock internal standard solution was prepared by dilution of 1 mg/mL solutions of ABCd4, APV-d4, ATV-d5, AZT-d3, AZT-G-d3, d4T-d3, DRV-d9, EFV-d5, LPV-d8, NFVd3, NVP-d5, RAL-d3, RTV-d6, SQV-d9, TFV-d6 and isotopically labeled 3TC (3TC15

N2,13C) and FTC (FTC15N2,13C). Fortification of 0.25 g meconium with 25 µL of

internal standard solution yielded final concentrations of 50 ng/g (LPV-d8, NFV-d3,
NVP-d5), 100 ng/g (ABC-d4, ATV-d5, FTC15N2,13C, RAL-d3, RTV-d3, SQV-d9, TFVd6), 1,000 ng/g (3TC-15N2,13C, APV-d4, AZT-d3) and 2,500 ng/g (d4T-d3, DRV-d9,
AZT-G-d3, EFV-d5). Deuterated ABC-C, ABC-G, and M8 are not commercially
available; ABC-d4 was utilized for ABC-C and ABC-G quantification and NFV-d3 for
M8 quantification.
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Chapter 3 – Meconium Atazanavir Concentrations and Early
Language Outcomes in HIV-Exposed, Uninfected Infants with
Prenatal Atazanavir Exposure2
Abstract
Objectives: To investigate whether prenatal atazanavir (ATV) exposure, assessed by
meconium antiretroviral quantification, predicts child language outcomes. Prior research
showed prenatal ATV exposure was associated with poorer language development in
one-year-old infants. Methods: Pregnant women with HIV and their uninfected infants
were enrolled in the Surveillance Monitoring of ART Toxicities study. Meconium
antiretroviral concentrations were quantified by liquid chromatography-tandem mass
spectrometry. Language development at 1 year was assessed with MacArthur-Bates
Communicative Development Inventory (CDI) and Bayley Scales of Infant and Toddler
Development—Third Edition (Bayley-III). Late language emergence (LLE) was defined
as at least one of four CDI scores ≤ 10th percentile for age. Associations between fetal
ATV exposure timing and duration, meconium ATV concentration, and language
outcomes were evaluated, adjusting for potential confounders. Results: Through 2013,
meconium samples were available from 175 of 432 infants with prenatal ATV exposure.
Valid Bayley-III (n = 93) and CDI (n = 106) assessments also were available. After
adjustment, higher ATV meconium concentrations were associated with lower LLE risk
(P = 0.04), and cumulative ATV exposure duration also was associated with higher
Bayley-III Language scores (P = 0.03). Maternal ATV duration and initiation week
correlated with ATV meconium concentrations (positively and negatively, respectively).
Conclusions: Longer prenatal ATV exposure duration and higher meconium ATV
2

As accepted for peer review, July 2014.
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concentrations were protective against developmental language delays at 1 year. This
information supports ATV exposure safety for infant language development; however,
data are inconsistent with previous research. ATV is now a preferred ARV for pregnant
women with HIV, suggesting additional ATV safety confirmation is needed given these
inconsistencies.
Introduction
Antiretroviral therapy (ART) during pregnancy reduced mother-to-child transmission of
human immunodeficiency virus (HIV) to less than 2%9 in the US. Such extensive ART
use during pregnancy, however, requires careful monitoring for potential ART toxicity in
the in utero HIV-exposed but uninfected (HEU) children. The protease inhibitor
atazanavir (ATV) is a preferred ART agent in pregnancy and is becoming one of the most
commonly prescribed antiretroviral (ARV) drugs for pregnant women with HIV.9, 25
Recent Pediatric HIV/AIDS Cohort Study (PHACS) research demonstrated associations
between fetal ATV exposure and poor early language development risk.89-90 One-yearolds whose mothers were prescribed ATV during pregnancy had lower mean Bayley
Scales of Infant and Toddler Development—Third Edition23 (Bayley-III) Language
domain scores compared to infants without ATV exposure.90 In a separate investigation
from the same cohort, one-year-olds with prenatal ATV exposure also had an increased
late language emergence (LLE) risk, but language screening at age two showed no
significant association between LLE and ATV exposure.89 For the one-year-olds, the
effect was stronger with second or third trimester ATV exposure. This association of
intrauterine ATV exposure and lower performance on infant language development
measures deserves further study.
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Approximately 20% of maternal ATV in blood crosses the placenta, directly
exposing the fetus.225 ATV also inhibits uridine diphosphate glucuronosyltransferase
(UGT) 1A1, the hepatic enzyme responsible for maternal and fetal bilirubin
conjugation.226 However, as fetal liver bilirubin conjugation capacity is limited, the fetus
relies primarily on maternal hepatic bilirubin conjugation to prevent neurotoxic bilirubin
exposure to the vulnerable fetal brain.163-164 Neonatal unconjugated bilirubin exposure is
associated with adverse neurologic and developmental outcomes, including language
delays.227-230 Because maternal ATV administration leads to higher maternal
unconjugated bilirubin concentrations,225 the fetus also may be exposed to elevated
unconjugated bilirubin levels for a prolonged period.
Combination ART regimens are most effective at preventing mother-to-child
transmission,31, 35-36 but concomitant medications affecting maternal ATV
pharmacokinetics may also affect fetal ATV exposure. For example, tenofovir disoproxil
fumarate (TDF) co-administration reduces ATV area under the curve and trough
concentrations;231 similar effects on ATV concentrations were seen during pregnancy
with third trimester TDF co-administration.232 This pharmacokinetic interaction
contributed to the recommendation for increased second and third trimester ATV dosing.9
Intrauterine ATV exposure may affect the fetus directly through transplacental
drug transfer or indirectly through increased unconjugated bilirubin exposure, thus,
accurate fetal ATV exposure quantification is critical to understanding infant and child
outcomes. Meconium, the first neonatal feces, begins to form in the fetal gut early in the
second trimester,64-65 with meconium drug concentrations reflecting drug exposure during
the third and perhaps second trimester.76-77 We recently developed a novel meconium
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ARV drug assay enabling quantitative in utero ARV exposure assessment.233 As previous
studies reported associations between infant language development and intrauterine ATV
exposure, we sought to quantify ARV meconium concentrations and investigate
associations between ATV meconium concentrations, infant language measures, and
maternal ATV medication history.
Methods
Participants
The prospective PHACS Surveillance Monitoring of ART Toxicities (SMARTT) study
enrolls pregnant women with HIV and their infants at 22 US sites to evaluate long-term
prenatal ART exposure effects.25 Two cohorts are enrolled: Static, ages 1-12 years at
entry, and Dynamic, 22 weeks gestational age through infant age 1 week at entry. The
present study included only Dynamic cohort infants. Each site’s Institutional Review
Board approved the study and written informed consent was obtained from parents or
legal guardians. ARV exposure information, including start and stop dates, was obtained
by medical chart abstraction.
Meconium ARV Quantification
Meconium was collected within 72 hours of birth, and multiple aliquots from the same
infant were combined. Beginning in 2011, meconium was frozen immediately after
collection; prior to 2011, meconium was refrigerated at study sites. After receipt at the
repository, all specimens were frozen (≤ -20°C) until analysis (0-6 years). Meconium
ARV drugs were quantified by our validated liquid chromatography tandem mass
spectrometry method.233 Sixteen parent ARVs (lamivudine, abacavir, amprenavir, ATV,
darunavir, efavirenz, emtricitabine, lopinavir, nelfinavir, nevirapine, raltegravir, ritonavir,
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saquinavir, stavudine, tenofovir, zidovudine) and four ARV metabolites were quantified
in 0.25 g meconium with 10-500 ng/g quantification limits.233 ATV linearity was 102,500 ng/g; inter-assay imprecision and accuracy were 3-5% and 85-119%,
respectively.233
Language Assessments
The Bayley-III23 Language domain provides an age-referenced, standardized measure of
infant language development from 1-42 months (mean score, SD; 100 ± 15). The
MacArthur-Bates Communicative Development Inventory (CDI)24 provides genderspecific, age-adjusted percentile scores in four domains: Phrases Understood, Vocabulary
Comprehension, Word Production, and Total Gestures. Both measures were administered
to infants at 9-15 months (the one-year study visit). Bayley-III scales were administered
directly to infants; the CDI was administered as a parent/caregiver interview. The
Bayley-III is available only in English, while the CDI is available in English and Spanish.
For this study, LLE was defined as a CDI score ≤ 10th percentile in one or more of the
four domains.
Statistical Analyses
ATV meconium concentration and language outcome distributions were inspected and
appropriate transformations performed to achieve approximate normal distributions.
Spearman correlations (ρ) of meconium ATV concentration with ATV exposure duration
and timing were calculated. Infants whose mothers had interrupted ATV use during
pregnancy (> three day gap between two regimens or stopped ATV use before delivery)
were excluded from certain analyses, since maternal time off ATV can affect meconium
drug concentrations. ATV meconium concentrations from infants whose mothers stopped
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ATV use before delivery were compared separately to those with uninterrupted
intrauterine ATV exposure with the Wilcoxon rank sum test. A Jonckheere-Terpstra test
assessed the trend between ATV meconium concentration and prenatal ATV exposure
timing.
General linear and logistic regression models were built for continuous and binary
language measures, respectively, to evaluate associations between ATV exposure
measures and language outcomes. Univariable analyses first identified potential
confounders. For each outcome, a core model was obtained by identifying covariates
associated with the outcome with P < 0.20 in univariable models and retained with P <
0.10 in multivariable models. Additionally, when an ATV exposure was added to the
model, covariates not included initially were evaluated and those that changed ATV
exposure estimates by at least 10% and were associated with the outcome (P < 0.10) were
included. Multivariable models were then built to estimate associations of adjusted ATV
exposure with language outcomes, controlling for all identified covariates. Concomitant
TDF was forced in multivariable models a priori. Maternal and infant characteristics
evaluated as potential covariates are described in Table 7. Maternal CD4 and HIV RNA
during pregnancy were excluded from adjusted models, as most were obtained after ATV
initiation and thus could be intermediates on the pathway between ATV exposure and
language outcomes.
To evaluate maternal concomitant TDF impact on meconium ATV
concentrations, we compared ATV concentrations from infants exposed to uninterrupted
TDF/ATV/ritonavir to those from infants exposed to uninterrupted ATV/ritonavir with
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Wilcoxon’s rank sum test. Group language measures were compared by a two-sample ttest or Fisher’s exact test, as appropriate.
Sensitivity analyses evaluated the impact of adjusting for premature birth and low
birth weight, covariates that might be on the causal pathway between ATV exposure and
language outcomes.234 Additional sensitivity analyses also adjusted for research site
differences, using generalized estimating equations models considering individual
language evaluations within sites as repeated measures. Unpaired t-tests, chi-square tests,
and Fisher’s exact test compared language scores and neonatal prophylaxis with
previously published samples.
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Table 7. Maternal, caregiver, and infant demographic characteristics among ATV-exposed infants with meconium ART and completed language
evaluation
CDI
Bayley-III
Characteristic
(n = 106); n (%)
(n = 93); n (%)
21 (20%)
19 (20%)
Maternal age at delivery ≥ 35 years
18 (17%)
16 (17%)
Tobacco use during pregnancy
10 (9%)
8 (9%)
Alcohol use during pregnancy
9 (8%)
9 (10%)
Illicit drug use during pregnancy
12 (11%)
11 (12%)
< 200
First absolute CD4 (cells/mm3) during pregnancy
76 (72%)
65 (70%)
≥ 350
8 (8%)
8 (9%)
< 200
Last absolute CD4 (cells/mm3) before delivery
84 (79%)
70 (75%)
≥ 350
56 (53%)
45 (48%)
≤ 400
First RNA (copies/mL) during pregnancy
44 (42%)
42 (45%)
> 1000
91 (86%)
78 (84%)
≤ 400
Last RNA (copies/mL) before delivery
14 (13%)
14 (15%)
> 1000
85 (80%)
79 (85%)
Concomitant TDF use with ATV regimen
67 (63%)
66 (71%)
English
Caregiver primary language
20 (19%)
21 (23%)
English bilingual
18 (17%)
4 (4%)
Spanish
1 (1%)
2 (2%)
Other
57 (54%)
50 (54%)
Household annual income ≤ $10,000
37 (35%)
35 (38%)
Caregiver education < high school
59 (56%)
47 (51%)
Live with partner/spouse
48 (45%)
45 (48%)
Sexually transmitted disease during pregnancy
85 (58 – 115)
85 (58 – 115)
Median (range)
Caregiver IQ
35 (33%)
37 (40%)
Caregiver IQ < 85
31 (29%)
27 (29%)
Caregiver: positive screen for any postpartum psychiatric syndrome d
2 (2%)
2 (2%)
Caregiver: positive screen for postpartum alcohol abused
3 (3%)
3 (3%)
Caregiver: positive screen for postpartum drug abused
12.8 (11.7 – 23.4)
13.0 (11.7 – 19.8)
Median (range)
Infant age (months) at time of language evaluation
84 (79%)
93 (100%)
English
Language evaluation version
22 (21%)
Not applicable
Spanish
60 (57%)
54 (58%)
Male
Infant sex
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Table 7 continued. Maternal, caregiver, and infant demographic characteristics among ATV-exposed infants with meconium ART and completed
language evaluation
Bayley-III
CDI
Characteristic
(n = 93); n (%)
(n = 106); n (%)
Infant race
Black
73 (78%)
70 (66%)
Puerto Rican
Not applicable
6 (6%)
Caucasian/Other
20 (22%)
30 (28%)
Infant Hispanic ethnicity
20 (22%)
37 (35%)
Gestational age (weeks)
Median (range)
38.6 (33.0 – 41.9)
38.6 (33.0 – 41.4)
Preterm (< 37 weeks gestation)
10 (11%)
10 (9%)
Low birth weight (< 2,500 g)
7 (8%)
8 (8%)
Small for gestational age (< 10th percentile for gestational age)
5 (5%)
6 (6%)
Infant birth year
2007
3 (3%)
3 (3%)
2008
13 (14%)
15 (14%)
2009
13 (14%)
18 (17%)
2010
22 (24%)
27 (25%)
2011
28 (30%)
29 (27%)
2012
14 (15%)
14 (13%)
Missing data: Bayley-III: maternal first/last CD4 count during pregnancy (n = 1, 1%), maternal/caregiver IQ (n = 17, 18%),
maternal/caregiver positive screen for postpartum psychiatric syndrome, alcohol or drug abuse (n = 3, 3%),and small for
gestational age (n = 1, 1%); CDI: household annual income (n = 1, 1%), sexually transmitted disease during pregnancy (n =
1, 1%), maternal/caregiver IQ (n = 31, 29%), maternal/caregiver positive screen for postpartum psychiatric syndrome or
alcohol or drug abuse (n = 1, 1%), and small for gestational age (n = 1, 1%). Tobacco, alcohol, and illicit drug use during
pregnancy were determined from maternal self-report and validated through meconium analysis.209 Maternal/caregiver
cognition and maternal/caregiver mental health status were evaluated at the one-year-old study visit with the Wechsler
Abbreviated Scale of Intelligence231 and Client Diagnostic Questionnaire,232 respectively.

Results
Participants
Of 1817 SMARTT Dynamic cohort infants enrolled through January 1, 2014, 432
(24%) were exposed to ATV during pregnancy. Meconium specimens were available for
ARV quantification from 175 of these infants; 93 had valid Bayley-III language scores,
and 106 had valid CDI scores. Table 7 shows our study samples’ maternal and infant
demographic characteristics. The percentage of mothers with viral suppression (HIV
RNA ≤ 400 copies/mL) increased from 48-53% at the earliest to 84-86% at the latest
measure in pregnancy, while the percentage with CD4 ≥ 350 cells/mm3 showed smaller
increases from 70-72% at the earliest to 75-79% at later measures. Maternal substance
use in pregnancy was similar to SMARTT overall,213 with alcohol and tobacco use
reported by 9% and 17%, respectively. Most infants in our analysis were born in 2010 or
2011. There was no hearing loss evidence in any infant.
Of the 175 meconium specimens with ARV quantification, 166 infants had
uninterrupted ATV exposure (≤ three day gap) in the second and third trimesters. Five
mothers discontinued ATV before delivery; their infants’ meconium ATV concentrations
were considered separately when uninterrupted exposure was required. Four mothers had
a > three day interruption in their ATV-containing regimen during the second or third
trimester but returned to an ATV regimen prior to delivery; these infants were excluded
from all analyses requiring uninterrupted exposure.
Meconium ATV Correlations with Maternal ATV Duration
Median (range) meconium ATV concentration in the 166 infants with uninterrupted
second and third trimester ATV exposure was 16,929 ng/g (29-143,018). Many women
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were on ATV throughout pregnancy; median (range) uninterrupted ATV exposure
duration, excluding first trimester ATV administration, was 24 weeks (2.6-28.1).
Uninterrupted ATV exposure duration was positively correlated with ATV meconium
concentrations (ρ = 0.230, P = 0.003).
Maternal ATV Initiation Timing and Meconium ATV
Most women using ATV during pregnancy started ATV before pregnancy or in the first
trimester. Gestational ATV initiation week for women who started ATV before
pregnancy or in the first trimester was left-truncated to exclude the first trimester and set
to 14.1 weeks, as meconium only begins to form at the beginning of the second trimester.
Median (range) ATV initiation week during pregnancy was 14.1 (14.1-35.7). Meconium
ATV concentrations were grouped by ATV initiation week (in or before early second
trimester, ≤ 21 weeks; in late second, 21.1-28 weeks; early third, 28.1-34 weeks, or late
third trimester, 34.1-42 weeks), revealing a trend toward decreasing median ATV
meconium concentrations with later maternal ATV initiation (P = 0.07, Table 8). ATV
initiation week negatively correlated with ATV meconium concentration (ρ = -0.215, P =
0.01).
Table 8. ATV meconium concentrations by gestational week of ATV initiation
Median (range) ATV meconium
Timing of ATV exposure
n
concentration (ng/g)a
17,840
Early second trimester (≤ 21 weeks)
130
(99 – 125,352)
13,510
Later second trimester (21.1-28 weeks)
24
(29 – 116,000)
9,026
Early third trimester (28.1-34 weeks)
10
(139 – 143,018)
6,447
Later third trimester (34.1-42 weeks)
2
(443 – 12,450)
a. Jonckheere-Terpstra trend test, P = 0.07
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Five infants whose mothers discontinued ATV-containing regimens before
delivery had significantly lower ATV meconium concentrations than the 166 infants
whose mothers remained on ATV through delivery (P < 0.001). These five mothers
discontinued ATV 19-64 days before delivery, their ATV duration prior to cessation
ranged from 4.1-21.6 weeks, and infant meconium ATV concentrations were 102-3,468
ng/g. These five infants’ gestational ages at birth were 37-40 weeks and at the time ATV
was discontinued, 28.9-35.3 weeks.
Language Measures and Meconium ATV Concentrations
Among the 93 infants with Bayley-III data, the median (interquartile range) Language
composite score was 94 (86-97) and ATV meconium concentrations ranged from 4878,963 ng/g. Infant’s cumulative ATV exposure duration, over the entire pregnancy,
ranged from 4.1-42 weeks. Higher Bayley-III language scores were associated with
longer cumulative ATV exposure duration (Table 9 and 10) and higher CDI Phrases
Understood scores were associated with longer ATV durations, both for cumulative and
uninterrupted ATV duration measures (Table 10).
Among the 106 infants with CDI data, median (interquartile range) percentile
scores were Vocabulary Comprehension, 45 (20-70); Word Production, 50 (33-60);
Phrases Understood 60 (35-75); Total Gestures, 52.5 (30-70); and among mean CDI
percentile scores across all domains, 50 (34.8-63.8). ATV meconium concentrations
ranged from 48-85,166 ng/g and cumulative ATV duration from 4.1-41.6 weeks. Twentyfive infants (24%) demonstrated LLE risk.
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Table 9. [Supplement] Unadjusted associations of atazanavir (ATV) exposure measures with
language outcomes, among infants with meconium and completed language evaluations
Exposure measures
ATV meconium
Uninterrupted ATV
Cumulative ATV
concentration
exposure duration in
exposure duration
Language
(square-root
second and third trimester
during pregnancy
outcome
transformed ng/g)a
(weeks)b
(weeks)a
Estimated
Estimated
Estimated
coefficientc P-value
coefficient
P-value
coefficient
P-value
(95% CI)
(95% CI)
(95% CI)
Bayley-III
Language
0.20
0.36
0.22
0.72
0.07
0.03
composite
(-0.88, 1.28)
(-0.03, 0.76)
(0.02, 0.42)
score
CDI
-0.88
-0.06
0.19
Vocabulary
0.50
0.92
0.49
(-3.42, 1.67)
(-1.15, 1.04)
(-0.34, 0.71)
Comprehension
-0.10
0.27
0.12
CDI Word
0.92
0.53
0.56
Production
(-2.03, 1.83)
(-0.57, 1.10)
(-0.28, 0.51)
1.52
0.97
0.46
CDI Phrases
0.18
0.05
0.05
Understood
(-0.70, 3.75)
(0.02, 1.91)
(0.01, 0.92)
0.42
0.06
0.04
CDI Total
0.72
0.91
0.88
Gestures
(-1.95, 2.80)
(-0.95, 1.07)
(-0.45, 0.53)
Average CDI
0.24
0.31
0.20
percentile
0.77
0.39
0.25
(-1.42,
1.91)
(-0.39,
1.01)
(-0.14,
0.54)
scored
Odds ratio
Odds ratio
Odds ratio
P-value
P-value
P-value
(95% CI)
(95% CI)
(95% CI)
Late language
emergence
(CDI score ≤
0.92
0.97
0.99
0.43
0.50
0.69
10th percentile
(0.74, 1.13)
(0.89, 1.06)
(0.95, 1.03)
in one or more
domains)
a. All ATV exposure durations during pregnancy are included, regardless of ATV therapy
interruptions and ATV exposure timing.
b. Excluding ATV exposure duration during the first trimester. Subjects with interrupted ATV
exposure during the second or third trimester were excluded (Bayley-III, n = 5; CDI and LLE, n =
6)
c. Coefficients represent changes in language score for each one unit increase in square-root
transformed ATV meconium concentrations, week of either uninterrupted second and third
trimester ATV exposure, or cumulative ATV exposure during pregnancy.
d. Average CDI percentile scores were calculated from the mean of all four individual domain
scores.
CI indicates confidence interval and CDI indicates the MacArthur-Bates Communicative Developmental
Index
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Table 10. Adjusted associations of atazanavir (ATV) exposure measures with language outcomes,
among infants with meconium and completed language evaluations
Exposure measures
Cumulative ATV
Uninterrupted ATV
ATV meconium
exposure duration
exposure duration in
concentration (squareduring pregnancy
second and third
Language
root transformed ng/g)a
(weeks)a
trimester (weeks)b
outcome
Estimated
Estimated
Estimated
P-value
coefficient
P-value
coefficient
P-value
coefficientc
(95% CI)
(95% CI)
(95% CI)
0.25
0.35
0.40
Bayley-III Language
0.02
0.09
0.46
composite scored
(0.05, 0.46)
(-0.05, 0.75)
(-0.67, 1.46)
0.31
0.34
0.44
CDI Vocabulary
0.25
0.54
0.74
Comprehensione
(-0.21, 0.83)
(-0.74, 1.42)
(-2.12, 2.99)
0.20
0.41
0.46
CDI Word
0.29
0.29
0.62
Productionf
(-0.17, 0.56)
(-0.36, 1.19)
(-1.37, 2.28)
0.50
1.09
1.82
CDI Phrases
0.03
0.03
0.11
Understoodg
(0.04, 0.97)
(0.13, 2.06)
(-0.43, 4.08)
0.21
0.36
1.45
0.39
0.47
0.22
CDI Total Gesturesh
(-0.28, 0.70)
(-0.63, 1.34)
(-0.88, 3.77)
0.32
0.56
0.82
Average CDI
0.07
0.12
0.34
percentile scorei
(-0.03, 0.67)
(-0.15, 1.27)
(-0.87, 2.50)
Adjusted
Adjusted
Adjusted
P-value
odds ratio
P-value
odds ratio
P-value
odds ratio
(95% CI)
(95% CI)
(95% CI)
Late language
emergence
0.97
0.92
0.76
0.24
0.09
0.04
(CDI score ≤ 10th
(0.92, 1.02)
(0.83, 1.02)
(0.57, 0.98)
percentile in one or
more domains)j
a. All ATV exposure durations during pregnancy are included, regardless of ATV therapy
interruptions and ATV exposure timing.
b. Excluding ATV exposure duration during the first trimester. Subjects with interrupted ATV
exposure during the second or third trimester were excluded (Bayley-III, n = 5; CDI and LLE, n =
6)
c. Coefficients represent changes in language score for each one unit increase in square-root
transformed ATV meconium concentrations, week of either uninterrupted second and third
trimester ATV exposure, or cumulative ATV exposure during pregnancy.
d. Multivariable models adjusted for concomitant TDF use, maternal/caregiver positive screen for
psychiatric syndrome, tobacco use during pregnancy, and maternal/caregiver primary language.
The cumulative duration model also adjusted for infant age at testing.
e. Multivariable models adjusted for concomitant TDF use, maternal/caregiver primary language,
maternal age ≥ 35 at delivery, infant black race, and annual household income ≤ $10,000. The
ATV meconium model also adjusted for illicit drug use during pregnancy, and the uninterrupted
duration model included infant’s birth year.
f. Multivariable models adjusted for concomitant TDF use and infant age at language evaluation.
The ATV meconium model also included infant sex, maternal/caregiver primary language, and
illicit drug use during pregnancy. The uninterrupted duration model included maternal/caregiver
primary language, and the cumulative duration model included the infant’s sex.
g. Multivariable models adjusted for concomitant TDF use and maternal age ≥ 35 at delivery.
h. Multivariable models adjusted for concomitant TDF use, infant age at language evaluation,
maternal age ≥ 35 at delivery, sexually transmitted disease during pregnancy, and infant black
race. The uninterrupted duration model also adjusted for maternal/caregiver primary language and
IQ.
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i.

Average CDI percentile scores were calculated from the mean of all four individual domain
scores. Multivariate models adjusted for concomitant TDF use, maternal age ≥ 35 at delivery, and
maternal/caregiver primary language. The ATV meconium concentration model also adjusted for
alcohol use during pregnancy.
j. Multivariable models adjusted for concomitant TDF use, infant age at testing, maternal/caregiver
primary language, and maternal age ≥ 35 at delivery. The ATV meconium concentration model
also included infant black race, and the cumulative duration model included infant black race and
Hispanic ethnicity.
CI indicates confidence interval and CDI indicates the MacArthur-Bates Communicative Developmental
Index

Unadjusted analysis initially demonstrated no association between ATV
meconium concentrations and LLE risk (P = 0.43 Table 9), however, after adjusting for
maternal concomitant TDF, age ≥ 35 years, caregiver primary language, infant age at
CDI evaluation, and black race, the association became significant (P = 0.04, Table 10).
Each unit increase in square-root transformed ATV meconium concentrations was
associated with a 25% decrease in risk for LLE odds. The associations with language
scores generally did not change when employing maternal ATV duration as the exposure
measure instead of meconium ATV concentrations (Table 10). Both an uninterrupted and
cumulative ATV duration were examined (Table 10).
No differences in ATV meconium concentration were identified among CDI
domain score quartiles, and mean Bayley-III and CDI scores were not significantly
different between infants with the lowest (≤ 10th percentile) and highest (> 90th
percentile) ATV meconium concentrations. Meconium ATV concentrations were not
associated with Bayley-III Language scores, individual CDI domains, or average CDI
percentile scores in unadjusted or adjusted models.
Most (92%) CDI-evaluated infants received zidovudine-only neonatal
prophylaxis; eight infants received zidovudine with other drugs (nevirapine, stavudine, or
lamivudine/stavudine/nevirapine). Prophylaxis duration ranged from 1-66 days. There
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was no difference in the proportion of infants who received combination prophylaxis
among those with LLE risk (4/25) and those without LLE risk (4/81, P = 0.09);
additionally, neonatal prophylaxis duration was not significantly different between the
two groups.
Maternal Concomitant ART Medication
Most mothers (77% of the 166 with uninterrupted ATV exposure) were on a TDFcontaining ATV regimen. Infants whose mothers were taking a ritonavir-boosted ATV
regimen with TDF had marginally lower meconium ATV concentrations than infants
whose mothers were taking a non-TDF ritonavir-boosted ATV regimen (median 15,107
versus 22,940 ng/g, P = 0.08). Three infants exposed to other ATV regimens were
excluded from this comparison. Figure 2 illustrates group differences by uninterrupted
ATV exposure duration. Spearman correlations between ATV exposure duration and
meconium concentration were ρ = 0.212, P = 0.01 overall; ρ = 0.199, P = 0.03 for
TDF/ATV/ritonavir; and ρ = 0.343, P = 0.03 for ATV/ritonavir (Figure 2). Bayley-III and
CDI scores and LLE risk prevalence were not significantly different between infants
exposed to TDF/ATV/ritonavir and ATV/ritonavir. The most prevalent maternal
combination ART regimen in our sample was TDF/emtricitabine/ritonavir/ATV followed
by zidovudine/lamivudine/ritonavir/ATV. Prevalence of mothers using these two ATVcontaining regimens was not significantly different between infants in the lower versus
higher 25th percentile of ATV meconium concentration in either the Bayley-III or CDI
groups.
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Meconium ATV concentration (µg/g)

Figure 2. Meconium ATV concentration by uninterrupted ATV exposure duration
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Exposure duration from gestational week 14 through delivery, for infants exposed to TDF/ATV/ritonavir (n
= 125, astericks) and ATV/ritonavir (n = 38, open circles). Duration determined by excluding first
trimester ATV exposure, as meconium only begins to form at the beginning of the second trimester.
Spearman correlations between ATV exposure duration and meconium concentration were ρ = 0.212, P =
0.01 overall; ρ = 0.199, P = 0.03 for TDF/ATV/ritonavir; and ρ = 0.343, P = 0.03 for ATV/ritonavir.

