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Abstract
For the first time, relationships among maternal buprenorphine dose, meconium buprenorphine and
metabolite concentrations, and neonatal outcomes are reported. Free and total buprenorphine and
norbuprenorphine, nicotine, opiates, cocaine, benzodiazepines, and metabolites were quantified in
meconium from 10 infants born to women who had received buprenorphine during pregnancy.
Neither cumulative nor total third-trimester maternal buprenorphine dose predicted meconium
concentrations or neonatal outcomes. Total buprenorphine meconium concentrations and
buprenorphine/norbuprenorphine ratios were significantly related to neonatal abstinence syndrome
(NAS ) scores >4. As free buprenorphine concentration and percentage free buprenorphine increased,
head circumference decreased. Thrice-weekly urine tests for opiates, cocaine, and benzodiazepines
and self-reported smoking data from the mother were compared with data from analysis of the
meconium to estimate in utero exposure. Time of last drug use and frequency of use during the third
trimester were important factors associated with drug-positive meconium specimens. The results
suggest that buprenorphine and metabolite concentrations in the meconium may predict the onset
and frequency of NAS.

Buprenorphine is the first prescription drug approved under the 2000 US Drug Addiction
Treatment Act for office-based treatment of addiction to narcotics.1 Although methadone is
the only recommended medication to treat opioid dependence during pregnancy,
buprenorphine is being investigated for this purpose.2,3 Infants exposed in utero to methadone
or buprenorphine may display neonatal abstinence syndrome (NAS) shortly after birth,
although the quality and severity may differ.2 NAS is a generalized central nervous system
disorder characterized by hyperirritability, gastrointestinal dysfunction, respiratory distress,
and autonomic symptoms. 4 The Finnegan Scale assesses 21 of the most common signs of
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neonatal drug withdrawal syndrome5 and is scored on the basis of pathological significance
and severity of the adverse symptoms, which sometimes require pharmacological treatment.6

Methadone and buprenorphine demonstrated equivalent safety and effectiveness for treatment
of opiate-dependent pregnant women and their infants.2,3,7,8 In the first double-blind, double-
dummy study that compared buprenorphine with methadone, similar NAS medication
requirements and peak scores, and significantly fewer days in the hospital for buprenorphine-
exposed infants were reported.2 Neonatal meconium specimens were also collected to monitor
prenatal drug exposure. Meconium analysis detects more drug use than maternal or infant urine.
9 Meconium begins forming at ~12 weeks of gestation and is excreted in the first bowel
movements. Drugs in the meconium arise from ingestion of amniotic fluid and from bile.10

Meconium is not usually excreted in utero, and therefore meconium drug concentrations are
thought to represent cumulative exposure from ~12 weeks onward during gestation.

Previous studies indicated that maternal buprenorphine dose does not predict the severity or
duration of NAS, and therefore higher doses could be administered during pregnancy to control
withdrawal symptoms and prevent relapse.3,8,11 Data continue to be collected on the fetal
effects of in utero buprenorphine exposure as opioid treatment of pregnant women increases
globally.

Evaluation of the disposition of illicit drugs in pregnant women and fetuses is difficult because,
for ethical and safety reasons, controlled-administration studies using such drugs would never
be performed. Daily administration of buprenorphine to pregnant opioid-dependent women
participating in a research study comparing buprenorphine and methadone pharmacotherapies
allowed the first opportunity to model the disposition of buprenorphine and its metabolites in
meconium. The principal aims of this study were to characterize the relationships among
maternal buprenorphine doses, meconium buprenorphine and metabolite concentrations, and
neonatal outcomes. Self-reported tobacco use and thrice-weekly urine tests during the study
allowed monitoring of the frequency and magnitude of heroin, cocaine, and nicotine use during
gestation. The secondary aim of this study was to utilize urine test results to investigate the
factors that influence the incorporation of these illicit drugs into the meconium. The frequency
and timing of positive urine tests for drugs were compared between women whose infants had
drug-positive meconium specimens and those whose infants had drug-negative meconium.

