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Abstract

Objectives—To determine whether antiretroviral (ARV) medications can be detected in
meconium from 2™ or 3™ trimester, labor and delivery (L&D), or postnatal exposures.

Study desigh—Twenty ARV medications were quantified by LC-MS/MS in 598 meconium
samples from uninfected infants born to pregnant women with HIV enrolled in the Pediatric HIV/
AIDS Cohort Study.

Results—ARYV detection in meconium following 3" trimester exposure was 85.7-94.4% for all
ARVs except stavudine (0%, n=2), likely due to low doses and a high limit for quantification. Of
107 samples with some 2" trimester only ARV exposures, meconium was positive for only
lopinavir, tenofovir, or efavirenz in 11.8-14.3% of exposed neonates; administration of these
ARVs occurred between gestational weeks 25-28 in the positive samples. Days without lopinavir
or tenofovir before delivery significantly correlated with decreasing concentrations of tenofovir
and lamivudine in meconium. Concentrations significantly correlated with increasing gestational
age among infants with continuous 2" and 3" trimester exposure. Zidovudine given during L&D
or for neonatal prophylaxis was detected in 95.1% and 94.6% of meconium samples, respectively.

Conclusions—Changes in ARV treatments during pregnancy offered a unique opportunity to
investigate ARV detection in meconium. ARVs in meconium primarily reflect 39 trimester ARV
exposures, although 6 of 107 2"d trimester only exposures were detected. Zidovudine
administration during L&D was detected in meconium indicating potential urine contamination or
rapid incorporation into meconium. These data will improve interpretation of meconium drug test
results.
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Methods

Meconium begins to form in utero during the 12t gestational week and accumulates
thereafter.l: 2 It is the specimen of choice for assessing fetal drug exposure,3-11 offering
advantages over neonatal urine with easier collection from diapers and a longer window for
detection, primarily reflecting 3 trimester fetal drug exposures.”: 11

Drug disposition in meconium is poorly understood and determining the time frame during
gestation when drug exposure can be detected in meconium (the window of drug detection),
is difficult. Most meconium forms in the final weeks before delivery,12 when fetal growth,
and fetal/placental blood and nutrient transport increase exponentially.13: 14 There is
minimal information about meconium detection of 2" trimester fetal drug exposure. Our
group previously evaluated opiate and cocaine meconium detection windows with 3 times-
weekly urine collections to assess drug exposure timing.”- 11 We identified when drug
relapse occurred, and concluded meconium reliably detected only 3" trimester drug use.” 11

Interpretation of drug concentrations in meconium also may be complicated drug
administration during labor and delivery (L&D). In 10 women who received 50-200 mg
meperidine during labor, meconium was positive for meperidine in all infants, and 3 infants
also were positive for normeperidine.1> These results may be explained by contamination of
meconium with neonatal urine, rapid drug incorporation into meconium close to birth, or
decreased P-glycoprotein expression late in pregnancy.1® Zidovudine (AZT) is often
administered during L&D of mothers with HIV and to infants exposed to HIV postnatally.1”
Utilizing maternal and neonatal AZT medication chart information provided a unique
opportunity to investigate drug incorporation into meconium during L&D.

We evaluated windows of drug detection in meconium and determined whether meconium
could detect antiretrovirals (ARVs) that werestopped or started during the 2"d or 31
trimester. We also evaluated detection and quantification of AZT in meconium following
maternal administration during L&D and/or infant postnatal administration.

The Surveillance Monitoring for ARV Toxicities (SMARTT) study of the Pediatric HIV/
AIDS Cohort Study (PHACS) enrolled children exposed to HIV but not infected and their
mothers infected with HIV who were prescribed ARVs during pregnancy to investigate
long-term prenatal exposure effects of ARV.18 Mothers and infants enrolled in SMARTT’s
Dynamic cohort between 22 weeks gestation and 1 week after birth. Institutional Review
Boards at each site and the Harvard T.H. Chan School of Public Health approved the
protocol, with maternal written informed consent.

Meconium was collected at one or more time points within 72 h of birth; multiple diaper
collections were combined until transitional stool. Prior to 2011, meconium was refrigerated
at study sites, and all specimens were frozen (<-20°C) until analysis (0-6 years). Beginning
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in 2011, meconium was frozen immediately after collection. 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.1° Sixteen parent ARVs
(abacavir, ABC; amprenavir; atazanavir, ATV, darunavir, DRV; efavirenz, EFV;
emtricitabine, FTC; lamivudine, 3TC; lopinavir, LPV; nelfinavir, NFV; nevirapine, NVP;
raltegravir, RAL; ritonavir, RTV; saquinavir, SQV; stavudine, d4T; tenofovir, TFV; AZT)
and four metabolites (ABC-carboxylate; ABC-glucuronide; NFV hydroxy-tert-butylamide,
M8; AZT-glucuronide) were measured, representing >99% of SMARTT ARV exposures.20

During validation, stability of ARV in meconium was investigated to determine if initial
storage temperatures adversely affected quantification of ARV in meconium; all quantitative
analytes were >82% stable under refrigerated (72 h 4°C) and frozen (triplicate —20°C freeze/
thaw cycles) conditions.1® Meconium concentrations in ARV in samples collected before
2011 (n=240) were compared with those collected in 2011 or later (n=358) by a Mann-
Whitney test to further evaluate stability.