Sensitivity Analyses
Similar results as the primary analyses were observed from sensitivity analyses.
Adjusting for preterm birth and low birth weight, or taking into account correlations
among infants within the same study site, did not change the associations except the
significant associations of cumulative ATV exposure duration with Bayley-III language
and CDI Phrase Understood percentile scores were attenuated after accounting for
differences within sites.
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Sample Comparisons
Mean Bayley-III Language scores obtained in this study (93.2 ± 10.7) were lower than
mean scores from the Bayley-III standardization sample235 (P < 0.001). Infants in our
study also had significantly higher mean Bayley-III Language scores, higher CDI Total
Gestures percentile scores, and lower LLE risk incidence compared to those in previously
published SMARTT studies,3,4 excluding infants who contributed data to both (BayleyIII, n = 16; CDI, n = 30). The mean Bayley-III Language score from our unique infant
cohort (n = 77) was 93.1 (± 10.7) compared to the mean, 88.8 (± 14.2), of unique infants
with ATV exposure (n = 62) in the previously published cohort (P = 0.04). Our unique
CDI-evaluated cohort (n = 76) obtained a higher Total Gestures domain percentile score
compared to those in the previous report (53 versus 35, P = 0.02); otherwise, there were
no differences between cohorts across CDI domains. LLE risk incidence among infants
with ATV exposure in our sample was lower than in the previous report (22% versus
37%, P = 0.05).89 Proportion of infants who received combination neonatal prophylaxis
and duration of this treatment among those with and without LLE risk were not
significantly different between the two unique ATV-exposed groups.89
Discussion
In utero development encompasses a complex series of events. Maternal ART can
prevent mother-to-child HIV transmission by decreasing maternal HIV RNA and
increasing CD4 cell count,9 which also may improve fetal health and development;
however, ARVs or their metabolites also may produce direct or indirect fetal toxicity. In
utero HIV exposure was previously associated with increased language impairment risk
among 7-16 year-olds with prenatal HIV exposure (HIV-infected, 51%; HEU, 37%)
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compared to the general US population (16%).88 Associations between prenatal ATV
exposure, lower Bayley-III Language scores,90 and elevated LLE risk89 also were
identified. As ATV use during pregnancy becomes more widespread,9, 25 these
associations warrant further monitoring.
In this investigation, longer ATV exposure durations were associated with higher
ATV meconium concentrations, which were protective against LLE risk. Confirming this
association was our finding that longer cumulative ATV exposure durations resulted in
higher Bayley-III Language scores. However, these results are inconsistent with two
previous SMARTT reports;89-90 the discrepancies may have resulted from sampling
differences associated with small samples or random variability. There was minimal
overlap between the three studies’ samples; only 30 of our 106 CDI-evaluated infants and
16 of our 93 Bayley-evaluated infants were included in previous SMARTT studies.
Infants in our study also had lower LLE risk and higher Bayley-III Language scores
compared to those in our previous research; these improved outcomes may have
challenged confirmation of previous negative ATV exposure associations, or may be
causative for the decreased LLE risk observed here compared to the previously seen
increased LLE risk.
Changing ARV use during pregnancy trends, random sampling differences, and
cohort effects may have contributed to differences among the studies. Healthier women
are receiving ATV more often now than in previous years.9, 25 Most infants included in
this investigation were born later than infants in the previous SMARTT analyses; 78% of
infants in the current study with Bayley-III data and 59% with CDI data were born after
the earlier analyses’ cutoff dates (5/1/2009 and 4/1/2010, respectively).89-90 Further
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investigations must clarify these study inconsistencies; however, the present findings
confirm ATV exposure safety on infant language development, in support of the general
safety endorsement made in the 2014 HHS recommendations.9 Further study also should
determine if the associations remain consistent as children age.
A potential mechanism for the lowered LLE risk observed in this study may be
ATV clearance into meconium. Higher ATV meconium concentrations are likely an
indication of fetal ATV detoxification. ATV is primarily eliminated via hepatic
pathways.236 In adults, ATV is metabolized by CYP3A4 and CYP3A5,237-238 mainly by
oxidation, although several metabolites and metabolic pathways are known.239-240 ATV
metabolism varies widely as adults on steady-state ritonavir-boosted ATV showed
cumulative metabolite concentrations from 4-32% of parent ATV concentrations.240 Fetal
ATV metabolism and clearance are unknown; however, published fetal liver CYP3A
studies indicate fetal ATV metabolism is likely limited, if present at all. Fetal CYP3A4
content and activity is < 10% of adult levels,241-243 and little is known about fetal
CYP3A5 activity, although protein content is highly variable.242-243 CYP3A7 accounts for
87-100% of total fetal liver CYP3A content, and shows high catalytic activity toward
endogenous steroids but lower activity towards exogenous substances, traditional
CYP3A4 substrates.244-245 Our data suggest a potential mechanism for the lowered LLE
risk via fetal ATV clearance capacity, although ATV clearance to meconium also may be
affected by maternal and infant factors not investigated in this study.
Three potentially reactive CYP3A4-generated ATV metabolites (an aromatic
aldehyde, alpha-hydroxyaldehyde, and hydrazine metabolite) were recently identified in
human liver microsome incubations.246 Oral ATV administration to mice, however,
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produced no detectable urinary or fecal concentrations of these metabolites.246 Toxicity of
these metabolites is not yet known, though similar chemical structures are associated with
glutathione and protein adducts, hepatic lesions, and neurotoxicity.246-248 Initially, we
hypothesized greater fetal ATV exposure, indicated by higher ATV meconium
concentrations, might predict lower language scores and higher LLE risk. The findings
now suggest higher ATV meconium concentrations likely indicate greater fetal ATV
detoxification as there is less ATV available to form potentially toxic metabolites and
hence better language outcomes. Human plasma and meconium metabolite
concentrations should be investigated, although commercial standards are currently
unavailable. Further study into these metabolites’ clinical implications is needed.
However, as ritonavir is commonly administered with ATV, a limitation of the in vitro
metabolite study was failure to investigate ritonavir’s potential reduction of toxic ATV
metabolite formation, as seen with lopinavir.249
Associations between infant meconium ATV concentrations, uninterrupted
second and third trimester ATV exposure duration, and gestational ATV initiation week
were significant. Longer ATV exposure periods correlated with higher ATV meconium
concentrations, and later ATV initiation resulted in lower ATV meconium
concentrations. These correlations were weak (ρ < ± 0.25), suggesting meconium ATV
concentrations do not predict and only partially reflect maternal ATV duration or
initiation timing.
Initial meconium ATV concentration distribution evaluations suggested a squareroot transformation was most appropriate. These observations confirm previous
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meconium accumulation hypotheses,250 suggesting meconium may accumulate in a
quadratic manner as gestational age increases.
TDF addition to a mother’s ritonavir-boosted ATV therapy resulted in a
decreasing meconium ATV concentration trend, as predicted from previous
pharmacokinetic studies.232 However, no group language differences were observed
between infants exposed to ritonavir-boosted ATV regimens with and without TDF.
While our investigation was unique, it was limited by lack of information about
neonatal and maternal bilirubin concentrations, maternal UGT1A1 polymorphisms, and
infant phototherapy. Future studies could employ these additional tests to better
understand potential factors contributing to ATV toxicity.
In previous studies, infant language development was associated with prenatal
ATV exposure; therefore, we investigated associations between ATV meconium
concentrations, infant language measures, and maternal ATV use during pregnancy. ATV
meconium quantification provided a novel in utero ATV exposure assessment, and for
the first time, we demonstrate the predictive value of meconium ARV concentrations.
Higher meconium ATV concentrations were protective of LLE risk and longer
cumulative ATV exposure durations were associated with improved Bayley-III language
scores. Clinically, this information supports ATV safety during pregnancy for infant
language development and also increases our understanding of ATV’s toxicity on infant
language outcomes. However, these data are inconsistent with previous SMARTT
research.89-90 As ATV is now a preferred ARV for pregnant women with HIV, additional
ATV safety confirmation is needed given these inconsistencies between studies.
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Chapter 4 – Meconium Tenofovir Concentrations and Growth
and Bone Outcomes in Prenatally Tenofovir Exposed HIVUninfected Children3
Abstract
Background: Maternal tenofovir disoproxil fumarate (TDF) treatment among HIVinfected pregnant women results in fetal tenofovir (TFV) exposure. Fetal TFV toxicity
was demonstrated in animals, but most clinical investigations have not observed toxicity
in humans. Methods: We evaluated HIV-exposed, uninfected infants in the SMARTT
cohort of the Pediatric HIV/AIDS Cohort Study whose mothers were prescribed TDF for
≥ 8 third trimester weeks. Infant dual-energy X-ray absorptiometry (DXA) scans were
obtained at 0-4 weeks to measure whole body bone mineral content (BMC). Meconium
TFV concentrations were quantified by liquid chromatography-tandem mass
spectrometry. Results: Fifty-eight TFV-exposed infants had meconium TFV quantified.
Detectable concentrations were 11-48,100 ng/g; 3 infants had undetectable
concentrations. Maternal TDF prescription duration ranged from 8-41 gestational weeks;
infant gestational ages were 36-41 weeks. Meconium TFV concentrations were not
correlated with TFV exposure duration or timing and did not vary by concomitant
prescription of protease inhibitors. Increased meconium TFV concentrations were
associated with greater gestational ages (ρ = 0.29, P = 0.03) and lower maternal plasma
HIV RNA before delivery (ρ = -0.29, P = 0.04). Meconium TFV concentrations were not
associated with infant weight, length (n = 58), or BMC (n = 49). Conclusions: For the
first time, we explored associations between meconium TFV concentrations and infant
growth and bone measurements; we did not observe a meconium concentration3

As accepted for journal submission by the PHACS Publications Committee, September
2014. Submission to follow shortly.
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dependent relationship for these infant outcomes. These findings support other clinical
research failing to show dose-response relationships for growth and bone outcomes
among intrauterine TFV-exposed infants. High meconium TFV concentrations correlated
with low maternal viral load, suggesting maternal TDF adherence significantly
contributes to meconium TFV concentrations.
Introduction
Tenofovir disoproxil fumarate (TDF), a nucleotide reverse transcriptase inhibitor (NRTI),
is recommended as part of first-line antiretroviral therapy (ART) regimens for HIVinfected adults and adolescents,18 including pregnant women.9 The proportion of HIVinfected women prescribed TDF during pregnancy has increased in recent years, from
14% in 2003 to 43% in 2010,86 despite concerns about fetal growth, renal, and bone
toxicity from animal studies.100-101, 103
TDF rapidly converts to tenofovir (TFV) after absorption. TFV, in its active
diphosphate form, competitively inhibits HIV-1 reverse transcriptase intracellularly. TFV
accumulates in proximal tubular renal cells prior to urinary elimination; this
accumulation may result in nephrotoxicity through mitochondrial injury.251-252 TFVrelated renal toxicity can lead to acute kidney injury, chronic kidney disease, and
proximal tubular dysfunction, manifesting as decreased solute reabsorption, glomerular
filtration rate, bone mineral density (BMD), and hypophosphatemia.251-253 Evidence of
deleterious bone effects with TDF treatment has been demonstrated in HIV-infected
adults254-256 and children,257-258 as well as uninfected adult patients.259
Animal studies in rhesus macaques demonstrated fetal TFV exposure toxicity on
growth and bone porosity at high maternal doses (30 mg/kg daily, starting early in the
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first101 or second trimesters100), but failed to show the same effects at lower maternal
TFV doses (10 mg/kg daily for the entire pregnancy103). Poor infant outcomes may result
from TFV’s high placental transfer (60%),9, 71 possibly occurring because TFV is not a
substrate of common placental drug efflux transporters including P-glycoprotein (MDR1/
ABCB1), Breast Cancer Resistance Protein (BCRP/ABCG2), or Multidrug ResistanceAssociated Protein 2 (MRP2/ABCC2)260 and placental transfer follows linear
pharmacokinetics without transport-mediated mechanisms.260
Most human investigations did not find a relationship between prenatal TFV
exposure and growth, bone, or renal outcomes, although three studies showed some
evidence of negative consequences following fetal TFV exposure. These studies
evaluated differences in birth weight, infant mortality, growth measures, bone fracture
reports, and/or serum creatinine and phosphate concentrations between TFV-exposed and
TFV-unexposed infants.86, 104-107, 261 One identified that second or third trimester TFV
exposure significantly predicted a sex-adjusted weight z-score < 5th percentile at 6
months of age, compared to unexposed infants.105 Another found lower mean infant
length and head circumference at 1 year compared to unexposed infants, although no
group differences were observed for growth measures at birth.86 In a group of older
children, 1-6.5 years of age, prenatal TFV-exposure was not associated with growth or
BMD measurements, or bone resorption and formation biomarkers present in blood,
except that increased calcium/creatinine ratios and decreased parathyroid hormone were
observed in the TFV-exposed group compared to the unexposed.107 Bone toxicity was
demonstrated in HIV-exposed, uninfected (HEU) children with in utero TFV exposure in
a recent Pediatric HIV/AIDS Cohort Study (PHACS) report.104 This recent PHACS
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report showed a significant bone mineral content (BMC) reduction (0.5 SD) among
infants with at least 8 weeks of third trimester TFV exposure compared to infants with no
TFV exposure during gestation.104 More studies are required to confirm the limited
evidence regarding prenatal TFV exposure safety.9, 86, 261
It is difficult to accurately determine fetal antiretroviral drug exposure utilizing
maternal clinical charts due to variation in maternal adherence, pharmacokinetics,
placental transfer, and fetal metabolism. Meconium, the first neonatal feces, begins to
form in the fetal gut during the 12-13th gestational week and is primarily composed of
mucopolysaccharides, water, epithelial cells, swallowed amniotic fluid, and bile,
pancreatic, and intestinal secretions.64-65 Meconium collection from diapers is easy and
non-invasive and meconium drug concentrations reflect fetal drug exposure primarily
during the third trimester (as meconium accumulates more rapidly late in pregnancy),76-77,
80, 217

offering a longer drug detection window than umbilical cord, and maternal or

neonatal blood or urine. A novel quantitative meconium antiretroviral assay was recently
developed, permitting, for the first time, quantitative determination of fetal antiretroviral
exposure.185 Our objective was to investigate whether meconium TFV concentrations
were associated with growth and bone outcomes among TFV-exposed infants. We
hypothesized higher meconium TFV concentrations would be associated with lower
infant BMC and growth measures and that maternal protease inhibitor (PI) use would
increase meconium TFV concentrations.
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Materials and Methods
Participants and Data Collection
The PHACS Surveillance Monitoring for ART Toxicities (SMARTT) study evaluates in
utero antiretroviral exposure safety among HEU infants at birth and during long-term
follow-up. Among these HEU infants, a SMARTT TDF substudy enrolled 90 infants ≥
36 weeks gestation whose mothers were prescribed ≥ 8 weeks of TDF in the third
trimester of pregnancy as documented in medical charts.104 Enrollment occurred during
pregnancy or in the infant’s first 2 weeks of life; these infants were born between January
2011 and June 2013. The SMARTT and TDF-substudy protocols were approved by each
site’s Institutional Review Board and the Harvard School of Public Health. Written
informed consent was obtained from infants’ biological mothers. Fourteen SMARTT
sites spanning nine US states and Puerto Rico participated in this TDF substudy. Medical
charts were utilized to collect maternal ART regimen start and stop dates, CD4+
lymphocyte count (cells/µL) and quantitative plasma HIV RNA (copies/mL) during
pregnancy, delivery date, gestational age, and birth weight and length. Infant birth weight
and length were measured in triplicate; most (71%) were obtained within 72 hours of
birth and all were obtained within 30 days. Mothers were interviewed to determine
sociodemographic information and substance use during pregnancy. Infant dual-energy
X-ray absorptiometry (DXA) scans were obtained at 2 weeks of age (allowed 0-4 weeks)
using a Hologic DXA scanner (Delphi A, Discovery A, Discovery W, QDR4500A;
Hologic Inc., Bedford, MA) operated in infant whole body mode by a trained DXA
technician, blinded to ART exposure. Infants were swaddled, not sedated, and a maximum
of three attempts were permitted to obtain an acceptable scan. DXA image interpretation
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was performed at the Tufts University Body Composition Analysis Center (Boston, MA)
by a certified bone densitometry technologist.262 Hologic scans were analyzed using
Hologic QDR version 12.3 and APEX version 3.3 (Hologic Inc., Bedford, MA).
Meconium Antiretroviral Quantification
Meconium was collected within 72 h of birth. Our research included infants within the
SMARTT TDF substudy with meconium collected and available for testing. A liquidchromatography tandem mass spectrometry method quantified TFV and 15 other parent
antiretroviral drugs (lamivudine, abacavir, amprenavir, atazanavir, darunavir, efavirenz,
emtricitabine, lopinavir, nelfinavir, nevirapine, raltegravir, ritonavir (RTV), saquinavir,
stavudine, zidovudine) and 4 prominent metabolites in 0.25 g infant meconium.233
Sample preparation consisted of methanolic homogenization and solid phase extraction;
limits of quantification (LOQs) were 10-500 ng/g. For TFV, linearity was 10-2,500 ng/g,
inter-assay imprecision 1-8%, and accuracy 86-117%.233
Statistical Analyses
The distribution of TFV meconium concentrations was evaluated and a square-root
transformation was applied to normalize TFV concentrations. This approach was
clinically valid based on hypothetical meconium accumulation models,250 and provided a
more normal distribution than a log10 transformation. To determine in utero TFV
exposure duration over the period reflected by meconium drug concentrations, we
truncated maternal TDF prescription duration to exclude the first trimester (weeks 0-14),
as meconium formation begins early in the second trimester. Similarly, gestational week
of TDF initiation also was truncated, with 15 weeks utilized for women who initiated
before pregnancy or in the first trimester.
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We examined relationships between TFV meconium concentration (outcome) and
maternal TDF duration, maternal TDF initiation timing, maternal HIV RNA prior to
delivery (as a proxy for adherence), and infant gestational age. We considered gestational
age and maternal HIV RNA both as continuous and categorical variables (< 38 weeks
versus ≥ 38 weeks, and < 50 copies/mL versus ≥ 50 copies/mL, respectively). A 38 week
gestational age cutoff was chosen as this was our group’s median gestational age.
Quantitative polymerase chain reaction tests were performed at study sites and were
reliable at values ≥ 50 copies/mL; therefore, this cutoff was selected as an indication of
undetectable HIV RNA. Additionally, HIV RNA reported as < 50 copies/mL (n = 15)
were truncated to 50 copies/mL prior to log10 transformation.
Univariable analysis was conducted using Wilcoxon rank sum tests for categorical
variables and Spearman correlations for continuous variables. Using linear regression,
univariable models and multivariable models were fit and adjusted for potential
confounders. To determine which confounders to include in the model, we evaluated the
association of each potential confounder with the outcome of interest at P < 0.20 and then
retained the confounder in the multivariable model at P < 0.10. When the outcome was
TFV meconium concentration, we evaluated the following potential confounders: clinical
geographic site, infant race/ethnicity, maternal age, any alcohol or tobacco use during
pregnancy, concomitant PI use, and pre-pregnancy maternal body mass index (BMI).
To assess whether TFV meconium concentrations were associated with infant
growth z-scores and BMC outcomes, univariable and multivariable analyses were
conducted. The infant growth z-score outcomes were based on the World Health
Organizations (WHO) standards.263-264 Potential confounders for these outcomes included
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maternal age, pre-pregnancy BMI, infant race/ethnicity, alcohol and tobacco use in
pregnancy, concomitant PI use, and gestational age. For BMC, we also adjusted for infant
length and age at DXA scan. SAS Version 9.2 (SAS Institute Inc, Cary NC) was utilized
to conduct all statistical analyses and two-sided P-values < 0.05 were considered
statistically significant. Figures were created with GraphPad Prism 5.02 (GraphPad
Software, Inc., La Jolla, CA).
Results
Participant Characteristics
Among the 90 HEU infants enrolled in the SMARTT TDF substudy whose mothers were
prescribed ≥ 8 weeks of TDF in their third trimester of pregnancy, 58 had meconium
available for quantitative antiretroviral testing. Demographic characteristics are described
in Table 11. Maternal TDF duration ranged from 8-41 weeks (before truncation).
Maternal substance use in pregnancy was similar to SMARTT overall,213 with alcohol
and tobacco use reported by 7% and 19%, respectively. Marital status also was similar to
the larger population.86 Median gestational age was 38 weeks (range 36-41); only one
infant was < 37 weeks. Most mothers (86%) received a PI with their TDF regimen;
atazanavir was the most common PI, apart from ritonavir as a booster, as 53% of our 58
mothers were prescribed atazanavir concomitantly with TDF.
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Table 11. Infant and maternal characteristics for HIV-exposed uninfected infants whose mothers
were prescribed tenofovir disoproxil fumarate (TDF) for at least 8 weeks in the third trimester of
pregnancy (n = 58)
N (%),
Infant characteristics
median (range)
Black/African American race
34 (59%)
Hispanic ethnicity
17 (29%)
Male
37 (64%)
Cumulative prenatal TDF exposure duration (weeks)
25.7 (8 – 41)
Gestational age (weeks)
38 (36 – 41)
Gestational age < 37 weeks
1 (1.7%)
Age at DXA scan (days)
14 (7 – 29)
N (%),
Maternal characteristics
median (range)
Age at delivery (years)
30.5 (17.5 – 45.0)
Education < high school
20 (34%)
Annual income < $10,000
35 (60%)
Marital status
Married
18 (31%)
Separated/divorced
5 (9%)
Single, never married
35 (60%)
Tobacco use in pregnancya
11 (19%)
Alcohol use in pregnancya
4 (7%)
Illicit drug use in pregnancya
3 (5%)
Any substance use during pregnancya
15 (26%)
Pre-pregnancy body-mass-index, BMI, (kg/m2)b
28.7 (17.2 – 47.7)
CD4 count (cells/µL) median (range)c
First trimester
455 (8 – 1,417)
Second trimester
445 (103 – 1,059)
Third trimester
472 (32 – 1,427)
HIV RNA (copies/mL) median (range)d
First trimester
363 (50 – 87,096)
Second trimester
324 (50 – 109,648)
Third trimester
76 (50 – 51,286)
HIV RNA < 50 copies/mL (%)d
First trimester
21.6%
Second trimester
14.6%
Third trimester
29.4%
Maternal TDF regimen with atazanavir
31 (53%)
Maternal TDF regimen with any protease inhibitor
49 (85%)
Most prevalent regimense
TDF/emtricitabine/atazanavir/ritonavir
27 (47%)
TDF/emtricitabine/darunavir/ritonavir
10 (17%)
TDF/emtricitabine/raltegravir
5 (9%)
TDF/emtricitabine/lopinavir/ritonavir
5 (9%)
a. Unknown data for 1 participant; any substance use during pregnancy included alcohol, tobacco, or
illicit drug use (marijuana, cocaine, heroin, opium, PCP, or MDMA).213
b. Unknown data for 7 participants
c. Unknown data for 16 participants in the first trimester, 22 participants in the second trimester, and
4 in the third trimester
d. Unknown data for 21 participants in the first trimester, 17 participants in the second trimester, and
7 in the third trimester
e. Most prevalent regimens at delivery; other TDF-containing regimens at delivery (n = 11) were
unique with a frequency of only 1 woman.
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Meconium TFV
Fifty-five meconium samples had detectable TFV concentrations (> LOQ); median
(range) meconium TFV concentration was 5,322 ng/g (11-48,100). Three of 58 samples
had undetectable TFV. Among infants with detectable meconium TFV, median (range)
maternal HIV RNA prior to delivery was 75 copies/mL (50-6,800). Maternal third
trimester HIV RNA among the three infants with no detectable meconium TFV was 60,
200, and 50,000 copies/mL, TFV exposure durations were 14-24 weeks, and gestational
ages 37-39 weeks. One of these infants had little meconium available for testing; no
antiretrovirals were detected in this sample with LOQs 5-times higher than reported.233
The other 2 infants’ samples with had other meconium antiretrovirals detected, although
some prescribed antiretrovirals in addition to TFV were not detected as well.
No significant difference was observed between median (range) TFV meconium
concentrations in those exposed versus unexposed to a ritonavir-boosted PI (6,039 ng/g,
24-48,100, n = 49 vs. 6,700 ng/g, 11-22,800, n = 9, P = 0.77). There also was no
difference in median meconium TFV concentrations between infants exposed versus
unexposed to atazanavir (8,248 ng/g, 11-48,100, n = 31 vs. 3,296 ng/g, 24-37,800, n = 27,
P = 0.29).
Infant Gestational Age
Greater gestational ages (as a continuous variable) correlated with higher square-root
transformed meconium TFV concentrations (ρ = 0.29, P =0 .03). Additionally, median
(range) meconium TFV from infants < 38 weeks gestation was 2,421 ng/g (35-39,646, n
= 16), which was marginally lower than 9,274 ng/g (11-48,100, n = 40) from infants ≥ 38
weeks (Figure 3, P = 0.05).
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Figure 3. Boxplots comparing median meconium TFV concentrations (square-root transformed)
between infants born at < 38 weeks gestational age and infants born at ≥ 38 weeks gestational age,
Wilcoxon rank sum test P = 0.05. Means are represented by x in the center box.
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TFV Exposure Duration and Timing
All women remained on TDF through delivery once their TDF regimen was initiated.
Maternal second and third trimester TDF duration ranged from 8-27 weeks. Most
mothers initiated TDF in the 1st trimester or prior to pregnancy, therefore the median
(range) TDF initiation week was 15 (15-32), after truncation.
No correlation between meconium TFV concentrations and TFV exposure
duration was observed (ρ = 0.08, P = 0.58). This observation was not significantly
different for infants exposed to a PI compared to those unexposed to PIs. No association
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was seen between meconium TFV concentration and maternal TDF initiation week (ρ =
0.37, P = 0.71).
Although meconium TFV concentrations were not associated with intrauterine
TFV duration or timing, some clinical variables were associated with meconium TFV
concentrations. On univariate analyses, median square-root transformed meconium TFV
concentration was significantly higher among infants whose mothers’ third trimester
maternal HIV RNA was < 50 copies/mL (104.6 square-root ng/g; 10,950 ng/g
untransformed, n = 15) compared to those whose mothers’ HIV RNA was ≥ 50
copies/mL (59.3 square-root ng/g; 3,530 ng/g untransformed, n = 36; P = 0.05).
Additionally, continuous log10-transformed HIV RNA plasma concentrations negatively
correlated with square-root transformed meconium TFV concentrations (ρ = -0.29, P =
0.04, Figure 4). Older maternal age at delivery significantly correlated with higher
meconium TFV concentrations (ρ = 0.28, P = 0.04). TFV meconium concentrations were
not significantly different by infant race, gender, tobacco- or alcohol-exposure status, or
maternal BMI.
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Figure 4. Maternal log10 HIV RNA plasma concentrations during the 3rd trimester were associated
with meconium tenofovir (TFV) concentrations from TFV-exposed infants (ρ = -0.29, P = 0.04, n =
51). HIV RNA concentrations < 50 copies/mL were truncated to 50 copies/mL prior to log 10
transformation as our quantitative polymerase chain reaction test was reliable only at values ≥ 50
copies/mL.
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Infant Growth and BMC
Growth outcomes were available on all 58 infants. In univariable and multivariable
analyses, meconium TFV concentrations were not associated with birth weight, length,
WHO weight-for-age z-score, WHO length/height-for age z-score, or WHO weight-forlength/height z-score (Table 12). Twelve infants were classified as small for gestational
age (SGA), with a birth weight < 10th percentile for gestational age; meconium TFV
concentrations were not significantly different between SGA and non-SGA infants (P =
0.35).
DXA data were available for 49 of our 58 infants. Nine had no DXA due to
technical collection problems. Median (range) whole body BMC was 60 g (38-87, Table
12). Meconium TFV concentrations were not correlated with BMC in univariable or
multivariable models (Table 12).
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Birth weight (kg)

3.1
(2.0 – 4.1)
49.5
(43.1 – 53.5)
-0.57
(-3.26 – 1.20)
-0.51
(-4.04 – 2.23)
-0.30
(-4.11 – 2.39)