RESULTS
Participant demographics and dosing information

Of the nine women (eight African American, one Caucasian), who were buprenorphine-
maintained during gestation, one gave birth to twins, making a total of 10 infants in this group.
The mean ± SE of maternal age was 30.0 ± 1.1 years (range: 22–32 years), and the estimated
gestational ages at admission were 18–26 weeks (mean: 22.8 ± 1.2). The participants were not
employed outside their homes and had 10.3 ± 0.4 years (range: 8–12 years) of education. All
participants were opioid dependent per the Diagnostic and Statistical Manual of Mental
Disorders, 4th Edition criteria, with cocaine use more than four times per day, heroin use more
than four times per day, and nicotine use in the 30 days prior to admission being reported by
88.9, 55.6, and 77.8% of participants, respectively. Three women reported using alcohol for
2.3 ± 1.3 days (range: 1–5 days) in the preceding 30 days, and one was positive for hepatitis
C. Table 1 summarizes the buprenorphine dosing data of the participants and study enrollment
durations at delivery of the infant.
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Distribution of drugs and metabolites in meconium
There was wide intersubject variation in the concentrations of drugs in meconium (Table 2),
with one specimen (F) containing a total of only 24 ng/g BUP and free buprenorphine below
limits of quantification (LOQ). This was despite the mother having received a total of 1,674
mg of buprenorphine during her pregnancy, of which 888 mg were received in the third
trimester. Mean free and total norbuprenorphine concentrations exceeded mean free and total
buprenorphine concentrations. A matched-pair t-test of total and free buprenorphine
concentrations indicated a statistically significant higher concentration of total buprenorphine
as compared to free buprenorphine (mean difference = 49 ± 10 ng/g, n = 9 pairs, t = 4.788, 8
degrees of freedom, P = 0.001). The total norbuprenorphine quantified in three of the specimens
was less than the respective free concentrations, but the results were within ±20%. Another
explanation could be the difficulty of completely homogenizing the meconium despite mixing
for 10 min using mortar and pestle. Four of the 10 specimens had >99% free norbuprenorphine
and the other 6 had 53–89% free norbuprenorphine. There were no statistically significant
differences between total and free norbuprenorphine concentrations (mean difference = 143 ±
78 ng/g, t = 1.840, 9 degrees of freedom, P = 0.099), mean free buprenorphine/free-
norbuprenorphine ratio (0.14 ± 0.02 ng/g), and mean total buprenorphine/total
norbuprenorphine ratio (0.18 ± 0.03 ng/g) (P = 0.37).

Nicotine and four of its metabolites were identified in 50% of the meconium specimens (Table
3), and two other specimens were positive for all analytes except norcotinine. One specimen
with hydroxycotinine and nicotine levels higher than the method’s upper LOQ could not be
reanalyzed because no additional specimen was available. For two of three self-reported
nonsmokers, the meconium samples of the infants were negative for nicotine and metabolites.
Participant F did not admit to having smoked tobacco, but hospital staff observed that she did;
nicotine and all metabolites were identified in her infant’s meconium.

Cocaine and opiate concentrations in maternal urine samples and nicotine, cocaine, opiate, and
metabolite concentrations in meconium samples are shown in Table 3. Participant E had eight
benzodiazepine-positive urine specimens in the third trimester, the last urine specimen being
44 days before delivery. Her infant had a positive meconium specimen, with 69 ng/g oxazepam.
For neonates B and G there was insufficient meconium for oxazepam quantification. The
percentages of cocaine- and opiate-positive urine tests during the second and third trimesters,
positive and negative cocaine and opiate tests in neonate meconium samples, and number of
days between last positive maternal urine specimen and delivery are depicted in Figure 1. There
were no statistically significant relationships between the meconium status of the neonates
(positive or negative) and either the percentage of cocaine-positive maternal urine tests in the
second or third trimester or the percentage of opiate-positive maternal urine tests in the second
trimester. However, women with a higher percentage of opiate-positive urine specimens in the
third trimester gave birth to infants with significantly higher rates of opiate-positive meconium
specimens (P = 0.02). The time elapsed between the last positive maternal urine specimen and
delivery was also analyzed. There was a statistically significant relationship between the time
of last opiate-positive maternal urine test and opiate-positive meconium of the infant (P = 0.02).
There was also a trend toward significance of association between time of the last cocaine-
positive maternal urine test and meconium concentration of the drug (P = 0.06).