Statistical Analyses

ARV prescription between 15-28 gestational weeks defined 2"d trimester exposure and >28
weeks through delivery defined 3 trimester exposure. Among infants whose mothers were
prescribed 3" trimester ARVs, group differences between samples with and without missed
3" trimester detection in meconium were evaluated with Mann Whitney tests.

For ARVs with multiple 2" trimester-only detections, the association between days off the
ARV pre-delivery and meconium concentration was investigated. Analysis included women
with only 2" trimester use and those with any 3" trimester use. First, square-root, natural
log, and log; g transformations were evaluated to normalize meconium ARV concentrations.
A linear regression model was built for 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 retained when the effect estimate for the association between days off ARV
and meconium concentration changed =15%.

Associations between gestational age and ARV concentrations in meconium were
investigated using linear regression for infants whose mothers were maintained continuously
on the same ARV (entire 2" and 3" trimesters, with <3 days off drug). Sufficient data
(n=21-213) 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 Pl 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 detection of AZT with L&D and infant prophylaxis, 7 exposure
categories were considered: (1) maternal 3™ trimester, L&D, and neonatal prophylaxis; (2)
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only 3" trimester and L&D; (3) only L&D and neonatal prophylaxis; (4) only maternal 3"
trimester and neonatal prophylaxis; (5) only L&D; (6) only neonatal prophylaxis; and (7)
only 3'd trimester. Meconium AZT detection prevalence and concentrations are reported and
Kruskal-Wallis chi-square tests assessed median concentration differences of AZT and
AZT-glucuronide between groups. Significant associations were described by P<0.05.

Meconium ARV Detection in Third Trimester

Of 1750 SMARTT Dynamic cohort infants enrolled through October 1, 2013, ARVs were
quantified in 598 meconium samples. Maternal medication histories indicated 3 trimester
exposure to ARVs in 587 meconium samples (11 participants had no 3" trimester ARV
medication data available). ARV drug detection in third trimester meconium was 85.7—
94.4% for ABC, ATV, DRV, EFV, FTC, 3TC, LPV, NFV, NVP, RAL, RTV, SQV, and
TFV (Figure and Table I; Table I available at www.jpeds.com). There was no difference in
percent drug detection between 2" and 3™ trimester exposure and 3™ trimester exposure
alone. AZT was considered separately due to other commaon exposure routes including
maternal L&D administration and neonatal prophylaxis. No amprenavir exposure occurred
in our population.

There was no detection of prescribed 3 trimester ARVs in 107 meconium samples (Table
I1). When an ARV exposure was not detected, other ARVs were detected in 28.4—-75% of
samples (Table 2 I1). Only two specimens with 3 trimester d4T exposure were negative,
although all other 3™ trimester ARVs were detected in these samples. We investigated
whether these missed detections in meconium 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 3'd
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%). Specimens
positive for the ARVs that were missed in other samples generally had low concentrations
near our LOQs (Table I). 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 for these
107 infants were 2890 g (1705-4530) and 38.0 weeks (31.9-41.0), respectively; these were
significantly lower than medians observed among infants with 3" trimester detection in
meconium (3023 g [1370-5195], 38.4 weeks [29.0-42.1]; P<0.01, both comparisons).
Median RTV, 3TC, and TFV exposure duration among samples with missed 3" trimester
exposure detection in meconium were significantly lower than median exposure durations
among samples with successful 3" trimester detection (P<0.01, all 3 comparisons).

The 4 ARV metabolites were always 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).
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With the 2011 procedural change to immediately freeze meconium after collection, we
compared missed drug detection in samples collected before and after 2011. ARV
meconium concentrations were not significantly different between samples collected before
2011 and those collected after 2011 for all analytes, except AZT (P=0.011). This suggests
the 2011 procedural change from initial meconium refrigeration to rapid meconium freezing
did not impact meconium ARV concentrations, except AZT. Additionally, missed
meconium detection of 3@ trimester ARV exposure did not occur more often in specimens
collected before 2011 (P=0.51).