Median (range)
for infant
growth
outcomes

Univariate coefficient
(95% CI) for
association with
meconium TFVb
P-value

Multivariate coefficient
(95% CI) for
association with
meconium TFVbc
P-value

0.0000
0.0001
0.98
0.97
(-0.0022, 0.0021)
(-0.0024, 0.0025)
0.0066
0.0035
Birth length (cm)
0.24
0.57
(-0.0045, 0.0178)
(-0.0089, 0.0157)
0.0000
0.0008
WHO weight-for-age z-scored
0.99
0.77
(-0.0046, 0.0046)
(-0.0045, 0.0061)
0.0032
0.0022
WHO length/height-for-age z-scored
0.31
0.52
(-0.0030, 0.0094)
(-0.0045, 0.0088)
-0.0049
-0.0015
WHO weight-for-length/height z-scoree
0.10
0.61
(-0.0107, 0.0010)
(-0.0074, 0.0044)
Univariate coefficient
Multivariate coefficient
Median (range)
(95% CI) for
(95% CI) for
a
Whole body infant DXA outcomes
for infant DXA
P-value
P-value
association with
association with
outcome
b
bf
meconium TFV
meconium TFV
Whole body bone mineral content
60
0.028
0.025
0.28
0.35
(BMC, g)
(38 – 87)
(-0.023, 0.080)
(-0.029, 0.078)
a. Most (71%) growth outcomes were obtained within 72 hours of birth and all were collected within 30 days. Bone outcomes were
obtained prior to 4 weeks of age.
b. Coefficients represent difference in growth outcomes or BMC for each one unit increase in square-root transformed TFV meconium
concentrations
c. Multivariable models adjusted for site, maternal age at delivery, alcohol and tobacco use during pregnancy, concomitant maternal PI
use, infant gestational age, and infant race/ethnicity.
d. Unknown data for 1 participant
e. Unknown data for 3 participants
f. The multivariable model adjusted for site, maternal age at delivery, alcohol and tobacco use during pregnancy, concomitant maternal
PI use, infant gestational age, infant race/ethnicity, infant birth length, and infant age at DXA.
CI indicates confidence interval

Infant growth outcomes at birth

a

Table 12. Association of infant growth (n = 58) and whole body bone mineral content (n = 49) with meconium tenofovir (TFV) concentration

Discussion
Current national and international guidelines for ART prescription to HIV-infected
pregnant women suggest TDF-containing regimens as first-line therapies.9, 37, 265 These
guidelines also recommend ART initiation in all HIV-infected pregnant women,
regardless of CD4 cell count, due to increased health benefits and lower HIV
transmission risk.9, 37, 265 As TDF use in pregnant women increases, a balance between
health benefits and fetal toxicity must be considered.
In this first study exploring whether meconium TFV predicts infant TDF growth
and bone toxicity, we hypothesized higher meconium TFV concentrations from second
and third trimester TFV exposure would be associated with lower infant BMC, as
meconium drug concentrations reflect cumulative fetal drug exposure during this
timeframe, and most fetal bone development occurs after the first trimester.266 However,
in this sample, TFV meconium concentrations were not associated with reduced BMC,
indicating no meconium concentration-dependent relationship among these exposed
infants. Mothers enrolled in the SMARTT TDF substudy were required to have TDF
prescribed for at least 8 weeks in the third trimester. Due to this requirement, our sample
may not have had enough variation in exposure durations to allow detection of a
meconium concentration-dependent relationship. Alternatively, TFV’s effect on BMC
may occur late in pregnancy and as all our infants experienced at least 8 weeks of third
trimester TFV exposure, this may have limited our power to detect a concentrationdependent response. Most fetal bone development (80%) occurs in the second half of
pregnancy,266 however, if TDF’s toxic bone effects occur earlier in pregnancy, our
meconium TFV concentrations may not be the best predictor. Also, we had no control
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over maternal regimens utilized and therefore, could not adjust for reasons women were
on certain treatments. Most regimens included PIs, and despite controlling for this in our
multivariate models, PI prescription may have created additional confounding that we
were unable to control for with our design and variables, as mothers were not randomized
to treatment options. We lacked information on CD4 count and HIV RNA before ART
initiation and had no indications in mothers’ medical charts for why a particular regimen
was selected; therefore, there may have been some confounding by indication.104 Despite
these limitations, our failure to observe a meconium concentration-dependent relationship
supports three previous studies that failed to show associations between maternal TDF
duration and infant growth and bone outcomes among a group of TFV-exposed infants 86,
104-105

Infant toxicity due to intrauterine TFV exposure was demonstrated in infant
rhesus macaques studies,100-101, 103 but most clinical investigations to date fail to support
these findings possibly due to dose, timing, and study design.86, 105-107 A previous
SMARTT study in a separate group of children demonstrated no prenatal TDF-exposure
effects on neonatal growth measures at birth, although lower mean infant length- and
head circumference-for-age z-scores were observed at 1 year as compared to TFVunexposed infants.86 Most other clinical investigations to date observed no significant
reductions in infant/neonatal bone or growth outcomes.86, 105-107 However, recent
additional PHACS research comparing TFV-unexposed versus TFV-exposed infants
(including all of our TFV-exposed infants with meconium), demonstrated a significant
decrease in BMC in TFV-exposed newborn infants compared to infants with no TFV
exposure.104 This previous work additionally demonstrated no correlation between infant
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bone outcomes and prescribed maternal TFV use duration among TFV-exposed infants,
supporting findings described here.104
One of our study’s strengths was its nested inclusion within the SMARTT
protocol, where infants are available for continued follow-up.81 We also minimized DXA
data variability by using Hologic machines and standardized training across sites and all
data were read at the Tufts Body Composition Center. Utilizing meconium drug
concentrations also may provide a more objective measure of fetal TFV in utero exposure
than maternal self-reported adherence as shown by the observation that high maternal
HIV RNA concentrations, a proxy measure of incomplete adherence, correlated with
lower meconium TFV. Maternal TDF duration and timing did not significantly correlate
with infant TFV meconium concentrations. However, our data suggest maternal
adherence is critical to meconium TFV accumulation and detection; maternal medication
non-adherence may explain TFV meconium concentration variability and lack of TFV
detection in three cases. Meconium TFV concentrations may be a good indicator of
maternal medication adherence during late pregnancy.
Meconium drug accumulation is a complex process; other maternal and infant
factors likely contribute to meconium drug concentrations, including maternal and fetal
pharmacokinetics, and placental transfer. Despite significant placental TFV transfer,71
research in pregnant rhesus macaques showed fetal circulating TFV concentrations 1011-fold lower than maternal plasma concentrations100 and in pregnant Sprague-Dawley
rats TFV was undetectable in amniotic fluid and fetal tissues late in pregnancy
(contrasting placental TFV detection and detection of other ARVs, emtricitabine and
efavirenz, in placenta, amniotic fluid, and fetal tissues).267 While TFV is not a substrate
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of several common placenta drug efflux transporters (P-glycoprotein, BCRP, and
MRP2),260 it is a substrate of MRP4.267-268 Previously, overexpression of MRP4 mRNA
and protein, as the result of specific genetic variants, was related to greater drug efflux
and NRTI resistance likelihood.269-271 A better understanding of the mechanisms
responsible for fetal TFV exposure, including pharmacogenetic placental transfer
differences, may aid meconium TFV concentration interpretation.
Large meconium TFV concentration variability (0-48,100 ng/g) in our 58 women
with ≥ 8 weeks of third trimester TFV exposure suggests multiple mechanisms may be
contributing to meconium TFV concentrations. Even with the large variability seen in our
meconium TFV concentrations, infants with low or undetectable meconium TFV did not
have significantly different neonatal growth and bone outcomes compared to infants with
the highest observed meconium TFV concentrations. Additional meconium quantification
of TFV diphosphate and monophosphate species, which are observed in blood following
TDF administration,272 may offer an opportunity to better understand intrauterine TDF
exposure and the large variability observed.
Previous research demonstrated higher circulating TFV concentrations with
boosted PIs273 and greater renal function decline when TDF was prescribed with a
boosted PI.274 However, in our sample, few mothers were prescribed a TDF regimen
without a concomitant boosted PI (n = 9). Concomitant maternal PI use did not
significantly impact meconium TFV concentrations in our study, although this correlation
had limited power.
While maternal TDF duration or timing did not correlate with meconium TFV,
infant gestational age was significantly associated with meconium TFV concentrations.
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Infants born later, at 38 weeks or more, had higher meconium TFV concentrations,
supporting our hypothesis that a greater rate of meconium TFV accumulation occurs
closer to delivery. A non-linear meconium accumulation model was proposed, suggesting
most meconium is generated in the final weeks before delivery250 when fetal and
placental blood flow increase exponentially.275-276
In conclusion, we did not see a concentration-dependent relationship between
meconium TFV concentration and growth and bone outcomes among our group of TFVexposed infants. Similar to our results, clinical investigations evaluating exposure
duration-dependent relationships between maternal TDF use duration and infant growth
and bone outcomes among TFV-exposed infants failed to note these relationships. In our
investigation, maternal TDF duration and timing were not associated with meconium
TFV concentrations, although higher meconium TFV concentrations were observed
among those with undetectable viral load and in infants with increased gestational ages.
For the first time, we explored whether meconium TFV could predict infant TDF growth
and bone toxicity. Our findings contribute to the clinical data on intrauterine TDFexposed infants and suggest further study of approaches to predict which infants will
develop TDF related toxicities as TDF prescription to HIV-infected pregnant women
rises.
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Chapter 5 – Do Drugs in Meconium Reflect Second Trimester
Fetal Exposure? Meconium Antiretroviral Windows of
Detection4
Abstract
Background: We previously reported that meconium generally reflected 3rd trimester fetal
heroin and cocaine exposure, although data examining 2nd trimester drug exposure are
limited. Labor and delivery (L&D) drug administration also may impact meconium
concentrations. Methods: Twenty antiretroviral (ARV) medications were quantified by
LC-MS/MS in 598 meconium samples from uninfected infants born to HIV-infected
pregnant women enrolled in the Pediatric HIV/AIDS Cohort Study. Results: Third
trimester meconium ARV detection was 85.7-94.4% for all ARVs except stavudine (0%,
n = 2), likely due to low prescribed doses and a high limit of quantification for this drug.
Second trimester only ARV exposure occurred for 107 samples, with meconium positive
for lopinavir, tenofovir, and efavirenz in 14.3%, 11.8% and 14.3% of exposed neonates,
respectively. These data documented meconium ARV detection for gestational weeks 2528. Maternal days off lopinavir and tenofovir before delivery significantly correlated with
decreasing meconium concentrations. Tenofovir and lamivudine meconium
concentrations significantly correlated with increased gestational age among infants with
continuous 2nd and 3rd trimester exposure. Meconium detected zidovudine L&D
administration and neonatal prophylaxis in 95.1% and 94.6% of samples, respectively.
Conclusions: ARV regimen changes during pregnancy offered a unique opportunity to
investigate ARV meconium detection windows with improved study design over
previous research. Meconium primarily reflects 3rd trimester drug exposure, although 6 of
4
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107 2nd trimester only exposures were detected. L&D maternal zidovudine administration
was detected in meconium indicating potential urine contamination or rapid incorporation
into meconium. These are highly useful data for improving interpretation of meconium
drug test results.
Introduction
Meconium, the first neonatal feces forming in utero during the 12th gestational week,64-65
is the specimen of choice for assessing fetal licit and illicit drug exposure.77, 80, 185, 199, 217,
222, 277-279

Meconium offers advantages over traditional neonatal urine monitoring with

easier collection from diapers and a longer detection window, primarily reflecting fetal
drug exposure during the 3rd trimester.80, 217 In addition, maternal self-reported drug use
may be inaccurate due to underreporting, recall bias, and stigma following drug use in
pregnancy;173 objective meconium drug analysis can be helpful and informative.
Meconium drug disposition is poorly understood and determining drug detection
windows is difficult because meconium may not accumulate linearly. The current
hypothesized meconium accumulation model suggests most meconium is generated in the
final weeks before delivery,250 when fetal growth, and fetal and placental blood and
nutrient transport increase exponentially.275-276 Assessing meconium’s drug detection
windows is critical to determining its usefulness in guiding concentration interpretation.
There are few data addressing the possibility of meconium identifying 2nd trimester fetal
drug exposure. Few studies assessing detection windows for various drugs collected
multiple matrices. Our group previously evaluated opiate and cocaine detection windows
with collection of meconium,217 umbilical cord,280 weekly maternal sweat patches,281 and
thrice weekly urine and oral fluid,282 to assess drug exposure timing. By utilizing
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cocaine- and opiate-positive urine, we identified when drug relapse occurred, and
concluded meconium’s detection window reliably detected drug use during the last
trimester only.217
Meconium drug concentration interpretation also may be complicated by potential
contribution from labor and delivery (L&D) drug administration. Opiate positive
meconium in the absence of maternal opiate use history and neonatal abstinence
syndrome may result from L&D administered opiates and must be interpreted
cautiously.283 In 10 women who received 50-200 mg intravenous/intramuscular
meperidine during labor, all infants’ meconium was positive for meperidine, and 3 also
for normeperidine.284 This rapid incorporation into meconium may be explained by
neonatal urine contamination, increased meconium accumulation250 and/or decreased
expression later in pregnancy of P-glycoprotein, a drug efflux transporter.285 Zidovudine
(AZT), a nucleoside reverse transcriptase inhibitor effective at preventing mother-to-child
HIV transmission, is often administered during HIV-infected mothers’ L&D and to HIVexposed infants after delivery.9 Utilizing maternal and neonatal AZT medication chart
information provided a unique opportunity to investigate L&D drug incorporation into
meconium.
We evaluated meconium’s drug detection window utilizing antiretroviral (ARV)
meconium results from HIV-exposed, uninfected infants born to HIV-infected mothers
and detailed maternal ARV medication histories, including regimen changes during
pregnancy and L&D administration. We determined whether meconium detects ARVs
stopped or started during the 2nd or 3rd trimester and evaluated meconium AZT detection
and quantification following maternal administration during L&D and/or infant postnatal
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administration. This investigation with ARV drugs substantially advances interpretation
of meconium drug concentrations. These unique data are highly useful for clinicians,
toxicologists, clinical chemists, pathologists, obstetricians, neonatologists, and drug
treatment professionals tasked with interpreting meconium drug test results.
Methods
Participants
The Surveillance Monitoring for ARV Toxicities (SMARTT) study of the Pediatric
HIV/AIDS Cohort Study (PHACS) enrolls HIV-exposed-uninfected children of HIVinfected women prescribed ARVs during pregnancy to investigate long-term prenatal
ARV exposure effects.81 Mothers and infants enroll in SMARTT’s Dynamic cohort
between 22 weeks gestation and 1 week after birth. Institutional Review Boards at each
site and the Harvard School of Public Health approved the protocol. Written informed
consent was obtained from mothers. Inclusion in this meconium detection analysis
required that infants have meconium available for ARV quantification.
Meconium ARV Quantification
Meconium samples were collected from diapers within 72 h of delivery until milk stool
appearance. Beginning in 2011, meconium was frozen immediately after collection; prior
to 2011, meconium was refrigerated at study sites and then, all specimens were frozen (≤
-20°C) until analysis (0-6 years). Our novel liquid chromatography tandem mass
spectrometry method quantified 20 ARV markers in 0.25 g meconium with limits of
quantification (LOQ) from 10-500 ng/g.233 Sixteen parent ARVs (abacavir, ABC;
amprenavir; atazanavir, ATV; darunavir, DRV; efavirenz, EFV; emtricitabine, FTC;
lamivudine, 3TC; lopinavir, LPV; nelfinavir, NFV; nevirapine, NVP; raltegravir, RAL;
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ritonavir, RTV; saquinavir, SQV; stavudine, d4T; tenofovir, TFV; AZT) and four ARV
metabolites (ABC-carboxylate; ABC-glucuronide; NFV hydroxy-tert-butylamide, M8;
AZT-glucuronide) were included, representing 4 diverse ARV drug classes and > 99% of
SMARTT ARV exposures.25
During validation, ARV meconium stability was investigated to determine if
initial storage temperatures adversely affected meconium ARV quantification; all
quantitative analytes were > 82% stable under refrigerated (72 h 4°C) and frozen
(triplicate -20°C freeze/thaw cycles) conditions.233 ARV meconium concentrations in
samples collected before 2011 (n = 240) were compared to those collected in 2011 or
later (n = 358) by a Mann-Whitney test to further evaluate stability.
Data Analyses
ARV prescription between 15-28 gestational weeks defined 2nd trimester exposure and >
28 weeks through delivery defined 3rd trimester exposure. Group differences between
samples with and without missed 3rd trimester meconium detection were evaluated with
Mann Whitney tests.
For ARVs with multiple 2nd trimester-only detections, the association between
days off the ARV pre-delivery and meconium concentration was investigated. Analysis
included women with only 2nd trimester use and those with any 3rd trimester use. First,
square-root, natural log, and log10 transformations were evaluated to normalize
meconium ARV concentration data. Then, a linear regression model was built between
normalized meconium concentrations and maternal days off ARV. Exposure duration
(days) was added a priori. Potential confounders (maternal tobacco, alcohol, or illicit
drug use during pregnancy) were added to the model individually and were retained when
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the effect estimate for the association between days off ARV and meconium
concentration changed ≥ 15%.
Associations between gestational age and meconium ARV concentrations were
investigated using linear regression for infants whose mothers were maintained
continuously on the same ARV (entire 2nd and 3rd trimesters, with ≤ 3 days off drug).
Sufficient data were available for 6 ARVs: TFV, FTC, 3TC, LPV, RAL, and RTV. For
meconium TFV, maternal tenofovir disoproxil fumarate (TDF), a widely used TFV
prodrug, was considered. RTV is commonly prescribed with other protease inhibitors
(PIs) as a pharmacokinetic boosting agent; when RTV was the sole PI in a mother’s
regimen, samples were excluded from this analysis (n = 4). Potential confounders
(maternal HIV RNA copies/mL before L&D, and maternal tobacco, alcohol or illicit drug
use during pregnancy) were evaluated separately and retained in the adjusted model when
the effect estimate for the association between gestational age and meconium
concentration changed ≥ 15%.
To investigate meconium AZT detection with L&D and infant prophylaxis, 7
exposure categories were considered: 1) maternal 3rd trimester, L&D, and neonatal
prophylaxis; 2) only 3rd trimester and L&D; 3) only L&D and neonatal prophylaxis; 4)
only maternal 3rd trimester and neonatal prophylaxis; 5) only L&D; 6) only neonatal
prophylaxis; and 7) only 3rd trimester. Meconium AZT detection prevalence and
concentrations are reported for these samples and Kruskal-Wallis chi-square tests were
performed, assessing median AZT and AZT-glucuronide concentration differences.
Significant associations were described by P < 0.05.
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Results
Third Trimester Meconium ARV Detection
Of 1750 SMARTT Dynamic cohort infants enrolled through October 1, 2013, ARVs
were quantified in 598 meconium samples. Maternal medication histories indicated 3rd
trimester exposure to ARVs in 587 meconium samples (11 participants had no 3rd
trimester ARV medication data available). Third trimester meconium ARV drug
detection was 85.7-94.4% for ABC, ATV, DRV, EFV, FTC, 3TC, LPV, NFV, NVP,
RAL, RTV, SQV, and TFV (Figure 5, Table 13). Chi-square tests indicated there was no
difference in percent drug detection between 2nd and 3rd trimester exposure and 3rd
trimester exposure alone. AZT was considered separately due to other common exposure
routes including maternal L&D administration and neonatal prophylaxis. No amprenavir
exposure occurred in our sample population.
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Figure 5. Antiretroviral (ARV) drug detection in meconium following any 3 rd trimester or only 2nd
trimester maternal ARV prescription

Numbers above bars indicate total meconium specimens with 3rd or 2nd trimester exposure. 2nd trimester
drug detection only occurred in some samples with LPV, EFV, and TFV exposure. Zidovudine (AZT)
meconium drug detection data not shown (see text). No amprenavir exposure cases were included in this
population. RTV, ritonavir; LPV, lopinavir, ATV, atazanavir; DRV, darunavir; NFV, nelfinavir; SQV,
saquinavir; NVP, nevirapine; EFV, efavirenz; RAL, raltegravir; 3TC, lamivudine; TFV, tenofovir; FTC,
emtricitabine; ABC, abacavir; d4T, stavudine.
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Table 13. Antiretroviral (ARV) exposure (exp) meconium drug detection rates for ARVs in 587 3rd trimester (tri) and 107 only 2nd tri ARV exposed
samples
Median
Median
Number
Median
Number
(range)
Number
3rd Tri
Infants
(range)
Infants
with
(range) positive
with
positive
Infants
with
Infants meconium
with
positive
with
meconium
meconium
meconium
meconium
with
meconium
with
ARV
some
meconium
ARV
only
ARV
concentration
ARV
concentration
only
ARV
rd
nd
any 3
drug
2
concentration
rd
nd
3 tri
drug
from infants
drug
from infants
2 tri
drug
tri exp
detection
and 3rd
from infants
exp
detection
with only 3rd tri
detection
with 2nd and
exp
detection
(%)
tri exp
with 2nd tri
(%)
exp (ng/g)
(%)
3rd tri exp
(%)
exp (ng/g)
(ng/g)
Protease inhibitors (PIs)
201
368
RTV
442
85.7
31
27 (87.1)
411
352 (85.6)
7
0
(13 – 4,302)
(11 – 30,349)
24,800
38,553
177
LPV
196
94.4
25
23 (92.0)
171
162 (94.7)
21
3 (14.3)
(46 – 149,602)
(10 – 546,720)
(29 – 2,401)
9,026
16,929
ATV
190
92.6
14
14 (100)
176
162 (92.1)
11
0
(139 – 143,018)
(29 – 125,352)
578
17,900
DRV
56
91.1
3
2 (66.7)
53
49 (92.5)
1
0
(156 – 1,000)
(222 – 240,517)
1,822
10,292
NFV
44
90.9
2
2 (100)
42
38 (90.5)
5
0
(484 – 3,160)
(11 – 314,133)
16,620
SQV
13
92.3
1
1 (100)
85,432
12
11 (91.7)
0
(114 – 36,200)
Non-nucleoside analog reverse transcriptase inhibitors (NNRTIs)
3,734
NVP
20
90.0
1
1 (100)
1,451
19
17 (89.5)
4
0
(77 – 17,465)
2,555
5,056
EFV
7
85.7
5
4 (80.0)
2
2 (100)
7
1 (14.3)
356
(1,776 – 40,853)
(2,096 – 8,016)
Integrase inhibitors
2,545
1,912
RAL
47
93.6
17
16 (94.1)
30
28 (93.3)
1
0
(67 – 16,178)
(38 – 21,280)
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RTV, ritonavir; LPV, lopinavir, ATV, atazanavir; DRV, darunavir; NFV, nelfinavir; SQV, saquinavir; NVP, nevirapine; EFV, efavirenz; RAL, raltegravir;
3TC, lamivudine; TFV, tenofovir; FTC, emtricitabine; ABC, abacavir; d4T, stavudine; Data for zidovudine (AZT) meconium drug detection shown separately
due to other common exposure routes, including labor and delivery (L&D) and neonatal administration. No amprenavir exposure examples examined in this
sample population. Complete exposure duration for the entire listed trimester was not required for group inclusion here.

Table 13 continued. Antiretroviral (ARV) exposure (exp) meconium drug detection rates for ARVs in 587 3 rd trimester (tri) and 107 only 2nd tri ARV
exposed samples
Median
Median
Number
(range)
Number
Median
Number
(range)
Infants
3rd Tri
with
Infants
positive
with
(range) positive
with
Infants
positive
with
Infants meconium
meconium
with
meconium
meconium
meconium
meconium
with
meconium
some
ARV
with
ARV
only
concentration
ARV
concentration
ARV
only
ARV
nd
rd
concentration
2
drug
any 3
nd
rd
drug
2 tri
from infants
drug
from infants
drug
3 tri
from infants
and 3rd
detection
tri exp
detection
exp
with 2nd and
detection
with only 3rd tri
detection
exp
with 2nd tri
tri exp
(%)
(%)
3rd tri exp
(%)
exp (ng/g)
(%)
exp (ng/g)
(ng/g)
Nucleoside/Nucleotide analog reverse transcriptase inhibitors (NRTIs)
2,101
1,993
0
11
287 (88.9)
323
19 (90.5)
21
89.0
344
3TC
(55 – 40,345)
(80 – 11,745)
79
7,800
2,160
2 (11.8)
17
230 (94.3)
244
21 (84.0)
25
93.3
269
TFV
(22 – 135)
(11 – 89,655)
(37 – 37,162)
991
700
0
19
209 (90.1)
232
18 (81.8)
22
89.4
254
FTC
(15 – 57,126)
(35 – 4,268)
882
417
0
7
86 (93.5)
92
5 (71.4)
7
91.9
99
ABC
(10 – 12,873)
(234 – 3,748)
0
0 (0)
2
0
0
2
d4T

Third trimester ARV administration was missed in 107 meconium samples;
missed detection of specific 3rd trimester prescribed ARVs occurred in 3 (SQV) to 88
(RTV) samples (Table 14). When an ARV exposure was missed, other ARVs were
detected in 28.4-75% of samples (Table 14). The only 2 specimens with 3rd trimester d4T
exposure were negative, although all other 3rd trimester ARVs were detected in these
samples. We investigated whether these missed meconium detections may have resulted
from poor maternal medication adherence, suggested by plasma HIV RNA > 400
copies/mL at L&D, or elevated LOQs when < 0.25 g meconium was available. In our 107
samples with some missed 3rd trimester ARV exposures, plasma HIV RNA at L&D was
> 400 copies/mL in 47 (43.9%) samples, and limited available meconium for testing
occurred in 13 (12.1%). Of the non-detected ARVs, positive specimens generally had low
concentrations near our LOQs (Table 13). In 90 of these 107 samples (including 12 of 13
(92.3%) low volume specimens and 37 of 47 (78.7%) high viral load samples), other
ARVs in the sample were correctly identified. Median (range) infant birth weight and
gestational age from these 107 infants were 2,890 g (1,705-4,530) and 38.0 weeks (31.941.0), respectively; these were significantly lower than medians observed among infants
with 3rd trimester meconium detection (3,023 g [1,370-5,195], 38.4 weeks [29.0-42.1]; P
< 0.01, both comparisons). Median RTV, 3TC, and TFV exposure duration among
samples with missed 3rd trimester exposure detection in meconium were significantly
lower than median exposure durations among samples with successful 3rd trimester
meconium detection (P ≤ 0.01, all 3 comparisons).
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Table 14. Missed meconium antiretroviral (ARV) detection frequency for 3rd trimester prescribed
ARVs
3rd trimester exposed infants
Missed ARV meconium detection
Meconium
among the 107 failed meconium
among the 107 failed meconium
ARV
detection samples
detection samples (n, %)
SQV
4
1 (25.0)
TFV
67
18 (26.9)
LPV
37
11 (29.7)
ATV
47
14 (29.8)
EFV
3
1 (33.3)
RAL
9
3 (33.3)
DRV
14
5 (35.7)
NFV
10
4 (40.0)
ABC
18
8 (44.4)
FTC
60
27 (45.0)
3TC
63
38 (60.3)
NVP
3
2 (66.7)
RTV
88
63 (71.6)
d4T
2
0 (100)
SQV, saquinavir; TFV, tenofovir; LPV, lopinavir; ATV, atazanavir; EFV, efavirenz; RAL, raltegravir;
DRV, darunavir; NFV, nelfinavir; ABC, abacavir; FTC, emtricitabine; 3TC, lamivudine; NVP, nevirapine;
RTV, ritonavir; d4T, stavudine. Zidovudine (AZT) meconium drug detection shown separately due to other
common exposure routes, including labor and delivery (L&D) and neonatal administration. No amprenavir
exposure examples examined in this sample population.