Infant birth characteristics and NAS
Table 1 contains birth and NAS characteristics of the infants. The infants (6 female, 4 male)
were all delivered full-term and no infant was considered to be of low birth weight (<2,500 g).
12 Two infants were treated for NAS: infant A for 20 days, with a total of 28 morphine sulfate
drops; and infant B for 14 days, with 19 drops. No significant differences were detected in
buprenorphine and metabolite concentrations and NAS across gender. Given that weight,
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length, and head circumference can be altered by twin status, correlation analyses were
performed without data from the single set of twins in the group. There were no significant
relationships between maternal buprenorphine dose and neonatal growth outcomes.

Statistically significant negative correlations existed between free and percentage of free
buprenorphine concentrations in meconium and head circumference of the neonate (Figure 2).
In addition, there was a negative correlation between free buprenorphine/free
norbuprenorphine ratio and time to NAS onset and also between percentage of free
norbuprenorphine and time to peak NAS score. Total buprenorphine, free buprenorphine/free
norbuprenorphine ratio, and total buprenorphine/total norbuprenorphine ratio were all
significantly correlated with the percentage of NAS scores >4.

Because of the small specimen size (N = 10), trends in positive and negative correlations are
also reported. Trends toward positive correlation included those between free buprenorphine
concentrations and NAS duration (P = 0.06) and between total norbuprenorphine
concentrations and time to peak NAS score (P = 0.05). Also, free buprenorphine concentrations
tended to predict (P = 0.07) the percentage of NAS scores >4. A trend toward negative
correlation between total buprenorphine/total norbuprenorphine ratio and NAS onset was also
noted (P = 0.05). Finally, with the twins excluded, there were trends toward negative
correlations between free norbuprenorphine concentration and head circumference (P = 0.8)
and between free buprenorphine concentration and infant length (P = 0.06). No correlations
or trends toward correlations were found when comparing nicotine and metabolite
concentrations in meconium with neonatal outcomes.

DISCUSSION
These are the first data linking maternal buprenorphine dose, buprenorphine and metabolite
concentrations in meconium, and neonatal outcomes in a cohort of women who received
controlled dosing with buprenorphine. In addition, to our knowledge this is the first comparison
of neonatal meconium with maternal urine data collected three times a week throughout
gestation to estimate frequency and/or magnitude of illicit drug use. Evaluation of maternal
buprenorphine dose and neonatal outcomes provided valuable information on buprenorphine
safety in treating opioid dependence during pregnancy, and the inclusion of meconium analysis
yielded the first data on the disposition of buprenorphine and metabolites disposition in this
neonatal biological matrix. The ability of these meconium biomarker concentrations to predict
many neonatal outcomes was also evaluated for the first time.

There was no relationship between the total or cumulative third trimester dose of
buprenorphine, or dose at delivery, and free or total buprenorphine or norbuprenorphine
concentrations in the meconium of the neonate. This is the first study to examine the
relationship between maternal buprenorphine dose and buprenorphine and metabolite
concentrations in the meconium of the neonate; previous research has evaluated this
relationship for methadone and cocaine. A positive relationship was reported between maternal
methadone dose and methadone concentrations in the meconium.13 Ostrea et al. reported a
statistically significant relationship between maternal cocaine dose and cocaine concentrations
in meconium in rats.14

Buprenorphine, norbuprenorphine, and glucuronide conjugates were identified in meconium
specimens, indicating passage of analytes across the placenta and/or creation through placental
or fetal metabolism. Factors affecting the distribution of buprenorphine and its metabolites to
the fetus include maternal plasma concentration, placental transfer and metabolism, and fetal
metabolism. Nanovskaya et al. reported <10% buprenorphine transfer to the fetus, and ~5%
metabolized to norbuprenorphine by the placenta.15 Low placental permeability to
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glucuronidated compounds was documented.16 There are no data available on phase II
placental buprenorphine metabolism; however, enzymes capable of buprenorphine
glucuronidation were identified in first trimester as well as full-term placentas.17–19

Variability in fetal metabolism may also influence buprenorphine and metabolite
concentrations in meconium. CYP3A4 and CYP2C8 account for 95% of the metabolism of
buprenorphine to norbuprenorphine, although CYP3A5, CYP3A7, CYP2C18, and CYP2C19
also contribute to the process.20,21 CYP3A7 is the principal fetal hepatic enzyme, with
CYP3A7 and CYP3A5 expression becoming evident as early as 42 days after fertilization.22