Second Trimester Meconium ARV Detection

Separate from the 107 samples with missed detection in meconium of 3™ trimester that were
prescribed ARVS, there were another 107 samples with exposure to ARVSs only during the
2d trimester, including 21 LPV, 19 FTC, 17 TDF, 11 ATV, 11 3TC, 7 ABC, 7EFV, 7
RTV,5NFV, 1 DRV, and 1 RAL exposures. Only 3 LPV, 2 TDF, and 1 EFV exposures
were detected (Table I11). 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 111).

A linear relationship between maternal days off LPV and TDF before delivery and
meconium concentrations was observed. The estimated square-root LPV concentration
change with each additional day off LPV before delivery was —1.23 (95% confidence
interval (Cl): -1.9, -0.49; P<0.01). Estimated square-root TFV concentration change in
meconium with each additional maternal day off TDF before delivery was —0.36 (95% CI:
-0.59, -0.14; P<0.01). Cigarette, alcohol, or illicit drug use during pregnancy did not
significantly impact these associations.

Meconium Concentrations Increase with Gestational Age

Significant associations between gestational age and ARV concentrations in meconium were
documented for 3TC and TFV and remained significant after adjusting for maternal HIV
RNA at L&D >1000 copies/mL (Table IV; available at www.jpeds.com). 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 V).
Meconium concentrations were normalized with square-root (TFV, 3TC, LPV, RAL) or
logyg transformations (FTC, RTV). Cigarette, alcohol, or illicit drug use during pregnancy
did not significantly impact these associations.

Neonatal and L&D AZT Meconium Detection

Table V describes AZT and AZT-glucuronide meconium detection and concentrations by
AZT exposure category in 596 infants. Overall, when maternal 3" 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 V). 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 AZT-positive. Median AZT meconium
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concentrations were significantly different between exposure groups (P=0.004), although
median AZT-glucuronide concentrations were not (P=0.46). Median AZT-glucuronide/AZT
ratios were commonly >1 (Table V). No information was available on AZT L&D
administration timing relative to delivery, or L&D and neonatal AZT dose.

Discussion

We describe drug detection windows with meconium, offering an improved study design
compared with previous detection window research in meconium. Previously, these
detection windows were studied by collecting other biological samples to assess drug
exposure and timing of relapses.”- 1. 16-18 Qyr novel analytical method allowed meconium
quantification of ARVs from 4 diverse drug classes in a single sample, offering substantial
improvements in assessing drug detection windows compared with previous studies and
providing additional clinical relevance. ARV regimen changes during pregnancy offered a
unique opportunity to investigate disposition of ARVs in meconium.

Drug deposition in meconium occurs from drug passing through the fetal gastrointestinal
tract, bile secretions, or swallowed amniotic fluid containing fetal urine. Drug
concentrations may relate to amount and timing of maternal drug consumption and the time
interval between last drug use and birth, due to non-linear meconium accumulation late in
gestation.

Our undetected 3" trimester drug exposures may be explained by poor medication
compliance,?! 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 large
amounts of drug-negative meconium accumulate close to birth# 22). Although our study was
unique with detailed medication prescription records, we cannot state that mothers were
compliant in taking medications. In our samples with some missed ARV detection, other 3"
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 differential detection. Our novel analytical method
quantified ARVs in meconium; however, our d4T LOQ may be too high for accurate d4T
detection in meconium.

Meconium analysis detected 2" trimester only ARV exposure, but in only 6 of 107 samples.
Although the detected drugs, LPV, TFV, and EFV, are from different ARV drug classes,
they had the highest median concentrations in meconium observed within their class (Table
). Our findings confirm previous preclinical? 23: 24 and clinical* 7 22 research that
meconium primarily reflects 3™ trimester fetal drug exposure, although in a few
circumstances 2" trimester drug detection is feasible. Previous investigations of 2nd
trimester drug detection in meconium relied on early-gestation postmortem meconium
collection? and animal models.23 Our study is a clinical study based on medication
prescription to show 2" trimester drug exposures can be detected in meconium collected
from neonates after birth.
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LPV meconium concentrations were the highest ARV concentrations observed (Table 1),
and LPV was the most commonly detected 2"9 trimester ARV exposure. LPV is highly
protein bound and demonstrates low (0.2-3.3%) placental transfer;2> however, as P-
glycoprotein expression and plasma protein binding decrease during pregnancy, increased
drug transfer may occur.16: 26 |n addition, national guidelines recommend 2" and 3'd
trimester LPV doses should increase 1.5-fold.1” 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.

Greater gestational ages correlated to higher drug concentrations in meconium. 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 missed detection of 3" trimester
exposure in samples with significantly earlier gestational ages and lower birth weight
supports these findings.