Our 4 ARV metabolites were always simultaneously detected in meconium with
parent ARVs. In the 94 ABC-positive samples, 82 were ABC-carboxylate-positive and
79 ABC-glucuronide-positive, with median (range) metabolite/parent concentration ratios
of 4.2 (0.09-39.7) and 0.12 (0.02-3.3), respectively. NFV’s hydroxyl metabolite M8 was
detected in all 42 NFV-positive meconium samples, with a median M8/NFV ratio of 4.3
(0.07-74.3).
Of 18 ARV analytes quantified, ARV meconium concentrations were not
significantly different between samples collected before 2011 with short-term
refrigeration and those collected later with rapid frozen storage for all analytes, except
AZT (P = 0.011). This suggests that initial sample refrigeration before 2011 generally did
not impact meconium ARV concentrations. Also, missed meconium detection of 3rd
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trimester ARV exposure did not occur more often in specimens collected before 2011 (P
= 0.51).
Second Trimester Meconium ARV Detection
There were 107 samples with 2nd trimester only exposure to ARVs including 21 LPV, 19
FTC, 17 TFV, 11 ATV, 11 3TC, 7 ABC, 7 EFV, 7 RTV, 5 NFV, 1 DRV, and 1 RAL
exposure instances. Only 3 LPV, 2 TFV, and 1 EFV exposures were detected (Table 15).
In these 6 samples, maternal days off the ARV before delivery were 57-92 days,
documenting meconium ARV detection of exposures between gestational weeks 25-28
(Table 15).
Table 15. Second trimestera antiretroviral (ARV) exposure detected in meconium from 6 infants
Infant
Maternal lopinavir
Maternal LPV
Meconium
gestational
(LPV) prescription start
prescription end
LPV (ng/g)
age (GA)
147 days before delivery
57 days before delivery
252 days
Infant 1
2,401
(GA:15.0 weeks)
(GA: 27.9 weeks)
(36.0 weeks)
142 days before delivery
91 days before delivery
270 days
Infant 2
177
(GA: 18.3 weeks)
(GA: 25.6 weeks)
(38.6 weeks)
138 days before delivery
92 days before delivery
273 days
Infant 3
29
(GA: 19.3 weeks)
(GA: 25.9 weeks)
(39.0 weeks)
Meconium
Maternal TDFb
Maternal TDF
Infant GA
tenofovir
prescription start
prescription end
(TFV) (ng/g)
253 days before delivery
65 days before delivery
253 days
Infant 4
135
(GA: 0 weeks)
(GA: 26.9 weeks)
(36.1 weeks)
159 days before delivery
75 days before delivery
266 days
Infant 5
22
(GA: 15.3 weeks)
(GA: 27.3 weeks)
(38.0 weeks)
Maternal efavirenz
Maternal EFV
Meconium
Infant GA
(EFV) prescription start
prescription end
EFV (ng/g)
90 days before delivery
84 days before delivery
270 days
Infant 6
356
(GA: 25.7 weeks)c
(GA: 26.6 weeks)
(38.6 weeks)
a. 2nd trimester defined as the gestational period of > 15 and ≤ 28 weeks.
b. TDF: tenofovir disoproxil fumarate, a bioavailable prodrug of tenofovir (TFV)
c. Infant 6’s mother was prescribed EFV for 6 days at the end of the 2 nd trimester.
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We explored the linear relationship between maternal days off LPV and TDF
before delivery and meconium concentrations. Our linear model included square-root
transformed ARV concentrations and days off these ARVs before delivery for women
with any 2nd or 3rd trimester exposure. Duration of 2nd and 3rd trimester exposure in days
was added to the models to account for exposure duration affecting meconium
concentrations prior to LPV or TDF discontinuation. The estimated square-root LPV
concentration change with each additional day off LPV before delivery was -1.23 (95%
confidence interval (CI): -1.9, -0.49; P < 0.01). Estimated square-root TFV meconium
concentration change with each additional maternal day off TDF before delivery was 0.36 (95% CI: -0.59, -0.14; P < 0.01). Potential confounders (cigarette, alcohol, and illicit
drug use anytime during pregnancy or specifically in the 2nd or 3rd trimesters) were
evaluated but had no impact.
Meconium Concentrations Increase with Gestational Age
To determine associations between meconium ARV concentrations and infant gestational
age, infants whose mothers were maintained continuously on the same ARV for the 2nd
and 3rd trimesters were considered. This relationship was evaluated for meconium TFV,
FTC, 3TC, LPV, RAL, and boosting RTV concentrations (n = 21-213; Table 16).
Meconium concentrations were normalized with square-root (TFV, 3TC, LPV, RAL) or
log10 transformations (FTC, RTV). Infant gestational ages were 216-295 days (30.9-42.1
weeks). Percent detection of these 6 meconium ARVs following continuous 2nd and 3rd
trimester exposure were 89.2-97%.
Significant associations between gestational age and meconium ARV
concentrations were documented for 3TC and TFV which remained significant after
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adjusting for maternal HIV RNA at L&D > 1000 copies/mL (Table 16). For each
increased gestational age day, the estimated square-root meconium 3TC and TFV
concentration change was 1.24 and 1.04, respectively. For meconium FTC, LPV, RAL,
and RTV, positive but non-significant associations were generally observed with
gestational age (Table 16). Cigarette, alcohol, or illicit drug use during pregnancy did not
significantly impact these associations.
Table 16. Effect estimates for gestational age and meconium antiretroviral (ARV) concentrations in
infants with meconium tested who were exposed continuously during the 2 nd and 3rd trimester to the
specified ARV
Proportion
Unadjusted
Adjusted
with
Gestational age
model
Pmodel
Pa
ARV
N
meconium
median (IQR)
estimateb
value
estimatebc
value
ARV
(days, weeks)
(95% CI)
(95% CI)
detection
267 (263.5 – 276)
1.27
1.24
3TC 128
93.8 %
<0.01
<0.01
38.1 (37.6 – 39.4)
(0.75, 1.80)
(0.71, 1.77)
269 (265 – 276)
0.011
0.007
FTC 145
93.8 %
0.10
0.26
38.4 (37.9 – 39.4) (-0.002, 0.024)
(-0.005, 0.018)
269 (263 – 274)
3.24
2.55
LPV
67
97.0 %
0.10
0.19
38.4 (37.6 – 39.1)
(-0.68, 7.16)
(-1.28, 6.38)
271 (266 – 276)
0.67
0.50
RAL
21
90.5 %
0.49
0.60
38.7 (38.0 – 39.4)
(-1.32, 2.65)
(-1.43, 2.42)
269 (264 – 275)
0.006
0.001
RTVd 213
89.2 %
0.39
0.83
38.4 (37.7 – 39.3) (-0.007, 0.018)
(-0.011, 0.013)
269 (264 – 276)
1.22
1.04
TFV 153
96.1 %
<0.01
0.01
38.4 (37.7 – 39.4)
(0.40, 2.05)
(0.25, 1.83)
a. 3TC, lamivudine; FTC, emtricitabine; LPV, lopinavir; RAL, raltegravir; RTV, ritonavir; TFV,
tenofovir
b. Estimates represent changes in square-root (TFV, 3TC, LPV, RAL) or log10 transformed (FTC,
RTV) meconium concentrations for each increase in gestational age day.
c. All models adjusted for maternal HIV RNA at labor and delivery (L&D) > 1000 copies/mL.
d. Only boosted RTV considered; 4 unboosted RTV prescription cases excluded.
CI indicates confidence interval
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Neonatal and L&D AZT Meconium Detection
Two infants had no AZT exposure during any prenatal or perinatal period; therefore, our
AZT-exposed sample size was 596. Table 17 describes AZT and AZT-glucuronide
meconium detection and concentrations by AZT exposure category. Overall, when
maternal 3rd trimester AZT prescription occurred, it also was administered during L&D
and/or orally to the infant after birth; this exposure yielded a 96.3% detection rate in
meconium (Table 17). L&D AZT administration occurred in 94.8% of tested infants.
Neonatal AZT prophylaxis was more common, occurring in 98.7% of infants. All except
33 (5.5%) meconium samples from infants exposed to AZT by any route were AZTpositive. Median AZT meconium concentrations were significantly different between
exposure groups (P = 0.004), although AZT-glucuronide median concentrations were not
(P = 0.46). Median AZT-glucuronide/AZT ratios were commonly > 1 (Table 17). No
information was available on AZT L&D administration timing relative to delivery, or
L&D and neonatal AZT dose.
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Table 17. Zidovudine (AZT) and AZT-glucuronide meconium detection and concentrations by type
of AZT exposure in 596 samples
Median
Median (range,
Median (range)
(range)
n) positivec
positive
7 AZT
N (% of AZT positive
positiveb
meconium
meconium
exposure
total
meconium
meconium
AZTAZTcategories
596)
n (%)
AZT
glucuronide
glucuronide/AZT
concentrations
concentrations
ratio
(ng/g)
(ng/g)
rd
Maternal 3
trimester,
7,337
323
3,292
1.9
L&Da, and
312 (96.6%)
(501 – 783,582)
(54.2%)
(102 – 81,468)
(0.06 – 29.3)
neonatal
n = 235
prophylaxis
Maternal 3rd
trimester and
1,575
3
2
1,327
1.3
L&D
(1,248 – 1,903)
(0.5%)
(66.7%)
(996 – 1,657)
(0.8 – 1.9)
(no neonatal
n=2
prophylaxis)
L&D and
neonatal
6,225
238
1,464
1.6
prophylaxis
222 (93.3%)
(531 – 105,280)
(39.8%)
(103 – 136,595)
(0.2 – 41.4)
rd
(no 3
n = 127
trimester)
Maternal 3rd
trimester and
2
2
1,755
1,548
neonatal
0.5
(0.3%)
(100%)
(385 – 3,125)
n=1
prophylaxis
(no L&D)
18,005
3
3
2,888
1.2
L&D only
(2,263 – 33,746)
(0.5%)
(100%)
(563 – 20,165)
(0.8 – 1.7)
n=2
Neonatal
4,338
27
22
1,413
1.1
prophylaxis
(500 – 57,823)
(4.5%)
(81.5%)
(189 – 22,620)
(0.4 – 5.3)
only
n = 14
Maternal 3rd
0
trimester only
a. Labor and delivery (L&D) administration
b. AZT LOQ 100 ng/g; median AZT meconium concentrations were significantly different between
exposure groups (Kruskal-Wallis chi-square statistic 18.9, P = 0.004).
c. AZT-glucuronide LOQ 500 ng/g; median AZT-glucuronide meconium concentrations were not
significantly different between exposure groups (Kruskal-Wallis chi-square 5.7, P = 0.46).
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Discussion
This manuscript describes the best available data on drug detection windows in
meconium. While our research focused on ARVs in meconium, these data enlighten
interpretation of all drugs taken during pregnancy. Previously, meconium drug detection
windows were studied through collection of multiple additional matrices, including
umbilical cord, weekly maternal sweat patches, and thrice weekly urine and oral fluid
throughout gestation, as a means to assess drug exposure and relapse timing.217, 280-282 Our
novel analytical method allowed meconium quantification of 16 ARVs from 4 diverse
drug classes in a single meconium specimen, offering substantial improvements in
assessing meconium drug detection windows compared to previous studies and providing
additional clinical relevance. ARV regimen changes during pregnancy offered a unique
opportunity to investigate ARV meconium disposition and detection windows.
Meconium drug deposition occurs from drug passing through the fetal
gastrointestinal tract, bile secretions, or swallowed amniotic fluid containing fetal urine.
Drug concentrations may relate to total maternal drug consumption, total gestational
exposure, and/or time interval between last drug use and birth due to exponential or nonlinear meconium accumulation late in gestation.
There were 107 examples of some undetected 3rd trimester drug exposure.
Possible explanations include poor medication compliance,286 low meconium volume
(higher LOQs), shorter exposure durations, earlier delivery and lower gestational age,
and/or individual differences in placental transfer, maternal/fetal metabolism, and infant
meconium accumulation late in gestation (as suggested for missed drug detection
following low 3rd trimester tobacco exposure,76-77 as large amounts of drug-negative
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meconium accumulate close to birth). While our study was unique in its use of detailed
medication prescription record data, we had no indication of whether mothers accurately
took their prescribed medications. In our 107 samples with some missed ARV detection,
other 3rd trimester prescribed ARVs were correctly identified, suggesting longer ARV
exposures, higher ARV doses, greater placental transfer, and/or maternal/fetal genetic
metabolism variability may have contributed to these examples of differential detection.
Our novel analytical method was the first to quantify meconium ARVs, however, our
d4T LOQ (500 ng/g) may be too high to allow accurate meconium d4T detection. Our
assay failed to detect meconium d4T in samples where meconium volume was sufficient,
mothers’ HIV RNA during pregnancy was undetectable (suggesting medication
compliance), and accurate meconium detection of other prescribed ARVs occurred.
Utilizing maternal thrice-weekly urine samples to identify when opioid/cocaine
relapse occurred, previous investigators identified possible 2nd trimester exposure
detection in meconium.217 Therefore, we hypothesized meconium ARV detection could
occur when maternal ARV dosing stopped in the 2nd trimester. In fact, meconium
analysis detected 2nd trimester only ARV exposure, but only in 6 of 107 samples. While
the detected drugs, LPV, TFV, and EFV, are from different ARV drug classes, they had
the highest median meconium concentrations observed within their class (Table 13). Our
findings confirm previous preclinical65, 75, 287 and clinical76-77, 217 research that meconium
primarily reflects 3rd trimester fetal drug exposure, and these data demonstrate that in
certain circumstances 2nd trimester drug detection is feasible. This is the first clinical
study based on medication prescription data to show 2nd trimester meconium detection.
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LPV meconium concentrations were the highest ARV concentrations observed in
our study (Table 13), and LPV was the most commonly detected 2nd trimester ARV
exposure. LPV is highly protein bound by both albumin and a1-acid glycoprotein and
demonstrates low (0.2-3.3%) placental transfer288 however, as P-glycoprotein expression
and plasma protein binding decrease during pregnancy, increased drug transfer may
occur.47, 285 In addition, national guidelines recommend 2nd and 3rd trimester LPV doses
should increase 1.5-fold.9 All LPV exposures in our study resulted from co-formulated
LPV/RTV administration. RTV inhibits LPV metabolism via CYP 3A4. Even with low
placental transfer, boosting LPV resulted in high fetal exposure, as demonstrated by high
meconium concentrations. LPV also is primarily excreted by the hepatobilary route with
> 82% of an administered dose detected in rat, dog, and adult human feces,289 suggesting
most fetal LPV elimination is in meconium.
Longer gestational periods correlated to higher meconium drug concentrations. A
greater gestational age indicates a longer 3rd trimester exposure period. Square-root
meconium 3TC and TFV concentrations significantly increased 1.24- and 1.04-fold,
respectively, for every increase in gestational age days, indicating meconium 3TC and
TFV may accumulate quadratically with gestational age. Our observation that missed
detection of 3rd trimester exposure occurred in samples with significantly earlier
gestational ages and lower birth weight compared to samples with successful detection
suggests confirmation of these 3TC and TFV findings.
This research also validated for the first time disposition of L&D ARV
administration into meconium (Table 17). Our investigation was complicated by neonatal
AZT prophylaxis and maternal 3rd trimester prescription in most samples and the small
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infant sample size experiencing only L&D AZT administration. In all 3 L&D AZT
administration only samples, meconium AZT was detected, although the concentration
range was large. These results verify previous findings with meperidine meconium
detection after L&D administration.284 Rapid meconium drug incorporation immediately
prior to birth may be explained by increased meconium accumulation250 and/or decreased
placental drug efflux late in gestation.285 Neonatal urine contamination may also account
for positive results. AZT-glucuronide was detected in 2 of 3 samples from infants
experiencing only L&D administration; metabolite/parent drug ratios were 0.8 and 1.7.
Metabolite presence may have resulted from maternal or neonatal metabolism. These data
suggest cautious interpretation of drugs found in meconium when commonly given
during L&D; maternal hospital charts should be reviewed for confirmation when L&D
drug detection is suspected.
Thirty-three (5.5%) meconium specimens from AZT-exposed infants were
negative for AZT (Table 17). Most occurred in infants with no 3rd trimester exposure (n =
16), while there were 11 samples from infants exposed during all 3 periods (3rd trimester,
L&D, and neonatally), 5 from only neonatally exposed infants, and one from only 3rd
trimester and L&D exposure. The large concentration ranges (with some concentrations
at or near LOQs) for AZT and AZT-glucuronide in meconium from infants experiencing
3rd trimester, L&D, and neonatal AZT administration, could explain the negative results
found with lesser exposure. These AZT meconium results indicate possible rapid
meconium incorporation when the fetus/infant experienced only L&D or neonatal
administration; however, this rapid incorporation may be determined by additional
maternal/neonatal factors, such as genetic polymorphisms, and dose timing and duration.
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Meconium AZT-glucuronide/AZT ratios were commonly > 1, indicating possible
fetal AZT-glucuronide formation or placental transfer of maternal AZT-glucuronide and
neonatal uptake of the phase 2 metabolite. AZT placental transfer was previously shown
to be high9 and AZT pharmacokinetic studies in pregnant baboons and monkeys indicated
similar maternal and fetal AZT-glucuronide/AZT ratios and AZT-glucuronide plasma
concentrations following maternal steady-state AZT infusion.224, 290 These data suggest
maternal AZT-glucuronide is effectively transferred across the placenta as previously
reported for other glucuronides.162, 291 Fetal glucuronidation capacity is generally limited,
but increases during a neonate’s first 3 months are log-linear until adult levels are
achieved.164 Small amounts of fetal metabolism may have contributed to the substantial
fetal AZT-glucuronide concentrations, as observed in fetal baboon AZT administration
studies.290-291 Of note, metabolite/parent ratios for NFV and ABC in our study also were
often > 1. No ARV metabolites were detected without the parent compounds, suggesting
parent drug quantification may be sufficient to detect these intrauterine ARV exposures.
ARV regimen changes during pregnancy offered a unique opportunity to
investigate meconium drug detection windows and drug disposition during different
gestational periods. Our study confirmed meconium primarily reflects 3rd trimester drug
exposure; however, this is the first clinical report of 6 samples with drug detection of 2nd
trimester only prescribed drugs. Findings from this investigation are highly novel and
should impact interpretation of all meconium drug results. These research findings will
aid medical practitioners, toxicologists, clinical chemists, pathologists, neonatologists,
obstetricians, and drug treatment professionals to better understand disposition of drugs
in meconium, and improve maternal and fetal medicine.
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Chapter 6 – Validation of a Novel Method to Identify In Utero
Ethanol Exposure: Simultaneous Meconium Extraction of
Fatty Acid Ethyl Esters, Ethyl Glucuronide, and Ethyl Sulfate
Followed by LC-MS/MS Quantification5
Abstract
Presence of fatty acid ethyl esters (FAEE), ethyl glucuronide (EtG), and ethyl sulfate
(EtS) in meconium, the first neonatal feces, identifies maternal alcohol consumption
during pregnancy. Current meconium alcohol marker assays require separate analyses for
FAEE and EtG/EtS. We describe development and validation of the first quantitative
liquid chromatography tandem mass spectrometry assay for 9 FAEEs, EtG, and EtS in
100 mg meconium. For the first time, these alcohol markers are analyzed in the same
meconium aliquot, enabling comparison of the efficiency of gestational ethanol exposure
detection. 100 mg meconium was homogenized in methanol and centrifuged. The
supernatant was divided, and applied to two different solid phase extraction columns for
optimized analyte recovery. Limits of quantification for ethyl laurate, myristate,
linolenate, palmitoleate, arachidonate, linoleate, palmitate, oleate, and stearate ranged
from 25-50 ng/g, with calibration curves to 2,500-5,000 ng/g. EtG and EtS linear
dynamic ranges were 5-1,000 and 2.5-500 ng/g, respectively. Mean bias and between-day
imprecision were < 15%. Extraction efficiencies were 51.2-96.5%. Matrix effects ranged
from -84.7-16.0%, but were compensated for by matched deuterated internal standards
when available. All analytes were stable (within ± 20% change from baseline) in 3
authentic positive specimens, analyzed in triplicate, after 3 freeze/thaw cycles (-20°C).
Authentic EtG and EtS also were stable after 12 h at room temperature and 72 h at 4°C;
5

Himes SK et al. Analytical Bioanalytical Chemistry 2014. 406(7): 1945-1955.
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some FAEE showed instability under these conditions, although there was large intersubject variability. This novel method accurately detects multiple alcohol meconium
markers and enables comparison of markers for maternal alcohol consumption.
Introduction
Maternal alcohol consumption during pregnancy is associated with fetal alcohol spectrum
disorder (FASD) that encompasses growth retardation, craniofacial dysmorphology,
cognitive disorders and social impairments.119-121 According to the 2012 National Survey
on Drug Use and Health in the United States, 8.5% of pregnant respondents 15-44 years
old reported current alcohol use (≥ 1 drink in last 30 days), with 2.7% reporting binge
drinking (≥ 5 drinks/day once in past 30 days).116 Heavily alcohol-exposed children
lacking syndromal craniofacial dysmorphology may still exhibit cognitive
impairments.292-293 If an in utero alcohol exposure marker predicted poor infant
outcomes, identified infants could be provided early access to FASD assistive services.
Most ingested ethanol (90-98%) is oxidized to acetaldehyde in the liver,294-295
with only a small percentage undergoing non-oxidative metabolism yielding fatty acid
ethyl esters (FAEE), ethyl glucuronide (EtG), and ethyl sulfate (EtS), whose windows of
drug detection are longer than ethanol. FAEE are formed by ethanol and endogenous free
fatty acids esterification via FAEE synthases and acyl-CoA:ethanol acyltransferases
primarily in the liver.151-152 Ethanol is converted to EtG and EtS following ethanol and
glucuronic acid or activated sulphate conjugation by UDP-glucuronosyltransferases and
sulphotransferases, respectively.153-154
The debate continues on which of these non-oxidative alcohol markers provides
the most sensitive and specific detection of maternal alcohol consumption. Maternal self119

reported alcohol consumption is frequently underreported due to societal disapproval of
drinking while pregnant.173, 296 Maternal blood or urine EtG or FAEE monitoring during
pregnancy only identifies alcohol ingestion for a short period, requiring repeated
sampling throughout gestation; however, identification early in pregnancy may help deter
and prevent further fetal alcohol exposure. EtG is detected in blood for 10-14 h and urine
for 25-44 h after 0.5 g/kg ethanol.192, 297 FAEE remain elevated in blood for 16-30 h after
the last drink in non-dependent individuals and 48-96 h in dependent individuals during
detoxification.294, 298 Meconium, the first neonatal feces, begins to form during
gestational weeks 12-13, detecting drug exposure during the third and perhaps second
trimesters.64 Combining maternal self-reported alcohol consumption during pregnancy
and meconium alcohol marker results improves detection of in utero alcohol exposure.
A major limitation of meconium alcohol marker assays is the requirement for two
separate analyses to quantify FAEE180, 184, 299-300 and EtG/EtS.180, 301-302 A combined
extraction procedure from the same meconium aliquot would permit direct comparison of
these markers’ ability to predict in utero exposure and provide more information for
result interpretation due to the lack of homogeneity in meconium. We developed and
validated the first quantitative liquid chromatography tandem mass spectrometry (LCMS/MS) assay for 9 FAEEs, EtG, and EtS in 100 mg meconium. Our novel sample
preparation approach permitted simultaneous extraction of all analytes from the same 100
mg meconium specimen. While two previous LC-MS/MS FAEE meconium methods are
published299-300 and EtG and EtS are historically quantified by LC-MS/MS in all
matrices, no method to date extracted all analytes from a single specimen aliquot.
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Materials and Methods
Meconium
Blank meconium pools were confirmed negative for all analytes at the assay’s limits of
quantification (LOQs) prior to calibrator and quality control (QC) preparation. Method
applicability and analyte stability were demonstrated by analyzing authentic positive
meconium specimens.
Reagents
Ethyl laurate (E12:0), ethyl myristate (E14:0), ethyl palmitate (E16:0), ethyl palmitoleate
(E16:1), ethyl stearate (E18:0), ethyl oleate (E18:1), ethyl linoleate (E18:2), ethyl
linolenate (E18:3), and ethyl arachidonate (E20:4) were purchased from Cayman
Chemical Company (Ann Arbor, MI). Available deuterated FAEE internal standards
were obtained from Toronto Research Chemicals Inc (Toronto, Canada). EtG, EtS, EtGd5, and EtS-d5 were acquired from Cerilliant Corporation (Round Rock, Texas). LCMS
grade methanol and formic acid, HPLC grade acetonitrile, and ACS grade hydrochloric
acid were from Fisher Scientific (Fair Lawn, NJ). Water was purified with an ELGA
Purelab Ultra Scientific purifier (Siemens Water Technologies, Lowell, MA). EvoluteAX anion exchange solid-phase extraction (SPE) cartridges (100 mg / 3 mL) and Isolute
supported liquid extraction (SLE) columns (1 mg / 6 mL) were purchased from Biotage
(Charlotte, NC).
Instrumentation
Alcohol markers were quantified on an AB Sciex 5500 Qtrap® mass spectrometer
equipped with a TurboV electrospray ionization (ESI) source (AB Sciex, Foster City,
CA), interfaced to a Shimadzu UFLCXR system with two LC-20ADXR pumps, a CTO121

20 AC column oven, and a SIL-20ACXR autosampler (Shimadzu Corporation,
Columbia, MD). Analyst 1.5.1 was utilized for data acquisition and processing. SPE was
performed with a CEREX-48 positive-pressure manifold (SPEware Corporation, Baldwin
Park, CA).
Preparation of Standard Solutions
Individual ethanol FAEE standard solutions were diluted to 1 g/L in acetonitrile. Serial
acetonitrile dilutions yielded 0.1, 0.2, 0.4, 2, 4, 10, and 20 mg/L FAEE working calibrator
solutions. 100 mg blank meconium was fortified with 25 µL working calibrator solutions
producing 25-5,000 ng/g calibrators. FAEE QC solutions were prepared in acetonitrile
from different preparations than calibrators. Low, medium, and high QCs were prepared
across the linear dynamic range for each analyte. Powdered deuterated FAEE standards
were reconstituted in the manufacturer’s recommended solvent. A 0.4 mg/L FAEE
working internal standard solution was prepared in acetonitrile by diluting 1.0 and 2.5
g/L stock solutions. Separate EtG and EtS calibrator, QC, and internal standard solutions
were prepared in methanol. Standard EtG and EtS solutions were diluted to 100 mg/L.
Serial dilutions in methanol created 0.01, 0.02, 0.1, 0.4, 1, 2, and 4 mg/L mixed working
calibrator solutions. Three QCs were prepared across the linear dynamic range for each
analyte. A 0.1 mg/L working internal standard solution was prepared by diluting 100
mg/L d5-EtG and d5-EtS solutions in methanol. All standard solutions were stored in
amber glass vials at -20°C.
Procedures
Sample Preparation. Blank meconium (0.1 ± 0.003 g) was weighed into a 1.5 mL
microcentrifuge tube and fortified with calibrator or QC FAEE (25 µL) and EtG/EtS (25
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µL) solutions. 25 µL internal standard solutions were added to calibrators, QCs, and
authentic specimens. 25 µL acetonitrile and 25 µL methanol were added to authentic
specimens to account for calibrator and QC preparations. 1 mL methanol was added and
specimens homogenized with wooden applicator sticks, vortexed vigorously, and
centrifuged at 18,000 g for 5 min at 4°C. Supernatants were transferred to 16 x 100 mm
conical polypropylene tubes. An additional 1mL methanol was added, specimens were
vortexed for 1 min, and centrifuged again. The supernatant was added to the previous
aliquot and vortexed.
Solid Phase Extraction. 900 µL supernatant was transferred to SLE+ columns for FAEE
extraction. After 5 min equilibration at ambient pressure, FAEE were eluted with 5 mL
ethyl acetate into 16 x 100 mm conical polypropylene tubes. Fine positive pressure was
gradually applied to 2.4 L/min until 4 mL of final eluent was obtained. Samples were
dried under nitrogen at 40°C and reconstituted in 200 µL 75:25 mobile phase B:A (0.1%
formic acid in methanol (v/v): 0.1% formic acid in water (v/v)). Samples were
centrifuged for 5 min at 4,000 g at 4°C, transferred to a 350 µL polypropylene 96-well
plate, and 5 µL injected.
Meconium EtG and EtS were extracted by Biotage’s recommended urine
procedure with minor modification.303 1.8 mL acetonitrile was added to the remaining
meconium supernatant, specimens were vortexed, and decanted onto Evolute-AX
columns pre-conditioned with 1.5 mL methanol, water, and acetonitrile. Columns were
washed with 1.5 mL acetonitrile and methanol before eluting EtG and EtS into 15mL
conical polypropylene tubes with 4 mL 1% hydrochloric acid in acetonitrile. Extracts
were dried under nitrogen at 40°C, reconstituted in 200 µL mobile phase A, centrifuged
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for 5 min at 11,500 g at 4°C, and transferred to a polypropylene 96-well plate. 10 µL was
injected.
LC-MS/MS. FAEE chromatographic separation was achieved on a Poroshell 120 EC-C8
column (2.1 x 150 mm, 2.7 µm) fitted with a 2.1 x 5 mm, 2.7 µm, Poroshell 120 C8 Fast
Guard (Agilent Technologies, Santa Clara, CA). Gradient elution began with 82% B,
increased to 90% B over 6 min, increased to 100% B over 1 min, held for 4 min,
decreased to 82% B in 0.1 min, and held for 4 min. Total run time and flow were 15 min
and 0.3 mL/min, respectively. LC eluent was diverted to waste for the first 4 min and
final 4.2 min of analysis. EtG and EtS chromatographic separation was achieved using a
Kinetex XB-C18 column (2.1 x 100 mm, 2.6 µm) fitted with a 0.5 µm Krud Katcher
Ultra UHPLC in-line filter (Phenomenex, Torrance, CA) with 0.3 mL/min flow rate. The
gradient program started at 0% B, increased to 95% B over 3.6 min, held for 3.9 min,
decreased to 0% B in 0.1 min, and held for 3.4 min; total run time was 10 min. LC eluent
was diverted to waste for the final 6.5 min and injection volume was 10 µL. Autosampler
and column oven temperatures were 4 and 40ºC, respectively, for both methods.
Mass spectrometric data were acquired via positive and negative electrospray
ionization (ESI) for FAEE and EtG/EtS methods, respectively. Compound-specific
MS/MS parameters were optimized via direct infusion of 10-200 µg/L reference solutions
at 10µL/min in initial mobile phase conditions (Table 18). Optimized FAEE source
parameters were as follows: 30 psi gas 1, 35 psi gas 2, 50 psi curtain gas, 500°C source
temperature, and 5,000 V ion spray voltage. Scheduled multiple reaction monitoring
(MRM) scan mode was employed for FAEE and internal standards with a 60 sec MRM
window and a 0.7 sec target scan time. EtG and EtS source parameters were 30 psi for
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gas 1 and gas 2, 50 psi curtain gas, 600°C source temperature, and -3,500 V ion spray
voltage. EtG, EtS, and internal standards were acquired in unscheduled MRM mode with
dwell times of 30 msec. All experiments utilized unit resolution.
Validation. Sensitivity, specificity, linearity, bias, imprecision, extraction efficiency,
matrix effect, carryover, dilution integrity, and analyte stability were evaluated according
to the Scientific Working Group for Forensic Toxicology guidelines.304
Sensitivity was defined by limits of detection (LOD) and quantification (LOQ);
decreasing concentrations of drug-fortified meconium were analyzed to empirically
determine LOD and LOQ. LOD was evaluated in triplicate experiments with duplicates
from different meconium sources and was defined as the lowest concentration with
transition peak area ratios within 20% of mean calibrator ratios, retention time within ±
0.1 min of the mean calibrator retention time, and acceptable peak shape. LOQ also was
evaluated in the same manner and defined as the lowest concentration meeting LOD
criteria and measured concentration within ± 20% of target. Linearity was evaluated with
calculation of a least squares regression line with 1/x2 weighting. Linearity assessment
for each analyte utilized 6 concentrations on 5 separate days.