CYP3A7 expression decreases during gestation, and hepatic metabolism shifts primarily to
CYP3A4 within days of birth.22,23 There are also large interindividual variations in CYP
expression, and the data available on fetal hepatic uridine diphospho–glucuronosyltransferase
expression and activity are limited. Significant hepatic morphine glucuronidation was shown
to occur in fetal baboon liver, but the glucuronidation of other xenobiotics was limited.23,24

Sulfation also appears to be more prevalent in fetal liver.23

Buprenorphine and norbuprenorphine concentrations in meconium taken from 16 infants
whose mothers had been exposed to 1–16 mg/day buprenorphine during gestation have been
popiureviously reported.25 Data were obtained from buprenorphine assays for urine, serum, or
plasma, with no details relating to analysis of meconium and no mention of whether the data
represented free or total concentrations. After maternal doses of 1–16 mg/day for variable time
periods during pregnancy, buprenorphine and norbuprenorphine concentrations in a single
infant were 107 and 295 ng/g, respectively,25 and mean concentrations for 15 others were 122
and 176 ng/g, respectively. 26 These data relating to buprenorphine concentrations in meconium
are similar to those in this study, whereas the norbuprenorphine concentrations reported were
much lower. In this study, meconium was analyzed with and without hydrolysis, allowing
estimation of the extent of conjugation. Glusulase hydrolysis frees both glucuronide and sulfate
conjugates.27

Drug analysis in meconium samples is an alternative to maternal self-report and maternal urine
testing for monitoring the use of illicit drugs during pregnancy. Maternal self-report
underestimated in utero drug exposure by up to 44% when compared with data from meconium
analyses.28,29 Two previous studies reported higher sensitivity for meconium data than for
maternal urine data for identifying in utero cocaine exposure; one investigation showed equal
sensitivity.30–32 In this study, the thrice-weekly analysis of maternal urine specimens followed
by analysis of infant meconium permitted a comparison of efficacies in documenting cocaine,
benzodiazepine, and opiate use during pregnancy. These are the first data on timing and
frequency of illicit drug use, as monitored by urine testing in the mothers and detection in
neonate meconium. Meconium begins to form at ~12–13 weeks of gestation, and this would
suggest that meconium drug concentrations are cumulative until birth. Our data suggest that
drug use during the third trimester is more likely to be reflected in meconium than is second-
trimester use. Meconium testing failed to identify four infants born to women who used cocaine
in the second trimester; three of the women had >15% cocaine-positive urine specimens. All
participants had opiate-positive urine specimens in the second trimester because morphine was
administered at enrollment to transfer the participants onto treatment medication; however,
only three infants had opiate-positive meconium specimens. These findings are supported by
maternal methamphetamine self-report data,33 where detection rates were 68% when women
reported third-trimester use, and ≤10% with only first or second-trimester exposure. Our data
show that time of last drug use, as documented by a positive urine test, is another important
factor influencing incorporation of the drug in meconium. It is possible that meconium can be
contaminated by infant urine, although only cocaine or opiate use within ~72 hours of birth
would be reflected.
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Our research results support previous findings that there is no relationship between maternal
mean daily buprenorphine dose, dose in mg/kg, or total dose and NAS intensity or total number
of infants requiring treatment for NAS.11 In a second investigation comparing methadone with
buprenorphine, no association was observed between mean dose of medication at delivery and
NAS intensity.3 The largest study to date, of 159 women treated with 0.4–24 mg/day of
buprenorphine, showed no significant interaction of dose with NAS intensity.8 Together, these
data suggest that up to 24 mg/day of buprenorphine can be safely administered to the mother
without increasing the risk of NAS in the infant.

These data are the first from a prospective clinical study to evaluate the value of meconium
buprenorphine and metabolite concentrations in predicting neonatal outcomes. Although there
is no apparent relationship between maternal buprenorphine dose and neonatal NAS,
meconium concentrations reflect infant exposure, taking into account differences in total
metabolism and placental transfer, and may therefore provide a better neonatal outcome
predictor than the maternal drug dose. The research was limited by its small sample size, but
preliminary data suggest that several relationships should be further investigated. Higher levels
of buprenorphine concentration and percentage of free buprenorphine in meconium were
associated with lower head circumference in the infant. In our study, women received prenatal
care and a wide variety of support measures that helped control for socioeconomic and
psychosocial factors that negatively affect fetal growth. However, 78% of the women smoked
tobacco and 67% used cocaine during pregnancy; both of these are associated with lower head
circumference in infants.34–36 Therefore, additional research is needed in a larger sample to
confirm the effect of maternal exposure to buprenorphine on the infant head circumference.