This research validated disposition of ARV treatments during L&D into meconium.
Clinically, these data suggest cautious interpretation of drugs found in meconium when
commonly given during L&D. In all 3 administrations of AZT during L&D AZT only
samples, meconium AZT was detected, although the concentration range was large. These
results verify 1994 findings with meperidine detection in meconium with administration
during L&D.15 Detection of L&D administered drugs may be explained by rapid meconium
drug incorporation immediately prior to birth,12 decreased placental drug efflux late in
gestation,16 or neonatal urine contamination in diapers. AZT-glucuronide was detected in 2
of these 3 samples; metabolites may have resulted from maternal or neonatal metabolism.

Thirty-three (5.5%) meconium specimens from AZT-exposed infants were negative for AZT
(Table V). Most occurred in infants with no 3" trimester exposure. The large concentration
ranges (with some concentrations near LOQs) for AZT and AZT-glucuronide in meconium
from infants with 3™ trimester, L&D, and neonatal AZT administration, could explain the
negative results found with less exposure. These AZT meconium results indicate possible
rapid meconium incorporation when the fetus/infant experienced only L&D or neonatal
administration; this rapid incorporation may be determined by additional maternal/neonatal
factors, such as genetic polymorphisms, and dose timing and duration.

AZT-glucuronide concentrations were investigated as a possible means to increase detection
of AZT; however, our results indicate AZT-glucuronide was always detected with AZT.
AZT-glucuronide/AZT in meconium were commonly >1, indicating possible fetal AZT-
glucuronide formation or placental transfer of maternal AZT-glucuronide and neonatal
uptake of the phase 2 metabolite. Placental transfer of AZT was previously shown to be
highl” 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.2”: 28 These data suggest
maternal AZT-glucuronide is effectively transferred across the placenta as previously
reported for other glucuronides.?%: 30 Fetal glucuronidation capacity is generally limited, but
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increases during a neonate’s first 3 months are log-linear until adult levels are achieved.3!
Small amounts of fetal metabolism may have contributed to the substantial fetal AZT-
glucuronide concentrations, as observed in fetal baboon AZT administration studies.2’: 22
Contrasting poor fetal glucuronidation ability, intestinal deglucuronidation with beta-
glucuronidase is higher during fetal and neonatal periods compared with early childhood.32

Thus,

AZT-glucuronide/AZT concentration in meconium may be the result of placental

transfer, fetal AZT-glucuronide formation, and intestinal cleavage of maternal AZT-
glucuronide. No metabolites of ARV were detected without the parent compounds,
suggesting parent drug quantification may be sufficient to detect these intrauterine ARV
exposures.
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Figure.
Antiretroviral (ARV) drug detection in meconium following any 3 trimester or only 2"d

trimester maternal ARV prescription. Numbers above bars indicate total meconium
specimens with 3" or 2" trimester exposure. 2" 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; TRV, tenofovir; FTC, emtricitabine; ABC, abacavir; d4T, stavudine.
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Meconium antiretroviral (ARV) detection frequency among 107 infants and proportion of missed detection of
3" trimester prescribed ARVs

Meconium  Number of infants with 3/ Missed ARV meconium

ARV trimester exposure detection (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)

aSQV, 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.
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Table 3

Second trimester@ antiretroviral (ARV) exposure detected in meconium from 6 infants

1duasnuen Joyiny

25.71 weeks)C

weeks)

Infant Maternal Lopinavir Maternal LPV Infant Meconium
(LPV) prescription start prescription end gestational LPV, ng/g
age (GA)
147 days before delivery (GA:15 57 days before delivery (GA: 27.9 252 days (36.0 weeks) 2401
weeks) weeks)
142 days before delivery (GA: 91 days before delivery (GA: 25.6 270 days (38.6 weeks) 177
18.29 weeks) weeks)
138 days before delivery (GA: 92 days before delivery (GA: 25.9 273 days (39.0 weeks) 29
19.29 weeks) weeks)
Maternal TDFP prescription Maternal TDF prescription end Infant GA Meconium Tenofovir
start (TFV), ng/g
253 days before delivery (GA: 0 65 days before delivery (GA: 26.9 253 days (36.1 weeks) 135
weeks) weeks)
159 days before delivery (GA: 75 days before delivery (GA: 27.3 266 days (38.0 weeks) 22
15.29 weeks) weeks)
Maternal Efavirenz (EFV) Maternal EFV prescription end Infant GA Meconium EFV, ng/g
prescription start
90 days before delivery (GA: 84 days before delivery (GA: 26.6 270 days (38.6 weeks) 356

1duosnuen Joyiny

az“d trimester defined as the gestational period of >15 and <28 weeks.
bTDF: tenofovir disproxil fumarate, a bioavailable prodrug of tenofovir (TFV)

Clnfant 6’s mother was prescribed EFV for 6 days at the end of the 2nd rimester.
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