125

126

Table 18. MS/MS parameters for alcohol markers in meconium
Q1
Q3
DP
CE CXP
RT
Analyte
mass
mass
Internal standard
(V)
(V)
(V)
(min)
(m/z)
(m/z)
Ethyl Laurate
5.26 d5-Ethyl Myristate
229.1
201.1
56
13
20
229.1
88.9
56
19
14
Ethyl Myristate
6.89 d5-Ethyl Myristate
257.2
229.2
85
15
20
257.2
103
85
17
12
Ethyl Linolenate
7.08 d5-Ethyl Linoleate
307.1
81.0
71
33
12
307.1
261.3
71
13
20
Ethyl Palmitoleate
7.43 d5-Ethyl Palmitate
283.1
219.2
60
17
16
283.1
237.1
60
13
30
Ethyl
7.90 d5-Ethyl
333.2
287.2
66
15
20
Arachidonate
333.2
90.9
66
57
10
Arachidonate
Ethyl Linoleate
8.01 d5-Ethyl Linoleate
309.2
263.3
56
13
14
309.2
245.3
56
15
18
Ethyl Palmitate
8.45 d5-Ethyl Palmitate
285.1
257.3
41
15
22
285.1
71.1
41
21
34
Ethyl Oleate
8.69 d5-Ethyl Oleate
311.2
265.3 100
15
24
311.2
247.2 100
17
20
Ethyl Stearate
9.06 d5-Ethyl Stearate
313.1
285.3
46
17
22
313.1
71.1
46
25
10
Ethyl Sulfate
1.38 d5-EtS
124.9
96.9
-50
-22
-9
(EtS)
124.9
79.9
-50
-40
-9
Ethyl Glucuronide
2.14 d5-EtG
221.0
75.0
-60
-22
-7
(EtG)
221.0
85.0
-60
-20
-9
Bold font denotes quantifier transition. Entrance potential was ± 10 V for all analytes.
DP declustering potential, CE collision energy, CXP, collision exit potential

Q1
mass
(m/z)
262.2
262.2
262.2
262.2
314.2
314.2
290.3
290.3
338.4
338.4
314.2
314.2
290.3
290.3
316.3
316.3
318.3
318.3
129.9
129.9
226.0
226.0

Q3
mass
(m/z)
230.3
103.9
230.3
103.9
263.3
245.2
258.4
71.0
287.3
91.0
263.3
245.2
258.4
71.0
265.4
247.1
286.2
71.1
97.9
79.8
74.9
84.9
CE
(V)
15
19
15
19
13
15
17
23
13
59
13
15
17
23
15
17
17
25
-24
-40
-22
-22

DP
(V)
81
81
81
81
81
81
86
86
96
96
81
81
86
86
86
86
56
56
-75
-75
-100
-100

16
12
16
12
20
16
12
12
20
14
20
16
12
12
22
20
22
10
-9
-13
-5
-5

CXP
(V)

2.09

1.36

9.05

8.67

8.42

7.97

7.88

8.42

7.97

6.85

6.85

RT
(min)

Specificity was evaluated by relative retention time within ± 0.1 min of mean
calibrator retention time and transition peak area ratios within ± 20% of mean calibrator
peak area ratios for each analyte. Endogenous interferences were evaluated from 6 blank
meconium pools fortified with internal standards. Interferences from common therapeutic
and illicit drugs were evaluated by fortifying drugs into low QC samples. Potential
interferents were tested at 10,000 ng/g including cocaine (COC), benzoylecgonine (BE),
cocaethylene (CE), norCE, norCOC, norBE, m-hydroxyCOC, p-hydroxyCOC, mhydroxyBE, p-hydroxyBE, ecgonine, ecgonine ethyl ester, ecgonine methyl ester,
anhydroecgonine methyl ester, buprenorphine, norbuprenorphine, morphine,
normorphine, morphine-3-glucuronide, morphine-6-glucuronide, codeine, norcodeine, 6acetylcodeine, 6-acetylmorphine, oxymorphone, oxycodone, noroxymorphone,
noroxycodone, hydromorphone, hydrocodone, propoxyphene, nicotine, nornicotine,
norcotinine, cotinine, trans-3'-hydroxycotinine, methamphetamine, amphetamine, phydroxymethamphetamine, p-hydroxyamphetamine, p-methoxymethamphetamine, pmethoxyamphetamine, 4-hydroxy-3-methoxyamphetamine, 3methoxymethamphetamine, 3,4-methylenedioxymethamphetamine, 3,4methylenedioxyethylamphetamine, 3,4-methylenedioxyamphetamine, 3,4methylenedioxy-N-methyl-butanamine, cathinone, N-ethylamphetamine, 4-bromo-2,5dimethoxyphenethylamine, imipramine, clomipramine, fluoxetine, norfluoxetine,
paraxetine, clonidine, acetylsalicylic acid, ibuprofen, acetaminophen, pentazocine,
caffeine, diphenhydramine, chlorpheniramine, brompheniramine, dextromethorphan,
ketamine, phentermine, (±)-ephedrine, (±)-pseudoephedrine, methadone, 2-ethylidene1,5-dimethyl-3,3-diphenylpyrrolidine, 2-ethyl-5-methyl-3,3-diphenylpyrroline, Δ9-
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tetrahydrocannabinol (THC), 11-hydroxy-THC, 11-nor-9-carboxy-THC, cannabinol,
cannabidiol, alprazolam, bromazepam, clonazepam, 7-aminoclonazepam, diazepam,
flunitrazepam, 7-aminoflunitrazepam, flurazepam, lorazepam, nitrazepam, 7aminonitrazepam, nordiazepam, oxazepam, and temazepam. Potential interference from
EtG, EtS, and FAEE at 10,000 ng/g also was tested in the respective methods.
Bias and between-run imprecision were determined from 4 replicates at 3 QC
concentrations analyzed over 5 days with separate calibration curves (n = 20). Bias was
defined as percent deviation from expected concentration and was determined from
overall mean QC concentrations compared to expected concentrations. Imprecision was
expressed as % coefficient of variation (%CV) of target. Within-run imprecision was
determined each day from 4 QC replicates and largest %CVs were reported.
Extraction efficiency and matrix effect were determined by post-extraction
addition (n = 5).216, 304 Three sets of samples were prepared. In set 1, five blank
meconium sources were fortified with analytes and internal standards prior to
homogenization. In set 2, different aliquots of the same 5 sources were extracted and
fortified with analytes and internal standards after SLE or SPE. In the final set, analytes
and internal standards were prepared in mobile phase. Extraction efficiency was
calculated from mean analyte peak areas of set 1 divided by set 2 and expressed as a
percentage. Matrix effect was assessed by dividing mean analyte peak areas from set 2 by
set 3, converting to a percentage, and subtracting from 100. Positive and negative values
indicate ion enhancement and suppression, respectively.
Carryover was assessed in triplicate by injecting extracted blank meconium with
internal standards immediately after a sample containing analytes at twice the highest
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upper limit of linearity (ULOL). Absence of carryover was documented by failure of
LOD criteria in blank meconium specimens. Dilution integrity (1/10) was assessed with 3
meconium specimens fortified with twice the ULOL and internal standards, and
homogenized in methanol as previously described. After the final centrifugation, 400 μL
supernatant was combined with 1,600 μL supernatant from meconium fortified with only
internal standard.
Analyte stability during extraction was determined by fortifying blank meconium
with each analyte individually at its ULOL prior to homogenization. Stability also was
evaluated with triplicate blank meconium fortified at low and high QC concentrations
stored for 12 h at room temperature, 72 h at 4°C, and at -20°C with 3 freeze/thaw cycles.
Fortified stability specimen’s calculated concentrations were compared to target
concentrations. Autosampler stability was assessed by reinjecting QC specimens after 72
h and comparing calculated concentrations to target based on initial calibration curves.
Three authentic meconium specimens were analyzed in triplicate at baseline, and after 12
h at room temperature, 72 h at 4°C, and 3 freeze/thaw cycles to demonstrate method
applicability and assess authentic analyte stability.
Results
Simultaneous extraction refers to our simultaneous extraction of FAEE, EtG, and EtS
from the same meconium aliquot, enabling a direct comparison of results. This is the first
time all of these analytes were extracted from the same meconium aliquot. However, we
were not able to achieve simultaneous LC separation and mass spectrometric detection.
Two LC-MS/MS injections were required as initial experiments revealed FAEE
autosampler instability in 50-100% aqueous mobile phase; normal reverse phase columns
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require EtG and EtS to be in aqueous mobile phase as these polar analytes elute at low
organic conditions. Initial experiments also indicated that separate LC columns with
different chemistries offered the best peak shape and chromatographic separation from
matrix components for all analytes. Ethyl stearate, oleate, linoleate, and palmitate did not
elute until 100%B conditions were held for a substantial period on a C18 LC column,
while EtS and EtG were minimally retained on a C8 column. A tailored LC approach,
with 2 different LC columns and different autosampler mobile phase conditions was
developed, achieving short run times and appropriate LOQs.
Six blank meconium sources contained no interfering peaks. None of 92 potential
exogenous interferences fortified at 10,000 ng/g into low QC samples caused transition
ratio or quantification criteria failure; additionally, FAEE did not interfere with low EtG
and EtS QC samples, and EtG and EtS did not interfere with low FAEE QCs; all low QC
samples had measured concentrations within ± 20% of target. FAEE LODs ranged from
15-50 ng/g and LOQs from 25-50 ng/g (Table 19). EtG and EtS LOQs were 5 and 2.5
ng/g, respectively (Table 19). Quantifier ion chromatograms are shown in Figure 6.
Linear ranges spanned 2-2.5 orders of magnitude for all analytes. All calibration curve
correlation coefficients (R2) from least squares regression with 1/x2 weighting were >
0.990. Percent bias and imprecision were evaluated with 4 replicates of 3 QC
concentrations across the linear range over 5 days. Mean between-run bias was -2.012.3% (n = 20) and within-run bias -16.9-17.8% (n = 4) of target (Table 20). Betweenrun imprecision was 3.0-10.4% and maximum within-run imprecision 3.4-14.2% (Table
20).
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Table 19. Linearity, limits of detection (LOD) and quantification (LOQ) results for alcohol markers in meconium
LOD ng/g LOQ ng/g Linear range ng/g
y-intercept
slope
Analyte
(nmol/g)
(nmol/g)
(nmol/g)
(mean ± SD, n = 5)
(mean ± SD, n = 5)
50
50
50 – 5,000
Ethyl Laurate
-0.003 ± 0.017
0.273 ± 0.133
(0.219)
(0.219)
(0.219 – 21.9)
25
25
25 – 5,000
Ethyl Myristate
0.009 ± 0.014
0.864 ± 0.155
(0.098)
(0.098)
(0.098 – 19.5)
15
25
25 – 5,000
Ethyl Linolenate
-0.007 ± 0.012
1.081 ± 0.236
(0.049)
(0.082)
(0.082 – 16.3)
15
25
25 – 5,000
Ethyl Palmitoleate
-0.181 ± 0.149
3.466 ± 1.169
(0.053)
(0.088)
(0.088 – 17.7)
15
25
25 – 2,500
Ethyl Arachidonate
0.095 ± 0.038
4.000 ± 0.088
(0.045)
(0.075)
(0.075 – 7.5)
15
25
25 – 5,000
Ethyl Linoleate
0.040 ± 0.017
0.905 ± 0.029
(0.049)
(0.081)
(0.081 – 16.2)
50
50
50 – 5,000
Ethyl Palmitate
0.125 ± 0.029
1.342 ± 0.036
(0.176)
(0.176)
(0.176 – 17.6)
15
25
25 – 5,000
Ethyl Oleate
0.199 ± 0.088
0.940 ± 0.019
(0.048)
(0.081)
(0.081 – 16.1)
50
50
50 – 5,000
Ethyl Stearate
0.295 ± 0.462
1.204 ± 0.071
(0.160)
(0.160)
(0.160 – 16.0)
2.5
2.5
2.5 – 500
Ethyl Sulfate (EtS)
0.308 ± 0.047
1.024 ± 0.066
(0.020)
(0.020)
(0.020 – 3.96)
5
5
5 – 1,000
Ethyl Glucuronide (EtG)
0.446 ± 0.096
1.240 ± 0.250
(0.023)
(0.023)
(0.023 – 4.51)

0.995 – 1.000

0.992 – 0.996

0.997 – 0.999

0.995 – 0.999

0.993 – 0.997

0.997 – 0.999

0.997 – 1.000

0.990 – 0.996

0.997 – 1.000

0.996 – 0.999

0.990 – 0.997

R2
(range, n = 5)

Table 20. Mean bias and imprecision results for alcohol markers in meconium at 3 quality control
concentrations
Mean
MaximumBetween-run
Concentration between-run
Within-run
within run
Analyte
imprecision
(ng/g)
bias
bias range
imprecision
(%CV, n = 20)
(%, n = 20)
(%CV, n = 5)
150
0.3
-16.7 – 17.3
11.3
11.6
Ethyl Laurate
750
2.1
-16.1 – 17.3
11.5
18.0
4,000
-0.4
-15.5 – 14.0
10.0
10.4
75
1.1
-6.3 – 15.3
5.1
6.7
Ethyl
750
1.5
-5.2 – 11.5
3.9
5.7
Myristate
4,000
3.5
-8.8 – 12.0
4.7
7.4
75
3.7
-6.3 – 13.9
5.1
5.6
Ethyl
750
4.3
-3.5 – 17.6
6.3
6.1
Linolenate
4,000
0.5
-10.5 – 17.3
7.8
5.7
75
-3.7
-17.6 – 13.5
8.6
13.3
Ethyl
750
0.3
-11.3 – 14.7
8.5
11.0
Palmitoleate
4,000
3.9
-14.5 – 15.0
8.7
11.4
75
-2.0
-8.7 – 5.7
4.1
4.2
Ethyl
750
-0.1
-4.5 – 7.1
3.0
3.4
Arachidonate
2,000
-0.8
-5.5 – 6.5
3.2
4.1
75
-0.3
-11.1 – 8.9
5.4
7.1
Ethyl
750
1.0
-5.9 – 11.7
5.0
3.5
Linoleate
4,000
1.4
-8.0 – 14.3
5.8
6.4
150
-0.4
-16.7 – 16.0
10.4
14.2
Ethyl
750
-1.5
-12.9 – 11.6
6.3
6.1
Palmitate
4,000
1.8
-13.5 – 14.8
7.8
11.5
75
4.1
-10.4 – 14.1
6.1
8.1
Ethyl Oleate
750
3.6
-10.0 – 16.8
7.6
8.1
4,000
4.7
-8.8 – 16.8
7.8
8.3
150
7.3
-4.0 – 16.0
5.6
6.5
Ethyl Stearate
750
0.9
-10.3 – 14.5
7.1
8.7
4,000
0.4
-12.5 – 14.5
7.0
6.4
7.5
-1.1
-16.9 – 11.6
10.0
11.3
Ethyl Sulfate
75
3.8
-15.5 – 16.4
7.6
10.1
(EtS)
450
12.3
2.2 – 16.4
3.4
6.0
Ethyl
15
3.1
-12.7 – 16.0
7.2
9.9
Glucuronide
150
5.2
-12.7 – 16.7
7.5
7.1
(EtG)
900
11.6
3.0 – 17.8
3.6
4.1

All FAEEs demonstrated adequate extraction efficiency of 51.2-62.0% (Table
21). FAEE matrix effects were -84.7-16.0%; matched deuterated internal standards had
similar matrix effects (-89.6-16.0%). Extraction efficiencies for EtG and EtS were 84.196.5% and 54.8-65.6%, respectively (Table 21). EtG and EtS matrix effects were -76.0 to
-35.3%. Matched deuterated internal standards had similar matrix effects (-71.8 to 54.7%). There was no carryover in negative specimens injected after samples containing
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twice the ULOL (n = 3). Dilution integrity was acceptable; 10-fold dilution of specimens
fortified with twice the ULOL showed a mean (range) 103% (85-114) of expected
concentrations.
Table 21. Extraction efficiency and matrix effect for alcohol markers in meconium
Extraction
Matrix effect
Analyte
efficiency (n = 5)
(n = 5)
Lowa
Highb
Low
High
Ethyl Laurate
51.2%
54.6%
12.5%
-21.2%
Ethyl Myristate
54.9%
56.0%
16.0%
-3.2%
Ethyl Linolenate
55.4%
59.6%
-44.8%
-41.3%
Ethyl Palmitoleate
57.7%
62.0%
-30.2%
-46.4%
Ethyl Arachidonate
54.8%
56.0%
-33.5%
-27.7%
Ethyl Linoleate
56.8%
51.4%
-58.7%
-51.7%
Ethyl Palmitate
52.9%
54.0%
-52.6%
-61.0%
Ethyl Oleate
58.0%
52.6%
-39.8%
-56.9%
Ethyl Stearate
60.6%
53.0%
-72.1%
-84.7%
Ethyl Sulfate (EtS)
65.6%
54.8%
-35.3%
-57.4%
Ethyl Glucuronide (EtG)
96.5%
84.1%
-45.6%
-76.0%
a. Low QC concentration was 150 ng/g for ethyl laurate, ethyl palmitate, and ethyl stearate; 75 ng/g
for all other FAEE; 7.5 ng/g for EtS; and 15 ng/g for EtG.
b. High QC concentration was 4,000 ng/g for all FAEE, except 2,500 ng/g for ethyl arachidonate,
450 ng/g for EtS, and 900 ng/g for EtG.

All analytes were -9.7-16.3% of target when fortified at low and high QC
concentrations for 12 h at room temperature, 72 h at 4°C, and after 3 freeze/thaw cycles
at -20°C (Table 22). Extracted samples also were stable after 72 h on the 4°C
autosampler. Thirteen meconium specimens were screened to identify 3 authentic
positive sources that contained as many analytes as possible for further stability
experiments. In these 3 sources (Figure 6b chromatograms), EtG and EtS concentrations
were 26.8-541 ng/g and 6.5-7.6 ng/g, respectively. FAEE concentrations were generally
75-750 ng/g, although ethyl linoleate, palmitate, and oleate were higher. Figure 7
illustrates that all analytes were stable (< ± 20% change in concentration) in authentic
positive sources after 3 freeze/thaw cycles at -20°C with mean (range) %baseline
concentrations 103.2% (87.6-115.1). Ethyl stearate, EtG, and EtS also were stable in
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authentic specimens after 12 h at room temperature and 72 h at 4°C (Figure 7). Other
FAEE showed instability after storage at room temperature and refrigerated conditions,
although there was large inter-subject variability. Across all analytes, mean (range)
%baseline concentration was 79.5% (42.5-108.1) after 12 h at room temperature and
71.7% (32.4-109.3) after 72 h at 4°C. Intra-subject variability was low as %CVs from
triplicate analyses from each subject under each test condition were 0.7-17.6%, and
subjects with poor room temperature stability also showed poor refrigerated stability.

Table 22. Stability (% difference, n = 3) of fortified meconium specimens and extracted specimens on
the autosampler
72 h
12 h Room
3 Freeze/thaw
72 h 4°C
Autosampler
Analyte
temperature
cycles
(4°C)
Lowa Highb
Low
High
Low
High
Low
High
Ethyl Laurate
15.0
-7.5
9.0
10.3
9.3
16.3
-1.6
-7.7
Ethyl Myristate
0.8
3.5
-4.9
-2.6
1.6
-1.8
-0.2
2.7
Ethyl Linolenate
6.7
4.4
-0.6
6.0
-1.1
2.4
2.1
1.8
Ethyl Palmitoleate
-0.1
-2.6
1.8
8.3
7.0
13.3
10.8
11.5
Ethyl Arachidonate
-0.2
-1.4
-9.3
-8.3
-2.3
-5.3
-7.4
-5.0
Ethyl Linoleate
0.8
3.7
-0.6
-0.6
-0.9
-1.1
3.4
8.5
Ethyl Palmitate
7.7
-1.0
-5.7
-3.7
-1.4
-5.2
-8.3
4.6
Ethyl Oleate
-7.4
-5.8
-4.9
-9.7
-3.6
-2.6
-8.6
-6.5
Ethyl Stearate
-3.7
-2.0
-1.3
-6.6
-3.7
-1.5
7.0
-6.2
Ethyl Sulfate (EtS)
-9.0
11.0
-2.2
13.7
5.0
12.3
-7.8
13.3
Ethyl Glucuronide (EtG)
3.7
7.3
4.9
12.3
-3.5
12.0
-3.8
11.0
a. Low QC concentration was 150 ng/g for ethyl laurate, ethyl palmitate, and ethyl stearate; 75 ng/g
for all other FAEE; 7.5 ng/g for EtS; and 15 ng/g for EtG.
b. High QC concentration was 4,000ng/g for all FAEE, except 2,500 ng/g for ethyl arachidonate, 450
ng/g for EtS, and 900 ng/g for EtG.
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Figure 6. Multiple reaction monitoring chromatograms for alcohol marker quantifier ions in a) blank meconium fortified at analyte limits of
quantification and in b) authentic positive meconium specimens with concentrations of alcohol markers listed under the name of each marker

Cps

Figure 7. Mean (range) percent baseline concentrations after 3 freeze/thaw cycles, 72 h at 4°C, and 12
h at room temperature in 3 authentic positive meconium specimens

Only 1 positive EtS source, 2 positive ethyl palmitoleate sources. Triplicate specimens were analyzed under
all test conditions, including baseline; %CVs from triplicate analyses ranged from 0.7-17.6%.

Discussion
A novel quantitative LC-MS/MS assay for 9 FAEEs, EtG, and EtS from 100 mg
meconium was developed and validated. This method is highly useful to evaluate these
markers alone and in combination for fetal alcohol exposure identification. This method
also permits, for the first time, comparison of ethanol markers from the same meconium
aliquot, and evaluation of the best marker to predict adverse neonatal and child outcomes
associated with in utero alcohol exposure. Alternatives to FAEE or combined use of
FAEE with EtG and EtS are increasingly recommended for meconium180, 186-187, 305 and
hair306-307 testing to identify alcohol exposure.
A major limitation of current meconium alcohol marker assays is that two
separate analyses for FAEE and EtG/EtS are required. Initially, we sought to develop a
single sample preparation procedure for all analytes, investigating whether methods
quantifying FAEE alone300, 308 or EtG and EtS alone162, 301-302, 309-310 could be modified for