The retrospective study by Marquet et al., discussed earlier, compared buprenorphine and
norbuprenorphine concentrations in the meconium of infants who experienced withdrawal (n
= 9) with those in infants who did not experience withdrawal (n = 6).26 The meconium of
infants who experienced withdrawal tended to have higher buprenorphine concentrations than
those who did not (P = 0.53), but no relationship was noted for norbuprenorphine
concentrations (P = 0.13). In this study, a negative correlation was observed between the
percentage of free norbuprenorphine in meconium and the time-to-peak NAS score. In addition,
as the free buprenorphine/free norbuprenorphine ratio increased, time to NAS onset decreased.
These data suggest that increased prenatal drug exposure may exceed placental and fetal phase
I and phase II metabolism capacity. There was a strong relationship between total
buprenorphine concentrations and buprenorphine/norbuprenorphine ratios (free and total) and
the percentage of NAS scores >4. Increased buprenorphine exposure may increase the
frequency of occurrence of NAS symptoms as a result of the fetus’ inability to effectively
metabolize buprenorphine to less active compounds. Measurement of free buprenorphine and
free norbuprenorphine may allow clinicians to predict the onset and severity of NAS.

The labor-intensive and costly hydrolysis step required for quantifying total drug did not
improve predictive value. Although one infant’s buprenorphine concentrations in meconium
were below the LOQ, an analysis of free norbuprenorphine documented buprenorphine
exposure. The measurement of free drug concentration alone enables laboratories to report
results more rapidly, with savings in cost.

Only limited data are available on the effects of maternal exposure to nicotine, either alone or
in combination with other drugs, on NAS in infants. Infants with no NAS or only mild NAS
were born to women who reported smoking fewer cigarettes, whereas the mothers of infants
with moderate NAS reported higher levels of tobacco use.11 Infants of opioid-dependent
women receiving methadone had significantly lower peak NAS scores (P = 0.014) and
significantly shorter (P = 0.016) time-to-peak scores when mothers smoked ≤10 cigarettes/day
(n = 16) as compared to ≥20 cigarettes/day.37 The protocol of this study provided for analysis
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of nicotine concentrations in the meconium of infants in relation to self-reported cigarette use
in the mothers. No relationship was found between nicotine concentrations in meconium and
neonatal outcomes. The application of a 10 ng/g cutoff for nicotine, cotinine, or OH-cotinine
in meconium to define maternal tobacco smoking was able to identify the self-reported
smokers. It also identified one participant who was observed smoking, although she denied
use.

There are several limitations to this study. The small sample size and large number of statistical
comparisons limit the robustness of the results; however, these data are among the first to
examine the associations among maternal urine test results throughout gestation, drug
concentrations in neonatal meconium, and neonatal outcomes to identify the important factors
responsible for producing positive meconium test results. Also, although there was a 10-week
variability in the duration of study enrollment, all of the women participated throughout their
third trimesters. Similar results were obtained for evaluations of total cumulative dose and
third-trimester dose. Also, there was no relationship between duration of study enrollment and
drug concentrations in meconium or neonatal outcomes. Concomitant drug use is a confounder
that must be considered when interpreting outcome measures.

Despite its limitations, this comprehensive treatment program allowed close monitoring of
study compliance and illicit drug use. Thereby, accurate and precise information on
buprenorphine doses received throughout gestation and in the third trimester and consistent
evaluation of NAS for 10–14 days after birth were available. The lack of correlation between
maternal buprenorphine dose and neonatal outcomes highlights the safety of buprenorphine
pharmacotherapy during pregnancy. If buprenorphine and metabolite concentrations in
meconium prove to accurately predict the onset and frequency of occurrence of NAS
symptoms, clinicians could better identify and treat neonates with negative sequelae.
Comparison with maternal urine tests suggests that meconium may not accurately identify
infants exposed to drugs in utero in the second trimester, a finding with implications for prenatal
drug exposure diagnosis and research. Moreover, these data suggest that measurement of free
buprenorphine concentrations alone should be sufficient, thereby eliminating the need for
costly and labor-intensive analysis of total drug concentrations in meconium.