136

all analytes. Liquid-liquid extraction with water, acetone, and hexane recovered FAEE in
hexane;300, 308 however, EtG and EtS were undetectable in the water-acetone layer due to
severe matrix suppression. Liquid-liquid extraction with acetonitrile homogenization and
hexane, allowed recovery of EtG and EtS from acetonitrile, but recovery was lower than
with methanol homogenization. Acetonitrile also did not thoroughly homogenize
meconium yielding highly variable, lower measured concentrations from authentic
positive specimens compared to methanolic homogenization.
Initial experiments with aminopropyl SPE columns and combinations of
published methods were evaluated including different loading conditions, followed by
FAEE elution in hexane, further sample clean-up with various solvents, and finally
EtG/EtS elution, to test whether a single SPE approach could be achieved for all analytes.
None of the evaluated conditions sufficiently removed large matrix interferences
affecting EtG and EtS. Clean Screen EtG columns (United Chemical Technologies,
Bristol, PA)162, 309 failed to retain EtS under all tested acidic loading conditions (10%
hydrochloric acid, trifluroacetic acid, acetic acid, and formic acid). An anion exchange
approach,303, 311-312offered efficient sample clean-up and sufficient EtS extraction
efficiency (Table 21), obtaining a low 2.5 ng/g LOQ. Lower EtS extraction efficiency
compared to EtG was most likely due to strong sulfate group retention on the quaternary
amine SPE phase.303 FAEE performance was similar on SLE+ and aminopropyl SPE
columns; however, SLE+ was selected because direct methanolic supernatant loading
was possible without evaporation and reconstitution in hexane, as is required for
aminopropyl columns.300, 308 Our SLE+ FAEE extraction efficiencies (51-62%) were
similar to aminopropyl SPE methods (45-95%)299-300, 313 and to a recent SLE+ application
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of nonpolar cannabinoids (34-41%).314 Although this novel validated procedure utilizes 2
SPE approaches, its strength is quantification of all analytes in a single 100 mg
meconium aliquot. Previous assays175, 184, 299-300, 313required 0.5-1 g meconium for a more
limited number of ethanol markers; this large meconium amount also frequently limits
the number of other drugs that can be tested.
It was important to dilute FAEE standards in acetonitrile rather than ethanol, as
fortified stability experiments with ethanol and ethanolic FAEE standards indicated
artificial FAEE formation, described previously in tissue extracts 315 and meconium.316
Triplicate blank meconium specimens fortified with ethanol and extracted after 72 h at
4°C showed artificial formation of ethyl oleate > 1000 ng/g, ethyl linoleate and ethyl
palmitate > 250 ng/g, ethyl myristate > 175 ng/g, and ethyl arachidonate, palmitoleate,
and linolenate from 30-100 ng/g. The extent to which artificial FAEE formation occurs in
vivo in meconium from EtOH produced through normal metabolism is unknown.316
FAEE quantification in tissue extracts by Kinnunen and Lange suggested conversion of
FAEE to fatty acid methyl esters in methanol.315 However, stability of fortified QC
samples was demonstrated after 72 h in methanolic reconstitution solvent (75% methanol
0.1% formic acid) suggesting no conversion of FAEE to fatty acid methyl esters in the
autosampler over 3 days.
Internal standard selection for FAEE without commercially available matched
deuterated analogs was determined by retention time and/or structural similarity in
carbon chain length. The selected internal standards for these FAEE (ethyl laurate,
linolenate, and palmitoleate) also showed similar extraction efficiencies and matrix
effects between the d0 and d5 analytes.
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Previous meconium FAEE, EtG, and EtS stability experiments consisted of 3-75
days fortified stability,184, 301 and repeat analysis of authentic specimens after 3-12
months at -20°C.180, 300-301 Fortified FAEE stability by Moore et al indicated FAEE
instability at room temperature and refrigerated conditions; total FAEE were 35% of total
target concentration after 24 h at room temperature, and 75-80% after 48-72 h
refrigerated.308 Earlier freeze/thaw stability experiments in authentic positive specimens
showed FAEE, EtG, and EtS concentrations within 11% of initial results.300-301 Previous
study results were confirmed by our stability experiments in authentic specimens,
documenting alcohol marker stability at -20°C, and after 3 freeze/thaw cycles. We also
showed that some FAEE are unstable at room temperature and 4°C. Our fortified stability
results contradicted these results. Fortified stability tests may not adequately mimic
FAEE incorporation in authentic positive meconium, despite centrifugation of fortified
FAEE into meconium prior to storage. This study demonstrated that EtG and EtS are
more stable in room temperature and refrigerated authentic meconium than FAEE, and all
markers were stable in frozen meconium, even after 3 freeze/thaw cycles. It is
recommended that meconium is frozen immediately after collection to permit accurate
FAEE quantification; however, when immediate freezing is not possible, EtG/EtS
quantification is recommended.
In comparison to previously published methods, this new method achieves
similar, and in some cases more sensitive, LOQs for EtG and FAEE in less meconium;
previous FAEE methods required 0.5-1 g meconium.175, 184, 299-300 Our LOQ for EtS (2.5
ng/g) is slightly higher than Morini et al’s LOQ of 1 ng/g. 301 Therefore, low EtS
concentrations (< 2.5 ng/g) may be undetectable by this new method. EtS is found in
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fewer meconium samples than EtG and concentrations are generally an order of
magnitude lower than EtG. Utility of EtS meconium concentrations are still being
discussed but work by Morini et al suggests EtS may be useful in confirming diagnoses
of prenatal alcohol exposure determined by EtG concentrations.317 Our validated method
also requires 100 rather than 200 mg meconium as described previously.301
Future applications of this method will include determination of which markers,
FAEE or EtG and EtS, are most sensitive and specific for identifying in utero alcohol
exposure. Due to large variability in FAEE profiles in meconium, a summation of
selected FAEE is recommended to determine maternal alcohol drinking during
pregnancy. Zelner et al. also suggested that delayed meconium collection postnatally can
result in false-positive FAEE tests, with cumulative concentrations above the 2 nmol/g
cutoff.316 FAEE also may be present in meconium from non-drinking women due to
maternal diet,177 postnatal diet prior to stool collection,316 and ethanol-producing
microorganisms in the fetal gastrointestinal tract.316 Quantitative EtG and EtS
measurement in meconium may not have these same limitations, although postnatal
formation of EtG from ethanol produced by gut microorganisms may be possible as
ethanol glucuronidation capacity develops postnatally.163-164 Although research on EtG
and EtS meconium concentrations is more limited than FAEE, EtG and EtS may offer an
alternative to FAEE. With a robust cutoff,177, 180, 317 EtG and EtS could offer similar in
utero alcohol exposure detection rates, without the many FAEE false-positive issues.
This novel validated meconium method for simultaneous extraction of FAEE, EtG, and
EtS will be helpful for investigation of many issues surrounding the best markers to
identify in utero alcohol exposure.
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Conclusion
Meconium biomarkers provide objective confirmation of in utero drug exposure.
However, in the case of alcohol exposure, meconium alcohol markers must be accurately
interpreted because markers may be present in infant meconium from non-drinking
women. Recent studies shed light on limitations associated with meconium FAEE,
including association with maternal diet and timing of collection postnatally. Additional
research is needed to understand the advantages and limitations of meconium FAEE and
EtG/EtS, and determine which markers best correlate with maternal drinking behavior
and predict neonatal outcomes associated with FASD. This novel validated LC-MS/MS
method quantifying 9 FAEE, EtG, and EtS in 100 mg meconium will be applied to
further investigate the important public health issue of maternal gestational alcohol
intake.
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Chapter 7 – Meconium Fatty Acid Ethyl Ester, Ethyl
Glucuronide, and Ethyl Sulfate Sensitivity and Specificity to
Detect Maternal Drinking During Pregnancy6
Abstract
Background: We investigated agreement between self-reported prenatal alcohol exposure
(PAE) and objective meconium alcohol markers to determine the optimal meconium
marker and threshold for identifying PAE. Methods: Meconium fatty acid ethyl esters
(FAEE), ethyl glucuronide (EtG), and ethyl sulfate (EtS) were quantified by liquid
chromatography-tandem mass spectrometry in 0.1 g meconium from infants of Safe
Passage Study participants. Detailed PAE information was collected from women with a
validated timeline follow-back interview. As meconium formation begins during weeks
12-20, maternal self-reported drinking at or beyond 19 weeks was our exposure variable.
Results: Of 107 women, 33 reported no alcohol consumption in pregnancy, 16 stopped
drinking by week 19, and 58 drank beyond 19 weeks (including 45 3rd trimester drinkers).
There was moderate-substantial agreement between self-reported PAE ≥ 19 weeks and
meconium EtG ≥ 30 ng/g (kappa: 0.57, 95% CI 0.41-0.73). This biomarker and
associated cutoff was superior to a 7 FAEE sum ≥ 2 nmol/g and all other individual and
combination marker cutoffs. With meconium EtG ≥ 30 ng/g as the gold standard and
maternal self-report ≥ 19 weeks gestation as the test condition, 82% sensitivity (95% CI:
71.6-92.0) and 75% specificity (95% CI: 63.2-86.8) were observed. A significant doseconcentration relationship between self-reported drinks per drinking day and meconium
EtG ≥ 30 ng/g also was observed. Conclusions: We assessed meconium EtG, EtS, and
FAEE concentrations in the same meconium sample and compared concentrations to
6
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detailed self-reported PAE data. Maternal alcohol consumption ≥ 19 weeks was better
represented by meconium EtG ≥ 30 ng/g compared to currently utilized FAEE cutoffs.
Introduction
Prenatal alcohol exposure (PAE) is associated with neurodevelopmental, cognitive, and
behavioral disabilities in exposed infants.318 Fetal alcohol spectrum disorders (FASD)
encompass a continuum of negative consequences with respect to growth retardation,
craniofacial dysmorphology, and cognitive impairments associated with PAE, with the
most extreme consequences classified as fetal alcohol syndrome (FAS). Cognitive and
behavioral impairments also are prevalent in alcohol-exposed children lacking syndromal
craniofacial dysmorphology.319
Estimated prevalence of drinking during pregnancy in the US is 8%,116 compared
to 57% among US Northern Plains American Indians320 and 34-51% among mixed
ancestry women from South Africa’s (SA) Western Cape.321 It is difficult to identify PAE
infants as alcohol consumption during pregnancy is often underreported. Accurate PAE
biomarkers available at delivery199 would allow for early, proactive intervention for
identified at-risk infants and prevent or mitigate severity of PAE-associated
consequences.318, 322
Biomarkers in meconium, the 1st neonatal feces, have the potential to identify in
utero alcohol exposure.176-177, 179-180, 186-189, 199, 300-301, 317 Fatty acid ethyl esters (FAEE),
ethyl glucuronide (EtG), and ethyl sulfate (EtS) are established in utero alcohol exposure
markers;176-177, 179-180, 186-189, 199, 300-301, 317 although these meconium markers identify
maternal alcohol consumption, data validating analyte cutoffs and interpretation criteria
are limited.
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FAEE are formed from endogenous free fatty acids and ethanol by specific and
nonspecific enzymes in blood and several tissues.151 FAEE do not cross the placenta;
therefore, meconium FAEE result exclusively from fetal synthesis.161 Some recommend
summing 7 meconium FAEE (ethyl linolenate, palmitoleate, arachidonate, linoleate,
palmitate, oleate, and stearate) and employing a ≥ 2 nmol/g cutoff for heavy PAE,177, 179
while others sum fewer FAEE.180, 182 Summations often eliminate individual FAEE
variability; although, one report demonstrated ethyl oleate and ethyl linoleate meconium
concentrations alone distinguished women drinking ≥ 7 drinks per drinking day (DPDD)
from those drinking fewer.176
EtG is produced by UDP-glucuronosyltransferase-catalyzed conjugation of
ethanol and glucuronic acid, while EtS results from ethanol and activated sulfate
conjugation by sulfotransferases.305 Unlike FAEE, meconium EtG is primarily of
maternal origin as EtG readily crosses the placenta and fetal glucuronidation capacity is
limited.162-163 While relatively little is known about placental EtS transfer, evidence of
variable yet significant fetal sulfotransferase activity165 suggests meconium EtS may be
of fetal origin.
There are many published meconium FAEE reports, but far fewer for EtG and
EtS. Previously proposed meconium EtG cutoffs were suggested based on meconium
FAEE results; therefore, meconium FAEE limitations and biases influenced these
suggested cutoffs, including 111189, 200189, 274180, 333186, and 444317 ng/g (0.5-2
nmol/g). Meconium EtG and EtS quantification may be superior to FAEE due to
improved stability in meconium185 and insensitivity to maternal diet variation. Our
method validation indicated most FAEE in authentic meconium from alcohol-exposed
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infants showed degradation after 12 h at room temperature and 72 h at 4°C, with large
between-subject variability observed.185 Ethyl oleate, palmitate, and linoleate also are
present in olive oils;323 olive oil consumption during pregnancy was associated with
increased total meconium FAEE.177 More research is needed to validate meconium EtG
and EtS cutoffs against reliable self-report measures. Our objective was to evaluate
agreement between self-reported PAE and meconium alcohol markers. With meconium
results as the objective gold standard, we determined sensitivity and specificity
performance characteristics with self-reported PAE. For the first time, we report EtG,
EtS, and FAEE from the same 0.1 g meconium sample eliminating possible meconium
heterogeneity issues and permitting accurate comparisons between markers. These
meconium biomarker data coupled with highly detailed self-reported PAE information
provided a unique opportunity to identify optimal meconium biomarkers for detecting
alcohol exposure in utero.
Material and Methods
Participants
The Safe Passage Study of the Prenatal Alcohol in Sudden Infant Death Syndrome
(SIDS) and Stillbirth (PASS) Network is a prospective study of 12,000 motherfetus/infant dyads, enrolled during pregnancy and followed 1 year after birth. The
primary objective is to determine the relationship between PAE, stillbirth, and SIDS.324
Women at high risk for poor pregnancy outcomes and drinking during pregnancy were
recruited in the US’ Northern Plains and Cape Town, SA, representing three diverse
populations: American Indians, mixed ancestry, and white.320-321, 324 108 meconium
samples were selected for this meconium alcohol marker investigation based on maternal
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self-report in the following categories: 1) no alcohol consumption any time during
pregnancy (n = 33), 2) high 3rd trimester (defined as > 24 weeks) alcohol consumption (>
10 DPDD, n = 14), 3) moderate 3rd trimester alcohol consumption (3-10 DPDD, n = 32),
4) low 3rd trimester alcohol consumption (0- < 3 DPDD, n = 10), or 5) any drinking
during the 1st or 2nd trimesters with no drinking reported during the 3rd trimester (n = 19).
All selected meconium samples were collected within 48 hours of birth and experienced
no previous freeze-thaw cycles.
Maternal Self-Report
Self-reported PAE was determined by the Timeline Follow-Back (TLFB) method,325 a
structured, calendar-based interview collecting detailed ethanol consumption data for
each drinking event with respect to alcohol type, container size, sharing, and duration.326
The interview was modified for PASS324 and administered at recruitment (between 6
weeks gestation and through but not including delivery), each prenatal visit (20-24, 2832, and 34-38 weeks), and 1 month post-delivery (age-adjusted to 40 weeks gestation if
preterm). At recruitment, women were interviewed about alcohol consumption the year
prior to pregnancy and around conception (15 days before and after last menstrual
period). At other visits, the reporting period was the 30 days prior to the last drinking day
(LDD), if the participant consumed alcohol since her last visit. Detailed information on
alcohol brand and drink volume consumed were collected to accurately calculate total
alcohol grams consumed. Number of standard DPDD was calculated from total alcohol
grams consumed each drinking day, based on the US standard drink definition of 14 g
ethanol.326 Standard clinical practices determined gestational age (GA); at US sites, a
combination of clinical examination, ultrasound, and last menstrual period was utilized
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and at SA sites, ultrasound alone determined GA. Exposure timing was determined from
GA at time of maternal report. As meconium forms between gestational weeks 12 and
20,250 we evaluated meconium alcohol marker detection with maternal self-report at GA
≥ 19 weeks to account for potential GA measurement variability at the later meconium
formation time (20 weeks). Additional measures were created using self-reported PAE at
≥ 12, ≥ 20, and ≥ 28 weeks gestation (a more recent definition of the 3rd trimester adopted
by PASS after initial meconium sample selection). All measures included self-reported
drinking categorization and DPDD.
Meconium Analysis
Nine FAEE (ethyl laurate, ethyl myristate, ethyl linolenate, ethyl palmitoleate, ethyl
arachidonate, ethyl linoleate, ethyl palmitate, ethyl oleate, and ethyl stearate), EtG, and
EtS were quantified from a single 0.1 g meconium sample, and analyzed by a validated
liquid chromatography tandem mass spectrometry method.185 Limits of quantification
(LOQs) were 25-50 ng/g for FAEE, and 5 and 2.5 ng/g for EtG and EtS, respectively.
Sample preparation involved methanolic homogenization and solid phase extraction.185
Statistical Analysis
Distributions of continuous meconium biomarkers and exposure variables were
investigated with Kolmogorov-Smirnov tests and visual boxplot inspection. Bivariate
associations between self-reported exposure measures and meconium biomarkers were
assessed using scatterplots, t tests, chi-square tests, and Spearman correlations; among
meconium biomarkers, Spearman correlations were utilized. Agreement between
maternal self-report and meconium biomarkers was evaluated using kappa statistics and
corresponding 95% confidence intervals (CI). With meconium markers as the gold
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standard, sensitivity and specificity performance characteristics and corresponding 95%
CI were calculated using self-reported drinking at ≥ 19 weeks gestation as the test
condition. Sensitivity was defined as the number of women reporting alcohol
consumption at ≥ 19 weeks gestation divided by the number of women whose infants’
meconium marker concentration exceeded the specified cut-off. Specificity was defined
as the number of women who did not report alcohol consumption at ≥ 19 weeks gestation
divided by the number of women whose infants’ meconium marker concentration did not
exceed the specified cut-off. To evaluate a dose response effect with DPDD, four
variables were created for reported DPDD after 19 weeks gestation: 0 DPDD, 0 to ≤ 3
DPDD, > 3 to 10 DPDD, and > 10 DPDD. Logistic regression was performed associating
the meconium marker with the best sensitivity and specificity performance with the four
variables representing increasing self-reported DPDD (with no DPDD as the reference
group), adjusting for GA reported at LDD or non-drinking day. Model calibration and
discrimination were assessed using the c-statistic (area under the ROC curve) and
Hosmer-Lemeshow test, respectively. Analyses were performed with SAS/STAT
software, version 9.3. All analyses utilized a two-sided test for statistical significance
with P < 0.05, except where discussed.
Results
Participants
Of the 108 women selected, 107 women had maternal self-reported PAE information
available at 19 weeks gestation. Thirty-three women reported no alcohol consumption
during pregnancy, 16 drank early in pregnancy with cessation by week 19, and 58
continued drinking beyond week 19, with 45 drinking in their 3rd trimester (24% of
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women reported drinking within 1 month of delivery). Women drinking after 19 weeks
reported 5.6 ± 5.3 and 4.7 ± 4.7 DPDD in the 2nd and 3rd trimesters, respectively.
Meconium Alcohol Marker Prevalence and Concentrations
More samples were positive for EtG (65.4%) compared to EtS (21.5%), each of the 9
FAEE alone (10.3-52.3%), and the three FAEE summations at our LOQs (Table 23). The
proposed177, 179 meconium 7 FAEE summation (excluding ethyl laurate and myristate)
cutoff ≥ 2 nmol/g identified 25 (23.4%) infants, while the 4 FAEE summation (ethyl
myristate, palmitate, oleate, and stearate), currently utilized in hair testing,327 identified
37 (34.6%).
Eighteen samples were both EtS- and EtG-positive; EtG concentrations (19103,716 ng/g) were 3.3-2,151 times greater than EtS concentrations (2.8-408 ng/g), with
a median 285.3 EtG/EtS ratio. There were 5 EtS-positive, EtG-negative samples. In 4 of
the 5 cases, EtS was the only detectable marker and concentrations ranged from 3.2-13
ng/g. In the fifth case, 61 ng/g EtS was detected with 13.9 nmol/g summed 7 FAEE.
Spearman correlations between individual and summed meconium alcohol marker
concentrations showed EtG was not associated with meconium EtS concentrations and
only weakly-negligibly (ρ < 0.5)328 associated with individual and summed FAEE
concentrations (Table 24). An exceptionally strong correlation was seen between FAEE
summations and ethyl linoleate and ethyl oleate, indicating these analytes dominated
summation calculations. Most other individual FAEE associations between each other
were strong-moderate (ρ = 0.5-0.899).328 Despite the many moderate/weak correlations,
nearly all correlations (85.7%) were significant (P < 0.003571), based on our Bonferronicorrected family-wise alpha level (Table 24).
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Table 23. Meconium assay limits of quantification (LOQ) and positive meconium samples’ median
and range alcohol marker concentrations
Assay LOQ
Median
Range
N
ng/g
ng/g
ng/g
(%)
(nmol/g)
(nmol/g)
(nmol/g)
5
208
6.2 – 103,716
EtG
70 (65.4%)
(0.023)
(0.935)
(0.028 – 467)
11
2.8 – 408
EtS
2.5 (0.020)
23 (21.5%)
(0.087)
(0.022 – 3.23)
81
51 – 884
Ethyl Laurate
50 (0.219)
11 (10.3%)
(0.355)
(0.223 – 3.87)
88
25 – 4,985
Ethyl Myristate
25 (0.098)
19 (17.8%)
(0.343)
(0.098 – 19.4)
118
25 – 768
Ethyl Linolenate
25 (0.049)
11 (10.3%)
(0.385)
(0.082 – 2.51)
354
25 – 9,075
Ethyl Palmitoleate
25 (0.053)
17 (15.9%)
(1.250)
(0.089 – 32.1)
73
25 – 3,511
Ethyl Arachidonate
25 (0.045)
32 (29.9%)
(0.220)
(0.075 – 10.6)
156
26 – 9,800
Ethyl Linoleate
25 (0.049)
42 (39.3%)
(0.504)
(0.084 – 31.8)
139
50 – 25,080
Ethyl Palmitate
50 (0.176)
32 (29.9%)
(0.487)
(0.176 – 88.2)
280
25 – 50,500
Ethyl Oleate
25 (0.048)
56 (52.3%)
(0.902)
(0.081 – 163)
165
52 – 6,688
Ethyl Stearate
50 (0.160)
30 (28.0%)
(0.528)
(0.166 – 21.4)
501
25 – 84,064
Sum all 9 FAEE
58 (54.2%)
(1.636)
(0.081 – 279)
Sum 7 FAEE
501
25 – 78,195
(excluding laurate and
58 (54.2%)
(1.636)
(0.081 – 256)a
myristate)
Sum 4 FAEE (myristate,
375
25 – 61,194b
58 (54.2%)
palmitate, oleate, and stearate)
(1.219)
(0.081 – 202)
a. 25 cases had a sum of these 7 FAEE ≥ 2 nmol/g, the suggested cutoff by Chan et al.177, 179
b. 37 cases had a sum of these 4 FAEE ≥ 200 ng/g, a suggested cutoff commonly utilized in hair
FAEE testing.327
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a.

0.3830
P<0.0001
0.3586
P=0.0001
0.2559
P=0.0078
0.3632
P=0.0001
0.2365
P=0.0142
0.3751
P=0.0007
0.2539
P=0.0083
0.3185
P=0.0008
0.2665
P=0.0055
0.2846
P=0.0030
0.2766
P=0.0039
0.2766
P=0.0039
0.2750
P=0.0041

0.2852
P=0.0029
0.9786
P<0.0001
0.0999
P=0.3061
0.2448
P=0.0110
0.1634
P=0.0927
0.2196
P=0.0230
0.3259
P=0.0006
0.3237
P=0.0007
0.3619
P=0.0001
0.3738
P<0.0001
0.4882
P<0.0001
0.4217
P<0.0001
0.4213
P<0.0001
0.4299
P<0.0001
0.1468
P=0.1314
0.2728
P=0.0045
0.2124
P=0.0281
0.2091
P=0.0307
0.3441
P=0.0003
0.3400
P=0.0003
0.3760
P=0.0001
0.3827
P<0.0001
0.4783
P<0.0001
0.4329
P<0.0001
0.4325
P<0.0001
0.4382
P<0.0001

Summed
EtG EtS

0.6442
P<0.0001
0.8971
P<0.0001
0.5033
P<0.0001
0.4360
P<0.0001
0.5467
P<0.0001
0.4206
P<0.0001
0.4953
P<0.0001
0.3049
P=0.0014
0.4908
P<0.0001
0.4888
P<0.0001
0.4733
P<0.0001

Ethyl
Laurate

0.7323
P<0.0001
0.7530
P<0.0001
0.5926
P<0.0001
0.7292
P<0.0001
0.7034
P<0.0001
0.6722
P<0.0001
0.6057
P<0.0001
0.6748
P<0.0001
0.6725
P<0.0001
0.6702
P<0.0001

Ethyl
Myristate

0.5080
P<0.0001
0.5201
P<0.0001
0.5622
P<0.0001
0.4469
P<0.0001
0.5046
P<0.0001
0.3881
P<0.0001
0.5024
P<0.0001
0.5004
P<0.0001
0.4871
P<0.0001

Ethyl
Linolenate

0.5799
P<0.0001
0.7082
P<0.0001
0.7362
P<0.0001
0.6727
P<0.0001
0.6381
P<0.0001
0.6630
P<0.0001
0.6629
P<0.0001
0.6684
P<0.0001

Ethyl
Palmitoleate

0.7860
P<0.0001
0.7580
P<0.0001
0.7732
P<0.0001
0.7093
P<0.0001
0.7771
P<0.0001
0.7790
P<0.0001
0.7758
P<0.0001

Ethyl
Arachidonate

0.7979
P<0.0001
0.9279
P<0.0001
0.6432
P<0.0001
0.9117
P<0.0001
0.9114
P<0.0001
0.9050
P<0.0001

Ethyl
Linoleate

0.8018
P<0.0001
0.7809
P<0.0001
0.8158
P<0.0001
0.8169
P<0.0001
0.8244
P<0.0001

Ethyl
Palmitate

0.6768
P<0.0001
0.9828
P<0.0001
0.9829
P<0.0001
0.9801
P<0.0001

Ethyl
Oleate

0.7390
P<0.0001
0.7398
P<0.0001
0.7542
P<0.0001

Ethyl
Stearate

0.9999
P<0.0001
0.9989
P<0.0001

Summed
9 FAEE

For marker combinations, individual analyte nmol/g concentrations were summed. Summed 7 FAEE, included all except ethyl laurate and myristate, as
recommended in meconium,177, 179 and summed 4 FAEE included ethyl myristate, palmitate, oleate, and stearate, as recommended in hair.327 Strong (ρ =
0.7-0.899) and exceptionally strong correlations (ρ = 0.9-1.0) are shown in bold.328

Ethyl
Stearate
Summed 9
FAEE
Summed 7
FAEE
Summed 4
FAEE

Ethyl Oleate

Summed EtG
EtS
Ethyl
Laurate
Ethyl
Myristate
Ethyl
Linolenate
Ethyl
Palmitoleate
Ethyl
Arachidonate
Ethyl
Linoleate
Ethyl
Palmitate

EtS

EtS

EtG

Table 24. Spearman correlation coefficients (ρ) for meconium marker correlations to each other and summation calculationsa

0.9990
P<0.0001

Summed
7 FAEE

Agreement Between Self-Reported Exposure and Meconium Markers
The meconium marker with the highest agreement with self-reported PAE ≥ 19 weeks
was EtG ≥ 30 ng/g, with a kappa value of 0.57 (95% CI: 0.41-0.73), signifying moderate
to substantial agreement (Table 25). Individual FAEE at their LOQs had kappa values ≤
0.24, indicating only slight agreement. In comparison, both FAEE combinations of all 9
and 7 (excluding ethyl laurate and myristate) at ≥ 2 nmol/g, demonstrated lower
agreement with self-reported PAE than individual FAEE markers or the summation of 4
FAEE (ethyl myristate, palmitate, oleate, and stearate) ≥ 200 ng/g. Agreement was higher
between self-reported alcohol use at ≥ 19 weeks and marker combinations that included
EtG. Among the 58 women reporting drinking after 19 weeks, 48 were EtG-positive with
a median (range) concentration of 1,101 ng/g (7.2-103,716), 16 were EtS-positive with a
median concentration of 14 ng/g (2.8-408), and 37 were positive for one or more FAEE
with 7 FAEE summed concentrations ranging from 0.081-256 nmol/g (only 13 were ≥ 2
nmol/g).
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Table 25. Sensitivity and specificity of maternal self-reported drinking during pregnancy at or
beyond 19 weeks gestation (test condition) compared to individual and combined meconium alcohol
markers (gold-standard)
Sensitivity
Specificity
Kappa
Meconium analytes and cutoffs
(95% CI)
(95% CI)
(95% CI)
54.5
45.8
0.001
Ethyl Laurate ≥ 50 ng/g (LOQ)
(25.1, 84.0)
(35.9, 55.8)
(-0.106, 0.109)
57.9
46.6
0.025
Ethyl Myristate ≥ 25 ng/g (LOQ)
(35.7, 80.1)
(36.2, 57.0)
(-0.111, 0.161)
54.5
45.8
0.001
Ethyl Linolenate ≥ 25 ng/g (LOQ)
(25.1, 84.0)
(35.9, 55.8)
(-0.106, 0.109)
52.9
45.6
-0.008
Ethyl Palmitoleate ≥ 50 ng/g (LOQ)
(29.2, 76.7)
(35.3, 55.8)
(-0.138, 0.123)
62.5
49.3
0.096
Ethyl Arachidonate ≥ 25 ng/g (LOQ)
(45.7, 79.3)
(38.0, 60.6)
(-0.069, 0.261)
61.9
50.8
0.119
Ethyl Linoleate ≥ 25 ng/g (LOQ)
(47.2, 76.6)
(38.6, 62.9)
(-0.060, 0.298)
71.9
53.3
0.204
Ethyl Palmitate ≥ 25 ng/g (LOQ)
(56.3, 87.5)
(42.0, 64.6)
(0.043, 0.366)
62.5
54.9
0.174
Ethyl Oleate ≥ 25 ng/g (LOQ)
(49.8, 75.2)
(41.2, 68.6)
(-0.012, 0.361)
76.7
54.5
0.243
Ethyl Stearate ≥ 50 ng/g (LOQ)
(61.5, 91.8)
(43.4, 65.7)
(0.087, 0.399)
53.8
45.7
-0.003
Sum 9 FAEE ≥ 2 nmol/g
(34.7, 73.0)
(34.8, 56.5)
(-0.159, 0.152)
52.0
45.1
-0.02
Sum 7 FAEE ≥ 2 nmol/g175, 177
(32.4, 71.6)
(34.4, 55.9)
(-0.173, 0.134)
64.9
51.4
0.144
Sum 4 FAEE ≥ 200 ng/g326
(49.5, 80.2)
(39.7, 63.1)
(-0.028, 0.316)
69.6
50.0
0.126
EtS ≥ 2.5 ng/g (LOQ)
(50.8, 88.4)
(39.3, 60.7)
(-0.018, 0.271)
68.6
73.0
0.386
EtG ≥ 5 ng/g (LOQ)
(57.7, 79.4)
(58.7, 87.3)
(0.214, 0.558)
72.3
73.8
0.448
EtG ≥ 10 ng/g
(61.4, 83.2)
(60.5, 87.1)
(0.279, 0.617)
73.4
74.4
0.468
EtG ≥ 15 ng/g
(62.6, 84.3)
(61.4, 87.5)
(0.300, 0.636)
80.4
74.5
0.550
EtG ≥ 25 ng/g
(70.0, 90.8)
(62.5, 86.5)
(0.391, 0.708)
81.8
75.0
0.569
EtG ≥ 30 ng/g
(71.6, 92.0)
(63.2, 86.8)
(0.413, 0.725)
82.4
71.4
0.535
EtG ≥ 50 ng/g
(71.9, 92.8)
(59.6, 83.3)
(0.376, 0.693)
96.8
63.2
0.476
EtG ≥ 333 ng/g (1.5 nmol/g)184
(90.6, 100.0)
(52.3, 74.0)
(0.334, 0.619)
96.7
62.3
0.459
EtG ≥ 444 ng/g (2 nmol/g)185-186
(90.2, 100.0)
(51.5, 73.2)
(0.317, 0.601)
66.7
75.0
0.362
EtG ≥ 5 ng/g, or EtS ≥ 2.5 ng/g
(56.0, 77.3)
(60.0, 90.0)
(0.192, 0.531)
70.0
75.7
0.424
EtG ≥ 10 ng/g, or EtS ≥ 2.5 ng/g
(59.3, 80.7)
(61.9, 89.5)
(0.255, 0.593)
71.0
76.3
0.444
EtG ≥ 15 ng/g, or EtS ≥ 2.5 ng/g
(60.3, 81.7)
(62.8, 89.8)
(0.276, 0.612)
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Table 25 continued. Sensitivity and specificity of maternal self-reported drinking during pregnancy
at or beyond 19 weeks gestation (test condition) compared to individual and combined meconium
alcohol markers (gold-standard)
Sensitivity
Specificity
Kappa
Meconium analytes and cutoffs
(95% CI)
(95% CI)
(95% CI)
74.6
75.0
0.488
EtG ≥ 30 ng/g, or EtS ≥ 2.5 ng/g
(63.9, 85.4)
(62.2, 87.8)
(0.322, 0.654)
74.6
70.8
0.453
EtG ≥ 50 ng/g, or EtS ≥ 2.5 ng/g
(63.5, 85.7)
(58.0, 83.7)
(0.284, 0.623)
83.3
64.6
0.449
EtG ≥ 333 ng/g, or EtS ≥ 2.5 ng/g
(72.1, 94.6)
(53.0, 76.2)
(0.289, 0.610)
74.5
61.7
0.352
Sum 9 FAEE ≥ 2 nmol/g, or EtG ≥ 1.5 nmol/g
(62.0, 86.9)
(49.4, 74.0)
(0.180, 0.525)
70.4
62.3
0.327
Sum 9 FAEE ≥ 2 nmol/g, or EtG ≥ 1.5 nmol/g,
or EtS ≥ 2.5 ng/g
(58.2, 82.5)
(49.2, 75.3)
(0.148, 0.505)
74.5
61.7
0.352
Sum 7 FAEE ≥ 2 nmol/g, or EtG ≥ 1.5 nmol/g
(62.0, 86.9)
(49.4, 74.0)
(0.180, 0.525)
70.4
62.3
0.327
Sum 7 FAEE ≥ 2 nmol/g, or EtG ≥ 1.5 nmol/g,
or EtS ≥ 2.5 ng/g
(58.2, 82.5)
(49.2, 75.3)
(0.148, 0.505)
74.5
64.3
0.386
Sum 4 FAEE ≥ 200 ng/g, or EtG ≥ 1.5 nmol/g
(62.5, 86.5)
(51.7, 76.8)
(0.213, 0.559)
70.7
65.3
0.36
Sum 4 FAEE ≥ 200 ng/g, or EtG ≥ 1.5 nmol/g,
or EtS ≥ 2.5 ng/g
(59.0, 82.4)
(52.0, 78.6)
(0.183, 0.537)
74.2
73.3
0.47
Sum 9 FAEE ≥ 2 nmol/g, or EtG ≥ 30 ng/g
(63.3, 85.1)
(60.4, 86.3)
(0.302, 0.637)
70.6
74.4
0.426
Sum 9 FAEE ≥ 2 nmol/g, or EtG ≥ 30 ng/g, or
EtS ≥ 2.5 ng/g
(59.8, 81.4)
(60.7, 88.1)
(0.256, 0.596)
74.2
73.3
0.47
Sum 7 FAEE ≥ 2 nmol/g, or EtG ≥ 30 ng/g
(63.3, 85.1)
(60.4, 86.3)
(0.302, 0.637)
70.6
74.4
0.426
Sum 7 FAEE ≥ 2 nmol/g, or EtG ≥ 30 ng/g, or
EtS ≥ 2.5 ng/g
(59.8, 81.4)
(60.7, 88.1)
(0.256, 0.596)
75.0
76.7
0.506
Sum 4 FAEE ≥ 200 ng/g, or EtG ≥ 30 ng/g
(64.4, 85.6)
(64.1, 89.4)
(0.342, 0.670)
71.4
78.4
0.463
Sum 4 FAEE ≥ 200 ng/g, or EtG ≥ 30 ng/g, or
EtS ≥ 2.5 ng/g
(60.8, 82.0)
(65.1, 91.6)
(0.297, 0.628)
CI indicates confidence interval

Performance Characteristics of Self-Reported Exposure and Meconium Markers
Utilizing EtG ≥ 30 ng/g as the gold standard, sensitivity and specificity of self-reported
drinking ≥ 19 weeks gestation was 81.8% (95% CI: 71.8-92.0) and 75.2% (95% CI: 63.286.8), respectively. Self-reported drinking ≥ 19 weeks gestation yielded similar
performance with EtG and EtS at their LOQs for sensitivity (68.6%, 95% CI: 57.7-79.4;
69.6%, 95% CI: 50.8-88.4, respectively), although when EtG was ≥ 5 ng/g, self-reported
drinking ≥ 19 weeks had higher specificity (73.0%, 95% CI: 58.7-87.3) compared to EtS
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≥ 2.5 ng/g (50.0%, 95% CI: 39.3-60.7). Self-reported drinking ≥ 19 weeks demonstrated
64.9% specificity (95% CI: 49.5-80.2) and 51.4% specificity (95% CI: 39.7-63.1) with
the 4 FAEE summation (ethyl myristate, palmitate, oleate, and stearate) ≥ 200 ng/g; these
performance measures were higher than those for the 7 and 9 FAEE summations.
With meconium EtG ≥ 30 ng/g as the gold standard, there were 45 true positives,
39 true negatives, 13 false positives, and 10 false negatives (Table 26). Among the 13
false positive samples (EtG < 30 ng/g but women reported drinking after 19 weeks),
women reported LDD between 19.3 and 37.4 weeks. Three had detectable EtG (7.2-24
ng/g) below the ≥ 30 ng/g cutoff (1 had some individual FAEE detected), 2 others were
EtS-positive only, 2 others had some individual FAEE detected, and another had a 7
FAEE sum > 2 nmol/g (10.6 nmol/g); no markers were detected in the other 5 (Table 26).
Of the 10 EtG-negative samples, only 5 women reported 3rd trimester drinking; median
GA and DPDD for LDD was 33.6 (30.6-37.4) weeks and 7.0 (0.8-13.8) standard drinks,
respectively. Among the 5 women reporting 2nd but no 3rd trimester drinking, median GA
and DPDD for LDD was 25.9 (19.3-27.1) weeks and 1.6 (0.1-11.6) standard drinks,
respectively. All 10 women reported 1-3 drinking days during the 31 days prior to LDD.
In the 10 false negative samples (EtG ≥ 30 ng/g but women reported no alcohol
consumption during pregnancy or cessation before week 19), 6 samples had summed 7
FAEE meconium concentrations ≥ 2 nmol/g (Table 26).
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Table 26. Meconium alcohol marker results and maternal self-reported alcohol consumption for true and false positives and negatives considering
meconium EtG ≥ 30 ng/g as the gold-standard and maternal self-reported alcohol consumption beyond 19 weeks as the test condition
SelfMedian (range)
Median
Median
reported
number of
(range)
(range)
Median
alcohol
Meconium
drinking days in
gestational
standard
Additional meconium marker
(range)
intake
EtG
past 31 days
age (GA) at
n
drinks at last
results
meconium EtG
week 19(goldfrom last
last reported
reported
(ng/g)
delivery
standard)
reported
drinking daya
drinking day
(test
drinking day
(weeks)
condition)
14 (31.1%) also EtS-positive; 12
2
3.7
34.1
(26.7%) also FAEE-positive with
1,215
True
45
+
≥ 30 ng/g
(1 – 31)
(0.06 – 23.3)b
(20.1 – 40.9)
sum 7 > 2 nmol/g; 8 (17.8%)
(30 – 103,716)
Positives
positive for all 3 markers
9 EtG only; 2 EtS only; 4 FAEE
2
5.6
1.1
0
True
only; 1 EtS and FAEE; 2 EtG and
39
–
< 30 ng/g
(1 – 28)c
(1.6 – 15.1)c
(-23.7 – 10.3)c
(0 – 26)
Negatives
EtS; 1 EtG, EtS, and FAEE
3 of 13 had detectable EtG below
cutoff (7.2, 21, 24 ng/g)d; 2 others
were EtS-positive only (3.2, 13
1
2.3
33.4
ng/g); 1 other FAEE-positive
0
False
13
+
< 30 ng/g
(1 – 9)
(0.14 – 13.8)
(19.3 – 37.4)
only, with sum 7 FAEE > 2
(0 – 24)
Positives
nmol/g. Given positive maternal
self-report, these cases should be
classified as exposed.
5 also with 7 FAEE sum ≥ 2
nmol/g and 1 EtS- and FAEEpositive (6,230 ng/g EtG, 13 ng/g
EtS, 4.44 sum 7 FAEE nmol/g).e
2
5.0
5.3
79.5
False
Strong intrauterine alcohol
10
–
≥ 30 ng/g
(1 – 31)f
(0.5 – 12.0)f
(-7.9 – 16.9)f
(51 – 6,230)
Negatives
exposure evidence in 6 of 10
cases as multiple markers were in
agreement; women likely
underreported drinking behavior.
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f.

e.

b.
c.
d.

a.

GA at birth based on fetal ultrasound (n = 73, 68.2%) or last reported menstrual cycle date (n = 34, 31.8%) at prenatal enrollment visit; GA at last
reported drinking calculated from subtracting last reported drinking day from GA at birth. Negative numbers indicate last drinking day was preconception.
Data available for 44 (97.8%).
Data available for 17 (43.6%). The 22 remaining women reported no drinking in any trimester.
The 3 EtG-positive samples were from women who reportedly all stopped drinking during week 34. Women whose infants had the 3.2 and 13 ng/g EtSpositive samples stopped drinking during week 20 and 37, respectively. The woman whose infant had meconium 7 FAEE sum > 2 nmol/g stopped
drinking at 27.1 weeks.
The false negative with 6,230 ng/g EtG, 13 ng/g EtS, and high FAEE reportedly stopped drinking at 5 weeks gestation. During the 31 days prior to her
stop, she drank every day with an average of 7 drinks/day reported.
Data from 7 women (70%) were included here. The remaining 3 women reported no drinking in any trimester.

Dose-Concentration Relationships
A statistically significant dose-concentration relationship was observed between selfreported DPDD after 19 weeks gestation and meconium EtG ≥ 30 ng/g, adjusted for GA
at LDD (P < 0.0001); the model had good discrimination (c-statistic = 0.81) and was well
calibrated (P = 0.22). For self-reported DPDD between > 0 and ≤ 3, the odds of observing
meconium EtG ≥ 30 ng/g was 7.3 (95% CI: 1.5-34.1) times higher than that for women
report no drinking. Odds of meconium EtG ≥ 30 ng/g increased respectively to 19.5 (95%
CI: 5.5-69.2) and 26.0 (95% CI: 2.6-259.1) when considering self-reported DPDD
between > 3 and ≤ 10, and > 10 DPDD, compared to women reporting no drinking. No
significant changes were observed when the meconium exposure period was modified
based on maternal self-reported drinking at ≥ 12, ≥ 20, or ≥ 28 weeks.
Discussion
Less is known about EtG and EtS meconium markers in comparison to FAEE, and few
studies compared PAE detection capability among markers. Our study is the most
thorough comparison to date of meconium EtG and EtS concentrations to FAEE
concentrations and detailed, prospective maternal self-reported drinking during
pregnancy. Five prior studies collected self-reported maternal alcohol consumption.
However, high underreporting in 4 of these studies did not permit authors to compare
self-reported PAE with meconium EtG and EtS; instead, meconium EtG and EtS cutoffs
were optimized based on meconium FAEE comparison186-188, 317. In these studies, the
proposed EtG meconium cutoffs (274, 333, and 444 ng/g) were derived from
comparisons to summed 5-7 meconium FAEE concentrations.180, 186, 317 This approach is
inadequate due to FAEE limitations and bias, including instability and diet concerns. A
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recent Franconian Maternal Health Evaluation Studies report suggested maternal selfreport better agreed with meconium EtG than individual FAEE, supporting FAEE should
not be used as the precedent.329 Our study is unique in its simultaneous FAEE, EtG, and
EtS quantification in the same 0.1 g meconium sample, achievable due to our combined
analytical method,185 permitting accurate sensitivity and specificity comparisons between
self-reported exposure and meconium markers.
Our high sensitivity and specificity indicate that accurate PAE classification in
infants is optimal with EtG ≥ 30 ng/g. We found a significant dose-concentration
relationship between maternal self-reported DPDD after 19 weeks and meconium EtG ≥
30 ng/g, providing evidence that this marker accurately represents increasing PAE. Our
results suggest meconium EtG concentration ≥ 30 ng/g is the most effective cutoff for
PAE identification. DPDD, not drink timing after 19 weeks, was significantly associated
with meconium EtG ≥ 30 ng/g.
Prior studies demonstrated self-reported exposures can suffer from limited
information regarding timing, quantity, and frequency, as well as recall bias in
retrospective investigations. The TLFB method is a widely accepted tool to collect
detailed and reliable self-reported exposure.326, 330 This method was enhanced with
tailored assessment to our studied populations and serial collection throughout
pregnancy, allowing evaluation of individual drinking patterns across time.324
Our thorough sensitivity and specificity evaluation indicated maternal selfreported PAE agreed best with meconium EtG ≥ 30 ng/g (81.8% sensitivity, 75.0%
specificity, 0.569 kappa). The currently accepted 7 FAEE summation ≥ 2 nmol/g cutoff
only achieved 52.0% sensitivity and 45.1% specificity. When considering marker cutoff
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combinations, meconium EtG alone ≥ 30 ng/g proved superior; of the 13 samples with
EtG < 30 ng/g from infants of women who reported any drinking beyond 19 weeks only
1 had a 7 FAEE summed concentration ≥ 2 nmol/g. EtG’s better performance compared
to FAEE may have resulted from FAEE limitations including post-collection instability185
and olive oil variabilities in maternal diets.177, 323 Weak correlations between EtG and
individual and summed FAEE concentrations (Table 24) may reflect the markers’
different formation pathways and possibly different meconium incorporation
mechanisms.
Previous meconium EtG and EtS reports did not find EtS alone in meconium;
when detected, EtS was always present with EtG.186, 317 However, in urine EtG and EtS
testing, EtS is often present without EtG.331-332 This study is the first report of EtSpositive, EtG-negative meconium samples. In one case, 61 ng/g EtS was detected with
high FAEE (13.9 nmol/g summed 7 FAEE). In the other 4 cases, EtS was the only
detectable marker. This may be explained by our low EtS LOQ compared to our other
markers, although our EtS LOQ was higher than the 1 ng/g previously reported.301 EtGnegative meconium also may have resulted from reduced maternal EtG formation due to
genetic UGT polymorphisms191 or liver damage from heavy alcohol consumption. UGT
polymorphism studies indicated cannabinoids, specifically cannabidiol, negatively
impacted ethanol glucuronidation activity.191 EtS-positive, EtG-negative meconium could
result from increased fetal sulfotranferase activity compared to fetal glucuronidation
capacity. Fetal liver sulfotranferase activity varies based on isoform and gestational
period;165 some isoforms demonstrate higher activity during gestation compared to
infancy,165 whereas fetal UDP-glucuronosyltransferase activity is limited, with most
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activity beginning after birth.163 Urinary EtG/EtS studies demonstrated bacteria-infected
urine was capable of both EtG hydrolysis and formation;333 urinary bacterial meconium
contamination may explain some self-report false-positives (from hydrolysis) and falsenegatives (from formation). Urine and postmortem tissue EtS was stable,333-334 providing
a possible explanation for some EtS only positive urine. All SA samples in our study
were collected at home and returned to the study site within 48 hours; bacterial
contamination during home collection could also explain these findings.
Variability in EtG and EtS formation and placental transfer of ethanol and these
markers may explain the wide EtG/EtS ratio range (3.3-2151) observed. The low 3.3
EtG/EtS ratio resulted from 19 ng/g EtG and 5.7 ng/g EtS from a self-reported
nondrinker. The highest EtG/EtS ratio resulted from 18,286 ng/g EtG and 8.5 ng/g EtS
from a PAE infant exposed to 74.6 total 2nd and 3rd trimester drinks.
Despite this study’s novel findings, there were limitations. Our small feasibility
design, as opposed to a true random selection study design, and population demographics
require the proposed meconium EtG ≥ 30 ng/g cutoff be validated in larger samples from
other populations. A larger sample would also offer an opportunity to further investigate
EtS’ role in identifying PAE.
Our study demonstrates the importance of identifying alcohol-exposed infants via
both maternal self-report and objective biomarkers. Meconium biomarkers primarily
capture drinking in the 3rd trimester and some 2nd trimester exposure, while maternal selfreport can identify earlier gestational exposure missed by meconium. In most false
negative cases in our study, strong PAE evidence was demonstrated, as EtG’s validity
was confirmed by additional meconium markers’ presence; these women likely
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underreported their drinking behavior. These results could be explained by consumption
of other products containing ethanol not identified with our TLFB assessment or bacterial
contamination at collection. However, our false positive cases demonstrate that some
drinking behaviors may not be accurately identified with meconium analysis. Therefore,
self-report should also be included in studies utilizing meconium biomarkers.
In conclusion, maternal self-report was correlated with meconium EtG, EtS, and
FAEE concentrations in the same 0.1 g meconium sample. Our data suggested optimal
sensitivity (81.8%) and specificity (75.0%) were observed between maternal self-reported
alcohol consumption after 19 weeks gestation and meconium EtG ≥ 30 ng/g. These data
are highly important to clinicians and clinical chemists to improve interpretation of
meconium alcohol markers and better identify PAE. Confirmation of these findings
should be explored in other populations and larger samples.
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Chapter 8 – Conclusions
The primary aims of this research were to 1) develop novel liquid chromatography
tandem mass spectrometry (LC-MS/MS) methods for sensitive and specific meconium
quantification of a wide range of antiretroviral (ARV) drugs and alcohol markers, and 2)
to assess these markers’ ability to predict specific adverse infant growth and
neurodevelopmental outcomes, and maternal ARV or alcohol history during pregnancy.
We collaborated with two large longitudinal study groups, the Pediatric HIV/AIDS
Cohort Study (PHACS) and the Prenatal Alcohol in Sudden Infant Death Syndrome
(SIDS) and Stillbirth (PASS) Network, to investigate our hypotheses and facilitate
clinical interpretation of our results. The main findings are summarized in Table 27.
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Which meconium alcohol marker(s) best
reflect maternal alcohol consumption
during gestation?

Are drugs administered during labor and
delivery (L&D) detected by meconium
analysis?
Can current analytical alcohol meconium
methods be improved to quantify both
neutral fatty acid ethyl esters (FAEE) and
acidic ethyl glucuronide (EtG) and ethyl
sulfate (EtS) in a single meconium aliquot
utilizing LC-MS/MS?

How early in gestation can ARV exposure
be detected by meconium analysis?

Do meconium ARV concentrations predict
adverse infant growth or neurobehavioral
outcomes?

Can ARV drugs and metabolites, from
different chemical classes, be quantified in
meconium with LC-MS/MS?

Table 27. Primary research findings
Research Question

Until now, no analytical method achieved quantification of FAEE, EtG, and EtS in a single
meconium specimen that is required for a valid comparison of these ethanol markers. We
developed and validated a LC-MS/MS method to quantify 9 FAEE, EtG, and EtS in 0.1 g
meconium. Due to different chemical properties, two sample clean-up approaches, two sample
injections, and two analytical columns were necessary to reduce significant matrix effects, and
achieve adequate sensitivity.
EtG ≥30 ng/g provided superior sensitivity and specificity, compared to EtS, individual and
summed FAEE, and combination of these markers. Maternal self-reported drinking after 19
weeks gestation correlated best with meconium EtG ≥30 ng/g. Clinically, this proposed cutoff
would permit accurate identification of infants exposed prenatally to alcohol during the latter
half of pregnancy (at or beyond 19 weeks gestation).

L&D drug administration of zidovudine (AZT) was detected 95% of the time with meconium
drug analysis.

Findings
An LC-MS/MS method was developed and validated to quantify 20 ARV drugs and
metabolites from 4 different drug classes (nucleoside/nucleotide analog reverse transcriptase
inhibitors (NRTI), non-nucleoside analog reverse transcriptase inhibitors (NNRTI), protease
inhibitors (PI), and integrase strand transfer inhibitors (INSTI)) in 0.25 g meconium. A single
extraction followed by two injections achieved sufficient sensitivity for all but one analyte,
stavudine (d4T).
Higher meconium atazanavir (ATV) was significantly predictive of lower late language
emergence (LLE) risk at 1 year, although meconium ATV concentrations were not correlated
with individual language test results. Meconium tenofovir (TFV) was not predictive of infant
bone or growth outcomes at birth, although maternal HIV RNA concentration before delivery
correlated with meconium TFV concentrations, suggesting maternal medication compliance is
critical to meconium TFV accumulation and detection.
For many drugs of abuse, only 3rd trimester drug use is reflected in meconium. This detection
window also was observed for most ARV drugs. However, for lopinavir (LPV), TFV, and
efavirenz (EFV), 1-3 isolated cases of 2nd trimester drug exposure were detected, confirming
meconium’s ability to identify 2nd trimester exposure in some cases. Relationships between
meconium ARV concentrations and infant gestational age appeared quadratic or exponential,
suggesting greater meconium drug accumulation in the last few weeks before delivery.
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Can ARV Drugs and Metabolites, from Different Chemical Classes, be Quantified
in Meconium with LC-MS/MS?
Prior to our research, no meconium ARV quantification method existed, and in fact, due
to strong physical/chemical property differences, ARV drug classes often are analyzed
separately. This requires multiple samples and large consumable, personnel, and
instrument time burdens. However, pregnant women on modern antiretroviral therapy
(ART) usually receive 3-4 ARVs from at least 2 different drug classes and therefore,
simultaneous extraction and quantification of several ARVs from different classes is
needed, as small amounts of infant meconium (< 1 g) often are available. There are
several published methods for quantification of specific ARV drug classes in multiple
matrices, including blood, plasma, amniotic fluid, breast milk, placental and fetal tissues,
umbilical cord blood, cervicovaginal secretions, and hair.53, 56, 60, 62, 214 However, there
were only three assays simultaneously quantifying multiple ARV classes in plasma prior
to our novel method in this difficult meconium matrix.54, 57, 61
With limited meconium often available, we wanted to quantify all currently
relevant ARVs administered to HIV-infected pregnant women in a single meconium
sample. We faced many analytical challenges during method development as we
combined these diverse drug classes.233 First, we observed the necessity for two
injections, as chromatographic separation of analytes requiring negative mode ionization
was not achievable; ultimately, we could not attain a polarity-switching period for these
analytes and chose to perform a shorter second injection utilizing negative mode
ionization.233 We also accepted higher limits of quantification (LOQs) for analytes
quantified with negative ionization as sensitivity was limited by these analytes’ poor
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fragmentation. The largest challenge occurred when we initially observed poor TFV
recovery; solid phase extraction (SPE) loading of our sample supernatant at pH 3 caused
TFV loss during this step as TFV failed to bind to the SPE phase under these pH
conditions. Our final method offered improved TFV recovery, as we collected the sample
loaded at pH 3, adjusted the pH to 1 with trifluoroacetic acid, and reloaded it on to the
same column following elution of all other analytes and re-equilibration.233 TFV was a
key analyte for our collaboration and achieving adequate TFV sensitivity was important
to successful application of the assay. Ultimately, despite these challenges, our ARV
method provides a robust assay for quantifying 16 parent ARVs and 4 prevalent
metabolites in 0.25 g meconium with a single extraction approach and 2 LC injections.233
This method provided the tool for our investigation into meconium ARV concentrations’
ability to predict infant outcomes.
Do Meconium ARV Concentrations Predict Infant Outcomes?
Previous investigations documented meconium’s utility in predicting neonatal growth76,
278

and neurological symptoms80, 217 following gestational tobacco, cannabinoid, opiate,

and cocaine exposure. Our research demonstrated, for the first time, that meconium ARV
concentrations also can predict infant outcomes associated with fetal ARV exposure. In
ATV-exposed infants with MacArthur-Bates Communicative Development Inventory
(CDI) language scores,335 meconium ATV concentrations were protective of LLE risk
(adjusted odds ratio (aOR) 0.76; 95% confidence interval (CI) 0.57-0.98, P = 0.04;
multivariable model adjusted for concomitant tenofovir disoproxil fumarate (TDF), infant
age at testing, maternal/caregiver primary language, maternal age ≥ 35 years, and infant
black race). Each one unit increase in square-root transformed ng/g ATV meconium
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concentrations was associated with a 24% decrease in the LLE odds. Explained further, a
2 unit change in square-root meconium ATV (from 10 to 12, for example, corresponding
to 100 and 144 ng/g on the untransformed scale), would result in a 2*(-0.274) change in
the log(OR), or -0.549. With exponentiation of this to a 0.58 OR, we can conclude this
change in ATV meconium concentrations resulted in a 42% decrease in LLE odds at 1
year.
This result suggests high ATV meconium concentrations indicate better fetal
detoxification and lower systemic exposure, resulting in improved outcomes. This
protective association of meconium ATV on LLE risk was confirmed by two additional
observations, first, that higher ATV meconium concentrations correlated with longer
ATV exposure durations, and secondly, that longer cumulative ATV exposure durations
resulted in higher Bayley-III Language scores. Initially, we hypothesized greater fetal
ATV exposure, indicated by higher ATV meconium concentrations, might predict lower
language scores and higher LLE risk. Our findings instead suggest higher ATV
meconium concentrations likely indicate greater fetal ATV detoxification and therefore,
better language outcomes. Fetal ATV clearance to meconium may be a mechanism to
eliminate exposure to potentially toxic parent ATV, which may be directly toxic or
produce indirect toxicity through decreased bilirubin conjugation. Additionally, clearance
to meconium may eliminate exposure to some of ATV’s potentially toxic metabolites (an
aromatic aldehyde, alpha-hydroxyaldehyde, and hydrazine metabolite), recently
identified in human liver microsome incubations.246-248
Additional investigation of these relationships is needed, as our results were
inconsistent with two previous PHACS reports in different subpopulations describing
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association between prenatal ATV exposure and poorer language outcomes.89-90 ATV
exposure was only indicated by maternal medication history, with no meconium
concentration data in these previous reports. Discrepancies between the three studies may
have resulted from sampling differences or random variability. Most (59-78%) of our
evaluated infants were not included in these two previous analyses, as our infants tended
to be born later. Infants in our study had lower incidence of LLE risk and higher BayleyIII Language scores compared to those in the previous research. These improved
outcomes suggested confirmation of previous negative ATV exposure associations might
be challenging; additionally, the improved outcomes may be causative for the decreased
LLE risk observed in our work compared to the previously seen increased LLE risk.
Healthier women also are now receiving ATV more often than in previous years.9,
25

As ART trends for pregnant women evolve, additional safety confirmation is needed

for drugs, like ATV, that were previously implicated with negative outcomes. Low
maternal HIV RNA concentrations and high CD4 cell counts before delivery in a
majority of our studied mothers suggests most were medication adherent. Further
confirmation of our results also is needed as our sample ages. In a previous report
describing increased LLE risk in 1-year-old infants with prenatal ATV exposure, no
association was observed in 2-year-olds.89 Although more research is needed given the
discrepancies between studies, our recent findings confirm ATV exposure safety for
infant language development, in support of the general safety endorsement made in the
2014 HHS recommendations.9
In a separate analysis with PHACS, we evaluated meconium TFV concentrations
and relationships between these concentrations and TFV-toxicity measures. We predicted
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a dose-response relationship between meconium TFV concentrations and infant growth
and bone outcomes. However, in our study, meconium TFV concentrations were not
associated with infant bone or growth outcomes. These findings contribute to other
clinical research failing to show significant negative consequences among a group of
intrauterine TFV-exposed infants. Most clinical studies86, 105-107 failed to support work in
infant rhesus macaques100-102 demonstrating infant toxicity from intrauterine TFV
exposure. Recent PHACS research comparing TFV-exposed versus -unexposed infants
demonstrated a significant bone mineral content (BMC) decrease in TFV-exposed infants
compared to infants with no TFV exposure.104 However, similar to our work investigating
meconium TFV concentrations, this recent study found no correlation between in utero
TFV exposure duration and bone outcomes within the TFV-exposed group.104
To be enrolled in our substudy mothers were required to have TDF administration
for at least 8 weeks in the third trimester and this requirement may not have produced
enough variation or limited our power to detect a dose response. We lacked information
on CD4 count and HIV RNA before ART initiation and had no indications in mothers’
medical charts for why a particular regimen was selected; therefore, there may have been
some confounding by indication.
A significant finding from our TFV meconium research was that increased
meconium TFV concentrations were associated with lower maternal HIV RNA before
delivery, suggesting maternal medication compliance is critical to meconium TFV
accumulation and detection. This association with maternal HIV RNA concentrations, a
proxy adherence measure, also confirms that utilizing meconium drug concentrations
provides a more objective measure of fetal TFV in utero exposure than maternal
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medication chart history. Meconium TFV concentrations may be a good indicator of
maternal medication adherence during late pregnancy, however, as we observed a poor
correlation coefficient between these measures, predicting maternal HIV RNA
concentrations from infant meconium TFV concentrations would not be accurate.
Compared to our ATV study results, these findings indicate meconium’s
limitations for predicting fetal developmental outcomes for some drugs. Similar
challenges were observed previously with some drugs of abuse as meconium methadone
and metabolite concentrations and presence failed to predict neonatal growth and
neonatal abstinence syndrome severity, although meconium presence of other opiates,
including buprenorphine80 and morphine, codeine, or hydromorphone,217 predicted
adverse infant outcomes. These TFV meconium results also stress the importance of
maternal medication compliance as a contributing factor to meconium’s predictive
capabilities. Lack of maternal ART compliance may result in poor infant outcomes
associated with uncontrolled HIV management, which may further muddle the ability of
meconium drug concentrations to predict adverse outcomes associated with the drug
exposure.
Our approach to quantifying in utero ARV exposure is highly novel, and ARV
meconium concentrations may not, as was found for TFV, or may, as for ATV, be useful
for predicting adverse developmental outcomes. Higher ATV concentrations predicted
lower LLE risk, an inverse relationship to that found for most opiate, tobacco, and
cannabis meconium concentrations. For those drugs, higher meconium concentrations
predicted poor infant growth76-77, 278 and neurological outcomes.80, 217 This suggests
additional research is needed on interpretation of ARV meconium concentrations.
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How Early in Gestation Can Drug Use be Detected by Meconium Analysis?
Our research utilizing detailed maternal ART medication histories indicated meconium’s
drug detection window was generally the last three months of pregnancy. However, 2nd
trimester drug detection was documented for 3 ARVs in 12-14% of exposed cases. Prior
to our study, most meconium detection window research involved meconium collection
postmortem65, 79 or relied on maternal self-report.76-77 One of the only clinical studies
assessing meconium detection windows collected multiple matrices, including
meconium, umbilical cord, weekly maternal sweat patches, and thrice weekly urine and
oral fluid, to assess drug exposure timing and indicate when relapse occurred.80, 217, 280-282
Investigators utilized cocaine- and opiate-positive urine to determine relapse timing and
concluded meconium reliably detected drug use within the last trimester.80, 217 Our
research was an improvement over previous investigations, offering a unique approach by
relying on detailed maternal medication information.
We demonstrated in 7-21 samples with isolated 2nd trimester LPV, TFV, or EFV
exposure that 1-3 (12-14%) meconium specimens were positive for the target analyte. In
these cases maternal days off the ARV before delivery ranged from 57-92, resulting in
meconium ARV detection from exposures between gestational weeks 25-28. Second
trimester drug detection in some, but not all, cases may have resulted from individual
differences in placental transfer, fetal drug clearance to meconium, maternal and fetal
metabolism, and maternal regimen compliance, in addition to shorter exposure durations.
While most 2nd trimester exposures were missed with meconium drug quantification, this
possibility shouldn’t be ruled out when interpreting concentrations or a mother’s reported
last time of drug use.
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Meconium biomarker presence is influenced by frequency, magnitude, and timing
of maternal drug administration. Our identification of the last trimester as meconium’s
primary detection window is supported by previous research demonstrating meconium
results were corroborated by 3rd trimester maternal self-reported drug use.76, 80, 217, 278, 336
Additionally, this detection window is substantiated by maternal and fetal physiology as
fetal and placental blood flow275-276 and transplacental drug diffusion285 increases with
later gestational age.
As meconium drug concentrations primarily reflect only 3rd trimester drug
exposures, exposures earlier in pregnancy are best identified through other means, like
maternal self-report, frequent maternal urine testing, or maternal hair testing at birth.
However, these methods also have their own disadvantages. Maternal self-reported drug
use can be underreported based on social stigmas, recall bias, and interview style.173, 326
Frequent urine testing is often limited to clinical studies or maternal medication studies;
implementing this routinely would be burdensome to mothers, nurses, and analytical labs.
Disadvantages of hair testing include potential external contamination, a color bias
(increased binding of basic drugs in melanin-rich hair), high collection refusal rates,
inadequate sample length in short hair, drug loss from chemical treatments such as dyeing
or straightening, difficult and expensive analysis, and hair growth rate variations
compounding interpretation of the drug exposure period.337-338
Additionally, assessing meconium’s window of drug detection is difficult because
meconium may not accumulate linearly. Increasing meconium accumulation with later
gestational ages was proposed by Burd and Hofer in 2008, suggesting the majority of
meconium was generated in the final weeks before delivery250 when fetal and placental
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blood flow (both uterine and umbilical) increase exponentially.275-276 This hypothesis was
based on modeled neonatal birth weights by gestational age at birth and it assumed
meconium increased with gestational age.250
Our work confirmed this increasing meconium accumulation hypothesis and
further developed our knowledge of how drug concentrations increase with gestational
age. Meconium TFV, lamivudine (3TC), LPV, and raltegravir (RAL) increased
quadratically with gestational age, with significant correlations observed for 3TC and
TFV. Meconium emtricitabine (FTC) and ritonavir (RTV) appeared to increase
exponentially with gestational age, as log10 transformations were required to
approximately normalize meconium concentrations in this relationship. These
investigations were restricted to infants whose mothers were maintained on these
particular ARVs for the entire 2nd and 3rd trimester, to eliminate meconium concentration
differences from diverse fetal exposure durations. Our observation that meconium drug
concentrations accumulate quadratically and/or exponentially with later gestational ages
is clinically relevant when interpreting meconium drug concentrations. With more
meconium accumulating late in the 3rd trimester, earlier exposures will be diluted. This
finding provides the mechanism explaining greater identification of 3rd trimester
exposures, compared to 2nd trimester exposures. This accelerated meconium
accumulation model also may explain missed detection cases following short durations of
3rd trimester drug exposure.
Are Drugs Given with L&D Detected by Meconium Analysis?
Our research indicated L&D administered drugs were commonly detected in meconium.
This may be from rapid drug accumulation in meconium or possible neonatal urine
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contamination in diapers. In a large sample of 596 infants exposed in utero and/or
postnatally to AZT, 567 infants experienced L&D exposure to AZT and 95.1% had AZTpositive meconium. Our sample of infants experiencing only L&D AZT exposure was
small (n = 3); however, all three infants had AZT-positive meconium and two also were
positive for AZT-glucuronide. These results verify previous findings with meperidine and
normeperidine meconium detection after L&D administration.284 Rapid meconium drug
incorporation immediately prior to birth may be explained by increased meconium
accumulation250 and/or decreased placental P-glycoprotein drug efflux late in gestation.285
Based on hypothetical accumulation models, a large majority (80%) of meconium is
formed after the 38th week of pregnancy,250 suggesting exposures late in pregnancy and
close to delivery may be overly represented in a mixed meconium sample.
Our research also demonstrated meconium detection of L&D drug administration
does not always occur. Reasons for lack of detection may be rapid maternal clearance,
rapid fetal clearance back to the maternal circulation instead of to fetal waste in
meconium, decreased placental transfer, and timing and duration of L&D AZT
administration. Because meconium drug accumulation is rapid late in pregnancy, timing
of L&D drug administration may critically determine meconium detection of drugs
administered via this route. If drug administration were too close to delivery, the drug
may not have sufficient time to deposit into meconium prior to collection, or
concentrations may be too low to detect given a larger accumulation of drug negative
meconium. Meconium contamination by neonatal urine in the diaper may further
complicate interpretation of meconium L&D drug concentrations.
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Clinically, our data affirm cautious interpretation of opiate-positive meconium as
opiates are commonly administered to pregnant women during L&D. With no maternal
opiate use or neonatal abstinence syndrome evidence, opiate positivity may represent
L&D drug administration and maternal hospital charts should be obtained for
confirmation. In a previous study by our group, morphine-positive meconium occurred in
3 cases with no gestational drug exposure indications (no self-report or positive thrice
weekly collected maternal urine specimens).217
Can Current Analytical Alcohol Meconium Methods be Improved to Quantify Both
FAEE and EtG/EtS from a Single Meconium Aliquot Utilizing LC-MS/MS?
In this research, meconium alcohol marker testing was improved in several ways.185 First,
we decreased the required meconium amount needed for testing from 0.5-1g to 0.1g175,
299, 313, 339-340