METHODS
Participants

The Center for Addiction and Pregnancy at the Johns Hopkins Bayview Medical Center in
Baltimore, MD, recruited participants for a double-blind, double-dummy, flexible,
randomized, stratified, parallel-group controlled study comparing methadone and
buprenorphine for opiate addiction treatment during pregnancy. Of 1,490 pregnant women
evaluated, 57 qualified for initial screening and provided written consent to participate.2 The
inclusion criteria were: 21–40 years old, estimated 16–30 weeks of gestational age of the fetus
by sonogram, Diagnostic and Statistical Manual of Mental Disorders, 4th Edition diagnosis
of current opioid dependence, maintenance pharmacotherapy request, recent self-reported
opioid use of more than 4 days in the past 7, and an opiate-positive urine specimen. Exclusion
criteria were undocumented methadone-positive urine, current Diagnostic and Statistical
Manual of Mental Disorders, 4th Edition alcohol abuse or dependence, self-reported
benzodiazepine use more frequent than seven times monthly or once weekly, currently taking
another Axis I disorder medication, serious concurrent illness, previous diagnosis of preterm
labor, evidence of fetal malformation, and human immunodeficiency virus or sickle-cell trait
positive tests. The flow of participants through the study is shown in Figure 3.

Once they were enrolled in the study, the participants were stratified by cocaine use (yes/no),
estimated gestational age of the fetus (16–23 weeks or 24–30 weeks), and opioid use (<4 times
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a day or ≥5 times a day). After stratification, the women were randomly assigned to methadone
or buprenorphine treatment groups. One buprenorphine-maintained woman delivered twins,
yielding 10 in utero exposed infants.

The outcome measures relating to infants exposed to methadone and to buprenorphine have
been compared earlier.2 This study focuses only on women maintained on buprenorphine
during pregnancy and their infants. Given their distinct physiochemical characteristics, the
results relating to methadone and buprenorphine are analyzed separately. Methadone data are
not yet available.

Dosing and meconium collection
All of the women received oral methadone for 3–5 days during screening. The women were
randomized and transitioned to the study medication through immediate-release morphine in
divided daily doses. Buprenorphine-maintained women received sublingual buprenorphine
HCl (2 mg each, maximum 24 mg/day; Reckitt-Benckiser Pharmaceuticals, Richmond, VA)
and placebo tablets totaling 12 tablets/day, along with 40 ml liquid placebo, whereas the
methadone-group women received 12 daily placebo sublingual tablets and 40 ml of active
methadone medication to maintain double-blind dosing conditions. The total buprenorphine
dose from the time of enrollment until the delivery of the infant and the total third-trimester
dose (calculated from gestational age at the time of delivery) were calculated from the time
point of entering the study until the time point of delivery. The infants’ diapers were collected
for 72 h after birth and the meconium was pooled and stored at −20 °C until analysis.

Meconium analysis
Meconium specimens were analyzed using the first validated liquid chromatography–tandem
mass spectrometry method for buprenorphine, norbuprenorphine, buprenorphine-glucuronide,
and norbuprenorphine-glucuronide.38 Briefly, analytes were extracted in buffer from 0.25 ±
0.01 g homogenized meconium, isolated, and concentrated by solid-phase extraction and
quantified on an LCQ Deca XPPlus Ion-Trap Mass Spectrometer (ThermoScientific, San Jose,
CA) with atmospheric pressure chemical ionization in selected reaction-monitoring mode.
LOQ were 20 ng/g for buprenorphine and norbuprenorphine with linearity to 2,000 ng/g. Total
and free analyte concentrations were determined by analysis with and without enzyme
hydrolysis. The accuracy of the method was at least 85.7%, with intra-assay and interassay
imprecision <14%. Buffer extraction followed by solid-phase extraction yielded recoveries of
≥85.0%.

Separate meconium aliquots (0.50 ± 0.01 g) were sonicated with acidic methanol for 1 h
followed by solid-phase extraction. The quantification of nicotine and metabolites was
performed using a MDS Sciex API 3200 QTrap mass spectrometer (Applied Biosystems,
Foster City, CA) with atmospheric pressure chemical ionization and multiple reaction
monitoring.39 LOQ were 1.25 ng/g for cotinine, 3-hydroxycotinine, and norcotinine; and 5 ng/
g for nornicotine and nicotine, with all analytes’ linearity to 500 ng/g. Cocaine, opiates, and
oxazepam were tested for, using gas chromatography–mass spectrometry (United States Drug
Testing Laboratories, Des Plaines, IL) with LOQ of 5 ng/g for cocaine, benzoylecgonine, and
m-OH-benzoylecgonine; 50 ng/g for morphine, codeine, hydrocodone, hydromorphone, and
oxycodone; and 16 ng/g for oxazepam.

Drug screening of urine and self-reported smoking
Urine specimens were assayed three times a week for cocaine, opiates, cannabis, and
benzodiazepines using immunoassay (Dade Behring Diagnostics, Deerfield, IL) with cutoffs
of 300 ng/ml for cocaine and opiates, 200 ng/ml for benzodiazepines, and 100 ng/ml for
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cannabis. Self-reported smoking data were extracted from the last Addiction Severity Interview
before the delivery of the infant.

NAS assessment
The participants resided on the premises of a research unit prior to the estimated delivery date,
and the infants were hospitalized for at least 4 days after birth per standard hospital procedure.
NAS signs were evaluated using the 19-item (excessive crying, sleep habits, reflex, undisturbed
tremors, disturbed tremors, muscle tone, excoriation, generalized seizure, fever, frequent
yawning, sweating, nasal stuffiness, sneezing, tachypnea, poor feeding, vomiting, loose stools,
failure to thrive, and excessive irritability) modified Finnegan Scale2,15 six to eight times a
day. Item presence, severity, and frequency were scored for a total of 0–42. Oral morphine
sulfate (0.02 mg morphine/drop) was administered to the infants every 3–5 h depending upon
the total score. Infants treated for NAS were discharged 24 h after the last medication. After
being discharged, the infants stayed with their respective mothers in the research unit through
day 10 of life, with NAS evaluation being carried out twice a day.

Neonatal outcome measures
For each infant, gestational age at delivery, birth weight (g), head circumference (cm), length
(cm), and hospital stay duration (days) from birth until discharge to the research unit were
obtained from medical records. NAS onset (h) was defined as the time from birth until the first
score >4. The score of 4 was selected as the cutoff on the basis of clinical experience and
preliminary blinded–condition comparison of data from drug-exposed and nondrug-exposed
neonates. Peak NAS score was defined as the highest score obtained and time-to-peak (h) was
calculated from birth to NAS peak time. The NAS duration (h) was defined as the time from
first score >4 to the time after which the scores remained <5.

Statistical analysis
A matched-pair t-test showed significant differences between hydrolyzed and nonhydrolyzed
meconium concentrations. Mann–Whitney U-tests were used for comparing NAS outcomes
between genders, NAS for infants born to smokers and nonsmokers, percentage of positive
maternal urine specimens and cocaine- and opiate-positive meconium specimens. Linear
regression was used for examining relationships among maternal buprenorphine dose,
meconium drug concentrations, and neonatal outcomes. Twins were excluded from weight,
length, and head circumference analyses, given that their twin status might impact these
measurements. Mean values are reported as mean value ± SE. All analyses were performed
using SPSS 13.0 for Windows. P values < 0.05 were taken to be statistically significant.
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Figure 1.
Percentage of (a) cocaine-positive and (b) opiate-positive urine specimens in the second (open
bars) and third (shaded bars) trimesters and days between last positive urine specimen and
delivery (closed circles) among mothers of infants with positive or negative meconium
specimens.
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Figure 2.
Significant correlations between buprenorphine and metabolite concentrations in meconium
and neonatal outcome measures. BUP, buprenorphine; NAS, neonatal abstinence syndrome;
NBUP, norbuprenorphine.
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Figure 3.
Flow of participants through the study from initial contact through completion or
discharge. 1Reasons for exclusion: outside gestational age (641), did not qualify for methadone
maintenance (167), chose detoxification (71), did not show for intake (245), medical reasons
(98), other drug use (88), other (123); 2reasons for not excluding after consent: chose
detoxification (6), medical/psychological reasons (4), AMA during screening (4), outside
gestational age (3), other reasons (10); 311 completers, 4 noncompleters; results not included
in this study; 4reasons for noncompletion: discharged for medical condition (1), missed
consecutive dosing days (4), and elected to withdraw (1).
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