while still maintaining sufficient analyte sensitivity. A smaller meconium

sample required for alcohol marker quantification allows additional sampling for
quantification of other drug classes. We also combined sample extraction for two diverse
alcohol marker groups, neutral FAEE and acidic EtG and EtS, further reducing the
required meconium amount and eliminating a source of variability. Depending on
collection procedures and meconium mixing prior to extraction, analyte presence and
concentration variability between samples may cause interpretation problems. Our
research produced a sensitive and robust analytical method for all current meconium
alcohol markers within a single meconium sample.185 Quantification of these analytes
from the same sample allowed us to further investigate which markers were superior for
identifying maternal alcohol consumption during pregnancy.
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Which Meconium Alcohol Marker Best Represents True Maternal Alcohol
Consumption?
Our research demonstrated meconium EtG’s superiority compared to FAEEs or EtS for
detecting maternal alcohol consumption. Our investigation was unique in its
simultaneous FAEE, EtG, and EtS quantification in the same 0.1 g meconium sample,
achievable due to our combined analytical method,185 permitting accurate comparisons
between the different alcohol markers. In a thorough sensitivity and specificity
evaluation, maternal self-reported alcohol consumption at or beyond 19 weeks gestation
correlated best with meconium EtG ≥ 30 ng/g, with 81.8% sensitivity, 75.0% specificity,
and a 0.569 kappa value. The currently accepted 7 FAEE summation ≥ 2 nmol/g cutoff
only achieved 52.0% sensitivity and 45.1% specificity. When considering marker
combinations with EtG and EtS as well as EtG, EtS, and FAEE, meconium EtG ≥ 30 ng/g
alone proved superior. Of the 13 samples in our investigation with EtG < 30 ng/g from
infants of women who reported any drinking beyond 19 weeks, only 1 had a 7 FAEE
summed concentration ≥ 2 nmol/g. These unconfirmed cases (maternal self-report with
meconium EtG < 30 ng/g) demonstrate some drinking behaviors may not be accurately
identified with meconium analysis, and therefore, maternal alcohol consumption
identification should employ both self-report and objective meconium marker analysis, to
fully capture exposure information and eliminate limitation from utilizing one of these
measures alone.
Critical to our meconium EtG findings was our thorough collection of maternal
self-reported drinking information. Widely accepted in research,326, 330 the validated
timeline followback method allows detailed ethanol volume consumption data to be
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collected from each participant with regards to each drinking event. Accurate drinking
pattern assessments are achievable with this structured, calendar-based interview that
collects precise and individualized data on alcohol type, container size, sharing, and
drinking episode duration.326
Our study is the most thorough comparison of meconium EtG and EtS
concentrations to maternal self-report; five prior studies collected self-reported maternal
alcohol consumption; however, high underreporting in 4 of these studies led authors to
validate meconium EtG/EtS detection against meconium FAEE.186-188, 317 The few
proposed EtG meconium cutoffs, including 111, 200, 274, 333, and 444 ng/g (0.5-2
nmol/g),317-180, 186, 189 were derived from data comparisons to summed 5-7 meconium
FAEE concentrations. This approach is inadequate due to FAEE limitations and bias,
including instability at room temperature and refrigerated conditions184-185 and issues with
olive oil consumption during pregnancy as this was previously associated with increased
total meconium FAEE.177, 323 One study prior to ours suggested meconium EtG correlated
better with maternal self-report than individual meconium FAEE (no FAEE summations
were evaluated).329 This recent Franconian Maternal Health Evaluation Studies
(FRAMES) report quantified 5 meconium FAEE and EtG, but in separate meconium
samples.329
In our sample, when meconium EtS ≥ 2.5 ng/g (LOQ) was evaluated in
combination with the EtG ≥ 30 ng/g cutoff, poorer sensitivity (74.6%) and kappa (0.488)
measures, were observed compared to the EtG ≥ 30 ng/g cutoff alone, although
specificity (75.0%) was the same between these cutoffs. Interestingly, there were only 5
EtS-positive, EtG-negative meconium samples; 4 of these were also negative for all
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FAEEs. Further meconium EtS studies should be pursued to better understand this
marker’s utility. Previous meconium EtG/EtS reports did not find EtS alone in
meconium; when detected, EtS was always present with EtG.186, 317 However, in urine
EtG/EtS testing, EtS is often present without EtG.331-332 Our research is the first to report
EtS-positive, EtG-negative meconium samples. This may be explained by our low EtS
LOQ compared to our other markers, although our EtS LOQ was higher than the 1 ng/g
previously reported.301 EtG-negative meconium also may have resulted from reduced
maternal EtG formation due to genetic uridine-diphosphate glucuronosyltransferases
(UGT) polymorphisms190-191, 341 or liver damage from heavy alcohol consumption.
UGT polymorphism studies indicated cannabinoids, specifically cannabidiol, can
negatively impacted ethanol glucuronidation activity.191 EtS-positive, EtG-negative
meconium could result from increased fetal sulfotranferase activity compared to fetal
glucuronidation capacity. Fetal liver sulfotranferase activity varies based on isoform and
gestational period;165 some isoforms demonstrate higher activity during gestation
compared to infancy,165 whereas fetal UGT activity is limited, with most activity
beginning after birth.163 Different EtS and EtG placental transfer rates also may explain
these findings. Urinary EtG and EtS studies demonstrated bacteria-infected urine was
capable of both EtG hydrolysis and formation;333 urinary bacterial meconium
contamination may explain some self-report false-positives (from hydrolysis) and falsenegatives (from formation). Urine and postmortem tissue EtS was stable,333-334 providing
a possible explanation for some EtS only positive urine. Meconium EtS is thought to
prevent false EtG-positive specimens;305 however, our data indicate more meconium EtS
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research is needed because we only had 23 EtS-positive samples and 18 were also EtGpositive.
In conclusion, our collaboration with the PASS group allowed a thorough
investigation of several meconium markers with respect to detailed maternal alcohol
consumption data. As maternal self-reported alcohol consumption in the latter half of
pregnancy best correlated with meconium EtG ≥ 30 ng/g, this meconium marker and
proposed cutoff could be utilized in hospitals or clinics where medical practitioners are
striving to identify infants exposed in utero to alcohol through meconium analysis.183, 342
Future Directions
Additional collaborative investigations with PHACS involving meconium ARV and
alcohol marker quantification will continue beyond the scope of this presented research.
Our ATV and TFV meconium research exploring the ability of these meconium analytes’
to predict neonatal outcomes should continue. For ATV, our inconsistent findings with
two previous PHACS SMARTT reports warrants further investigation, with confirmation
in a larger sample and as the children age. As ATV is now a preferred ART agent for
pregnant women with HIV, ATV safety confirmation is essential. Literature on in utero
TFV exposure toxicity in animals is concerning, however, no clinical investigations to
date have confirmed the toxicities seen in infant macaques studies. Further investigation
into TFV toxicity mechanisms is needed to understand how we can best protect
developing fetuses from poor growth progress and bone formation seen in several animal
studies.
Additional investigations of meconium ARV concentrations’ ability to predict
infant outcomes also are under discussion with PHACS. When we discover some
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evidence of ARV toxicity in other analyses, meconium concentration prediction could
occur to further explore how fetal exposure relates to the observed toxicity.
Additionally, our meconium method could be cross-validated for blood or plasma
to facilitate comparing ARV concentrations between meconium, cord blood, and neonatal
and maternal plasma samples. This idea was recently proposed to investigate toxicity of
new drugs still in clinical trials; however, these newer drugs are sometimes given to
pregnant women who’ve exhausted all salvage therapy options. The International
Maternal Pediatric Adolescent AIDS Clinical Trials (IMPAACT) Network conducts
pharmacokinetic studies232, 343 on ARVs during pregnancy and applying our large
quantitative panel of ARVs, in meconium and other maternal and neonatal matrices,
would offer investigators more information.
As meconium EtG appears to be a better meconium marker for prenatal alcohol
exposure than FAEE, and EtS, controlled administration studies in pregnant animals
should pursue effects of different doses, drug use patterns, and exposure timing. These
types of studies would help us further interpret clinically obtained meconium EtG
concentrations. Additionally, animal studies would allow investigators to study EtG and
EtS meconium concentrations with increasing alcohol exposure. Understanding the
interplay between behavior and biological function will allow for greater meconium
alcohol marker result interpretation. Additionally, more research, both preclinical and
clinical, is needed on meconium EtS is needed to understand its utility and identify
appropriate cutoffs.
Future clinical studies should examine pharmacogenomic data for better
meconium drug interpretation. UGT polymorphisms should be examined to determine the
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impact on meconium EtG concentrations.191 Meconium EtG concentrations also should
be compared to infant outcomes to understand their predictive value; one published study
determined elevated meconium FAEE concentrations were associated with poorer
neurodevelopmental outcomes in 2-year-olds.199 Universal meconium screening
programs have been considered and some hospitals recently implemented voluntary
screening programs.183, 342 As fetal alcohol spectrum disorder (FASD) healthcare costs
are high, identification early during infancy, before secondary problems emerge,318, 322
could improve child outcomes and offer societal benefits of reduced FASD health care
costs.
In our collaboration with the PASS study, additional alcohol marker meconium
analyses may be pursued. As we’ve identified meconium EtG as the superior marker of
maternal alcohol consumption, meconium samples from all women who report no alcohol
consumption during pregnancy could be performed to confirm veracity of these reports. It
is critical that infants be properly classified as exposed or unexposed as PASS moves
forward with examining how alcohol exposure during pregnancy relates to SIDS,
stillbirth, and FASD outcomes. Inclusion of exposed infants in their unexposed group
would greatly diminish PASS’ power to detect group differences. Therefore, mothers
reporting no alcohol consumption during pregnancy should have biological confirmation,
and meconium EtG quantification offers an easy, non-invasive, cost-effective means to
accomplish this goal.
Studies investigating biomarkers to help normalize meconium concentrations
based on water content also could be pursued. Similar to how urine biomarker
concentrations are often normalized to urine creatinine concentration to account for urine
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dilution,344 there may be a marker well suited to identify and compensate for liquid
meconium content. We generally consider water part of meconium and it is not currently
common practice to normalize concentrations based on dry weight. However, in some
cases, having such a marker might allow identification of how the samples were stored or
handled previously. Some investigators freeze-dried meconium prior to sampling to
obtain a dry weight;176, 345 however this procedure is labor-intensive and would require
two sample aliquots. As some drugs differentially distribute between water and fat
content, understanding the water composition of a particular meconium sample would
offer additional interpretation power. This information may help to explain some
meconium samples’ negativity despite maternal self-reported use, or could be employed
for better concentration comparisons between samples.
Finis
With a long detection window and collection easier than neonatal urine, meconium drug
quantification offers powerful insight into 3rd trimester fetal drug exposure. Meconium
drug concentrations better represent the totality of fetal drug exposure, compared to drug
concentrations in maternal or neonatal plasma and urine, cord blood, and placenta where
detection windows are much shorter (hours-weeks). This research demonstrates the
clinical impact large multi-analyte meconium quantification methods can have on
achieving accurate meconium drug concentrations and how utilizing these data to explore
relationships with infant outcomes and maternal drug histories can improve meconium
result interpretations. Continued meconium ARV testing research is needed to further
develop our understanding of these markers’ utility; our research showed meconium
ARV concentrations can predict some infant outcomes, offering an opportunity to
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intervene clinically with assistive services. This research also demonstrated the clinical
value of meconium EtG testing as more accurate identification of maternal alcohol
consumption occurred with meconium EtG testing, compared to FAEE testing.
Implementation of meconium EtG testing in place of or in addition to current FAEE
testing, would greatly improve clinicians’ identification of prenatal alcohol exposure. In
conclusion, this research demonstrates meconium drug quantification undoubtedly offers
many advantages as an alternative matrix to identify various in utero drug exposures.
Predictions of infant outcomes from meconium drug concentrations offer opportunities to
intervene in affected children’s lives, prevent adverse outcomes in future pregnancies,
and confirm safety of therapeutic drugs administered during pregnancy.
Additional Research
In addition to the present work on prenatal ARV and alcohol exposure, I also contributed
to other in utero exposure projects, first-authoring four additional manuscripts to date.
We investigated methadone and metabolite detection in maternal and infant hair after
daily methadone administration during pregnancy (Appendix A).337 No doseconcentration relationships were seen, although a positive linear trend was seen for
cumulative maternal methadone dose and hair methadone metabolite ratios likely
reflecting methadone’s induction of its own metabolism. Maternal methadone and
metabolite hair concentrations were not correlated with neonatal growth or neonatal
abstinence syndrome characteristics. Cumulative third trimester methadone dose
positively correlated with infant birth weight, suggesting women receiving adequate
methadone dose have healthier pregnancies. Maternal methadone hair concentrations
were higher than those in infant hair, although infant metabolite hair concentrations were
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greater than those in maternal hair. Our data confirmed methadone and its metabolite,
EDDP, in pregnant women's hair were markers of methadone exposure; however, these
hair concentrations did not predict total methadone dose, or neonatal outcomes from in
utero methadone exposure.337
Meconium tobacco and drug markers were quantified from a longitudinal
maternal smoking and infant neurobehavioral study, led by Dr. Laura Stroud, involving
non-smoking, smoking, and quitter mothers (Appendix B).77 Meconium specimens from
mothers who continued smoking through delivery were all positive for nicotine, cotinine,
and trans-hydroxycotinine; meconium from all non-smokers was negative. Of 28 quitters,
only 4 meconium specimens were positive for any tobacco marker. These mothers
reportedly quit smoking during gestational weeks 9, 12, 16, and 39. Median meconium
concentrations in the 4 positive quitter specimens (nicotine 4.3 ng/g, cotinine 4.4 ng/g,
and 3-trans-hydroxycotinine (OHCOT) 20.6 ng/g) were 5-15 times lower than those in
smokers’ meconium; quitters self-reported smoking 2-9 times fewer cigarettes/day
throughout pregnancy than smokers. Reduced neonatal growth correlated with meconium
tobacco marker presence; infant birth weight, length, and head circumference
significantly correlated with the presence, but not concentrations, of 1 or more meconium
markers, after adjusting for low socioeconomic status, and maternal age, income, and
highest education completed. A trend was seen between greater gestational ages and
meconium positivity. Among quitters and smokers, average daily cigarette consumption
in the 2nd and 3rd trimesters correlated with reduced infant birth weight, head
circumference, and gestational age. These data are clinically impactful as they indicate
smoking cessation or reduction at any time during pregnancy may improve neonatal

184

outcomes. This information can aid physicians educating women on the negative
consequences of prenatal tobacco exposure.77
Postnatal drug exposure at 6.5 years of age and prenatal methamphetamine
exposure (PME) were examined in children enrolled in the Infant Development,
Environment, and Lifestyle (IDEAL) study,218, 279, 346 led by Drs. Barry Lester and Linda
LaGasse. Our objective was to investigate the impact of these exposures on
neurobehavioral disinhibition,347 a set of co-occurring problems including poor selfregulation, anxiety and affective disorders, cognitive impairment, and disruptive
behavioral disorders.348-349 Child hair collection at 6.5 years offered a unique opportunity
to evaluate postnatal drug exposure. Caregiver self-reported drug use and child
amphetamine medication information also were collected. Significantly more PME
children had hair positive for methamphetamine, tobacco markers, and both
methamphetamine and tobacco analytes, compared to children without PME. Behavioral
and executive function differences were observed between children with and without
PME. Neurobehavioral disinhibition risk was observed in PME children both with and
without postnatal drug exposure. No independent postnatal methamphetamine or tobacco
exposure effects, identified by a positive hair test, were noted and no additional
neurobehavioral disinhibition was observed in PME children with postnatal drug
exposures, as compared with PME children without postnatal exposure. These data
suggest prevention efforts should focus primarily on PME to avoid neurobehavioral
disinhibition (Appendix C).347
Adult health is partly programmed during fetal development.113, 204-206 Fetal
exposure to tobacco, alcohol, and other drugs alters normal hormone regulation early in
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development208, 350 that may lead to maladaptations and contribute to adult metabolic
syndromes. Mechanisms through which fetal drug exposures result in reduced adult
health are poorly understood. We’re collaborating with Dr. Paul Fowler, at the University
of Aberdeen, Scotland, to quantify tobacco and alcohol markers in human fetal livers and
paired placentas obtained from electively terminated pregnancies. Fetal liver protein and
RNA sequencing also will be performed. A scalable in-vitro model will be developed to
serve as a future screening tool for therapeutic interventions reducing in utero or
postnatal damage. Our participation in this collaboration resulted in development and
validation of a novel quantitative method for EtG, EtS, nicotine, cotinine, OHCOT, and
three prominent glucuronides from a single 0.25 g liver or placenta sample; publication of
these results is planned for later this year.
In addition to these in utero drug exposure projects, I’ve also contributed to
cannabinoid exposure projects, first-authoring one paper and significantly assisting as
second-author on three other manuscripts. The primary objectives of our Protocol 458B
(Oral Fluid, Whole Blood and Plasma Cannabinoid Pharmacokinetics and Stability
Following Smoked Cannabis) were to 1) characterize cannabinoid whole blood, plasma,
oral fluid, breath, and urine pharmacokinetics following a single smoked dose of
cannabis, 2) characterize sensitivity, specificity, accuracy, and length of detection of
cannabinoids with the Draeger DrugTest 5000® oral fluid testing device after a single
smoked dosed of cannabis, 3) determine inter-matrix cannabinoid ratios in authentic
specimens following controlled smoked cannabis, 4) correlate whole blood, plasma,
breath, and oral fluid cannabinoid concentrations with impairment determined through
subjective assessments and neurocognitive tasks, and 5) determine stability over time of
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free and conjugated cannabinoids in urine from cannabis users following a single smoked
dose of cannabis under various storage conditions. These objectives were investigated in
chronic and occasional cannabinoid smokers.
The time course and detection windows of breath cannabinoids, Δ9tetrahydrocannabinol (THC), 11-nor-9-carboxy-THC (THCCOOH), and cannabinol
(CBN), were characterized following controlled cannabis smoking (Appendix D).351
Sample collection was achieved with the SensAbues collection device, with participants
exhaling normally through the device for 5 min. Exhaled breath was collected from
chronic (≥ 4 times per week) and occasional (< twice per week) smokers before and after
smoking a 6.8% THC cigarette. Sample analysis included methanol extraction from
breath pads, solid-phase extraction, and LCMSMS quantification. THC was the major
cannabinoid identified in breath; no sample contained THCCOOH and only 1 contained
CBN. Among chronic smokers (n = 13), all breath samples were positive for THC at 0.5
h, 76.9% at 1 h, and 53.8% at 2 h, and only 1 sample was positive at 4 h after smoking.
Among occasional smokers (n = 11), 90.9% of breath samples were THC-positive at 0.5
h and 63.6% at 1 h. One occasional smoker had no detectable THC. Due to a complex
study design involving oral fluid collection just prior to breath collection, breath
collections were delayed early in the timeline (0.5-3 h) with prolonged oral fluid
collection times from dry month after smoking cannabis. Collections were delayed longer
among occasional users than chronic smokers. Our breath cannabinoid method utilized
novel sample preparation offering reproducible and thorough analyte extraction from the
breath pads. Analyte recovery from breath pads by methanolic extraction was 84.2%97.4%. LOQs were 50 pg/pad for THC and CBN and 100 pg/pad for THCCOOH. Solid-
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phase extraction efficiency was 46.6%-52.1% for THC, and 76.3%-83.8% for
THCCOOH and CBN. Matrix effects were -34.6% to 12.3%. Cannabinoids fortified onto
breath pads also were stable (≤ 18.2% concentration change) for 8h at room temperature
and -20°C storage for 6 months. These first breath cannabinoid data following controlled
cannabis administration suggested a short 0.5-2 h THC detection window in breath.351
This short breath cannabinoid detection window, coincides with impairment 1-2 h after
smoking, making this alternative matrix applicable for recent driving under the influence
and “for cause” workplace cannabinoid drug testing. However, the driving impairment
window extends beyond the detectability of breath cannabinoids.
Our breath cannabinoid paper was recently addressed in a letter to the editor of
Clinical Chemistry, where authors questioned subject’s recency of smoking, our detection
of THC versus THCCOOH, the higher THC breath concentrations observed in chronic
smokers, lack of a placebo control, and lack of paired psychomotor data.352 In our reply
letter to the editor (Appendix E),353 we described our controlled administration study
design, where subjects were allowed to smoke right before entering our unit, but this was
16-20 h prior to dosing and all subjects produced THC-negative breath 1h before dosing.
We described our highly specific LCMSMS instruments, avoiding misclassification of
THC as THCCOOH. We explained smoking topography differences between occasional
and chronic smokers that likely resulted in the higher THC breath concentrations
observed in the chronic smoking group. Lastly, we acknowledged our limitations but
stressed that a placebo-control was implemented in subsequent studies and that
impairment data would be published shortly.
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We compared THC, 11-hydroxy-THC (11-OH-THC), THCCOOH, cannabidiol
(CBD), CBN, THC-glucuronide, and THCCOOH-glucuronide blood and plasma
disposition in frequent and occasional cannabis smokers (Appendix F).195 Similar data
were reported in blood from frequent cannabis smokers for an extended time during
abstinence; however, limited research exists in occasional smokers and few studies
compare blood and plasma concentrations between these two groups. These data are
important for interpreting cannabinoid impairment. In this study, frequent and occasional
smokers resided on a closed research unit and smoked one 6.8% THC cannabis cigarette
ad libitum. Blood and plasma cannabinoids were quantified on admission (approximately
19 h before), 1 h before, and up to 15 times (0.5-30 h) after smoking. As hypothesized,
cannabinoid blood and plasma concentrations were significantly higher in frequent
smokers compared with occasional smokers at most time points for THC and 11-OHTHC and at all time points for THCCOOH and THCCOOH-glucuronide. CBD, CBN,
and THC-glucuronide were not significantly different at any time point. For blood THC >
5 μg/L, median (range) time of last detection was 3.5 h (1.1 to > 30 h) in frequent
smokers and 1.0 h (0-2.1 h) in 11 occasional smokers; 2 individuals had no samples with
THC > 5 μg/L. Our data demonstrated cannabis smoking history plays a major role in
cannabinoid detection. These differences may impact clinical and impaired drug
detection in driving situations. Our data also demonstrated the presence of CBD, CBN, or
THC-glucuronide indicates recent use, but their absence does not exclude it. Clinically,
these data help to improve blood and plasma cannabinoid interpretation in driving under
the influence of drugs and accident responsibility cases.195
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In another project, we investigated oral fluid THCCOOH method improvements
permitting a low LOQ (12 pg/mL) to aid interpretation of recent passive versus active
cannabis smoking (Appendix G).354 Currently, THC is the recommended analyte for oral
fluid cannabinoid monitoring. The potential for false-positive oral fluid cannabinoid
results from passive exposure to THC-laden cannabis smoke raises concerns for this
promising new monitoring technology. Oral fluid THCCOOH is a proposed cannabis
intake marker since it’s not present in cannabis smoke and was not measureable in oral
fluid collected from subjects passively exposed to cannabis. THCCOOH concentrations
are in the picogram per milliliter range in oral fluid and pose considerable analytical
challenges. We developed and validated a LCMSMS assay for quantifying THCCOOH in
1 mL Quantisal-collected oral fluid.354 After solid phase extraction, chromatography was
performed on a Kinetex C18 column with a gradient of 0.01% acetic acid in water and in
methanol with a 0.5-mL/min flow rate. THCCOOH was monitored in negative mode ESI
utilizing 2 distinct MRMs. THCCOOH’s linear range was 12-1,020 pg/mL. Mean
extraction efficiencies and matrix effects evaluated at low and high QC concentrations
were 40.8-65.1% and -2.4-11.5%, respectively (n = 10). Analytical bias and total
imprecision (%CV) at low, mid, and high QC concentrations were 85.0-113.3% and 6.68.4%, respectively (n = 20). Our method is the first oral fluid THCCOOH LCMSMS
triple quadrupole method not requiring derivatization to achieve a < 15 pg/mL LOQ. The
assay is applicable for workplace, driving under the influence of drugs, drug treatment,
and pain management testing.354
Blood and plasma cannabinoid stability is important for test interpretation, and is best
studied in authentic rather than fortified samples. We previously evaluated cannabinoid
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stability with authentic specimens collected in green-top sodium heparin tubes,355 but no
stability studies with authentic specimens exist for more commonly employed gray-top
sodium fluoride collection tubes. Our objective was to assess cannabinoid stability in
authentic blood and plasma specimens collected with gray-top sodium fluoride tubes. Our
study design involved low and high blood and plasma pool creation for each of 3
participants after smoking a cannabis cigarette. The stabilities of THC, 11-OH-THC,
THCCOOH, CBD, CBN, THC-glucuronide, and THCCOOH-glucuronide were
determined after 1 week at room temperature, 1, 4, 12 and 26 ± 2 weeks at 4˚C and 1, 4,
12, 26 ± 2 and 52 ± 4 weeks at -20˚C. Concentration changes greater than ± 20%
indicated instability. In our study, there were too few positive blood and plasma samples
for THC-glucuronide, CBD, and CBN to assess stability. In blood, THC, 11-OH-THC
and THCCOOH were stable for 1 week at room temperature, while THCCOOHglucuronide decreased. In blood at 4˚C, THC, THCCOOH-glucuronide, THCCOOH and
11-OH-THC were stable for 4, 1, 26, and 26 weeks, respectively, and for 26, 12, 52 and
52 weeks, respectively, at -20˚C. In plasma, THC and 11-OH-THC were stable for 1
week at room temperature, while THCCOOH-glucuronide decreased and THCCOOH
increased. In plasma at 4˚C, THC, THCCOOH-glucuronide, THCCOOH and 11-OHTHC were stable for 4, 1, 4 and 26 weeks, respectively, and for 52, 12, 52 and 52 weeks,
respectively, at -20˚C. These data demonstrate blood and plasma specimens should be
stored at -20˚C for no more than 12 weeks to assure accurate cannabinoid quantitative
results. Gray-top tube cannabinoids stabilities were similar with our previous blood and
plasma cannabinoids stability results collected in green-top tubes.355 Our gray-top tube
cannabinoids stability manuscript is currently in preparation.
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