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Preface

Prenatal exposure to drugs of abuse, now a public health concern of national
importance, has adversely affected the lives of hundreds of thousands of babies
born each year in the United States to drug-dependent mothers. The cost of
providing intensive care to drug-exposed infants can be enormous. The cost of
care and treatment of one infant couid exceed $100,000 depending on the
severity of sickness. Many wwants born to drug-abusing mothers do not remain
with the parents, and their placement outside the home excessively burdens the
resources of the Nation's foster care provider agencies. The National Institute
on Drug Abuse (NIDA) has assumed a lead role in supporting research to
identify the prenatal effects of drugs of abuse on the behavioral, intellectual,
and physical development of these infants and to determine the effects of drug
abuse on reproductive outcome in the addicted mother. Moreover, NIDA is
increasingly emphasizing research related to the prevention and treatment of
developmental anomalies, which aventually would help reduce the suffering
caused by this menace in the lives of babies, families, and society at iarge.

Methodological difficulties and the existence of confounding variables have
been impeding progress in reaching the research goais identified above.
Clearly, to deal with special problems of drug dependence, interaction and
collaboration among different disciplines need to be engendered. Interaction is
needed between those who have been studying human development for many
years and those who are experienced in dealing with the problems associated
with drug dependence. Therefore, NIDA sponsored two research technical
reviews that focused on the experimental design issues inherent in research
into the effects of prenatal exposure to drugs of abuse. The purpose of the
technicai reviews was to bring together panels of eminent researchers to
consider how meaningful data can be best obtained and how to identify the
kinds of research questions that can be addressed competently, given the
current technological limitations.

This monograph presents the proceedings of the first NIDA technical review
related to the conduct of controlled studies on the effects of prenatal exposure
to drugs of abuse. Held June 8-9, 1990, at the Richmond Marriott in Richmaond,
VA, the technical review was cosponsored by the National Institute of Child




Hsealth and Human Development. The following NIDA staff members
participated in its planning and served as associate editors of this monograph:
M. Marlyne Kilbey, Ph.D., Cochair (Dr. Kilbey served as Science Adviser to the
Director of NIDA during catendar year 1989); Khursheed Asghar, Ph.D.,
Cochair; Nora Chiang, Ph.D.; Lynda Erinoff, Ph.D.; Coryl L. Jones, Ph.D.; John
W. Spencer, Ph.D.; Pushpa V. Thadani, Ph.D.; and Cora Lee Wetherington,
Ph.D.

We wish to express our appreciation of substantial advice and input provided in
the planning of the technical review by the following NICHD staff members:
Linda Wright, M.D.; Danuta Krotoski, Ph.D.; and Marian Willinger, Ph.D.

The second technical review, related to epidemiological, prevention, and
treatment rasearch on the effects of prenatal drug exposure on women and
their children, was held July 25-26, 1980, at the Sheraton Inner Harbor Hotel in
Baltimore, MD. The proceedings of this technical review are scheduled for
publication in another NIDA monograph.
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Drug Exposure to the Fetus—The
Effect of Smoking

Betty R. Kuhnert
INTRODUCTION

Drugs are commonly abused in today’s society. Often, they are abused by
young women—frequently, the same young women who have unplanned
pregnancies. Assessing the extent of exposure of the fetus to drugs of abuse
and determining the effects of prenatal drugs on infant outcome are extremely
difficult. The ideal study for obtaining this information would require knowledge
of how much of a drug or drugs the mother took during pregnancy in order to
correlate the exact amount of fetal drug exposure to neonatal outcome
measures. This chapter presents general issues involved in assessing fetal
drug exposure anc reviews recent work on fetal exposure to tobacco smoke.

ASSESSING FETAL DRUG EXPOSURE

The first issue in an ideal study for assessing fetal drug exposure concerns
measuring drug exposure. What is measured? Simply measuring the amount
of drug ingested is not always enough because metabolites of some drugs also
may cause adverse effects on the fetus. For example, meperidine (a narcotic
analgesic) has an active metabolite, normeperidine, which actually causes more
respiratory depression than the parent compound (Miller and Anderson 1954;
Golub et al. 1988). Thus, in this case, both the parent compound and the active
metabolite should be measured. Marijuana, for example, contains hundreds of
ingredients and produces hundreds of metabolites (Szeto, this volume).

Rapidly metabolized drugs are another issue. Such drugs as 2-chioroprocaine,
a local anesthetic, are rapidly metabolized primaiily by plasma esterases,
probably plasma cholinesterases. In vitro, the half-life of this drug is measured
in seconds (O'Brien et al. 1979). Cocaine is predominately metabolized by
hepatic enzymes but is also partially metabolized by these esterases. The
cocaine half-life in humans is usually less than 1 hour (Kloss at al. 1984;
Stewart et al. 1979; Inaba et al. 1978; Jatiow et al. 1979). When the drug is




unstable in the plasma, appropriate amounts ¢f enzyme inhibitor must be added
to the blood sample at the time of collection. In the case where the half-life of
the drug is very short, a stable metabolite is usually measured (O'Brien et al.
1979; Kuhnert et al. 1980). Benzoylecgonine, a major metabolite of cocaine, is
usually measured for the indication of cocaine exposure (Stewart et al. 1979;
Inaba et al. 1978), and it has baen described in one infant’s urine for a period of
several days (Chasnoff et al. 1986).

Measuring the drugs is often a probism because of the expense and the
problems with detaction limits if some time has elapsed since the drug was
taken. Analytical methodologies can range from inexpensive immunoassay
techniques, for example, using radioimmunoassay (RIA) or enzyme
immunoassay (such as EMIT) for rapid screening, to sophisticated, time-
consuming but more specific and sansitive gas chromategraphy/mass
spectrometry for confirmation of nanogram or picogram levals of drugs. Other
commonly usad assay methods include thin-layer chromatography (T LC), gas-
liquid chromatography (GLC), and high-performance liquid chromatography
(HPLC).

~ The next issue to consider is what sarnple should be measured. Ideally,

maternal blood samples and perhaps amniotic fluid sampies should be
measured during pregnancy. At birth, cord blood tells only what drug is present
at that moment, not what is in the infant's tissues (Kuhnert et al. 1979).
Neonatal urine can give a better indication of tissue levels, but only if the
collection bags can be kept on and the skin stays intact long enough to get
more than spot samples (Kuhnert et al. 1978). The rapid disappearance and
then fluctuation of phencyclidine in neonatal urire has been documented in this
way (Kuhnert et al. 1984). Maternal bicod or urine taken at delivery also can be
very informative (Kuhnert et al. 1984). Finally, an adhesive transcutaneous
collection system that accumulates substances migratinc from the blood to the
skin was recently reported for use in preterm infants (Murphy et al. 1990).
However, none of these samples will yield positive results unless drug exposure
has been recent.

Accordingly, other noninvasive techniques for identifying past drug exposure
have been suggested. Meconium from infants of drug-depsndent mcihers may
test positive for drug metabolites, despite nagative neonatal urine samples
(Ostrea et al. 1988). Drug metabolites are thought to accumulate in meconium
throughout gestation by direct deposition from bile, inges*ion of metabolites in
amniotic fluid, or both (Ostrea et al. 1989). Alternatively, benzoyiecgonine has
been reported in neonatal hair (Graham et al. 1989). Thus, hair analysis also
may identify intrauterine exposure to drugs when maternal history is unclear or
samplas of body fluids test negative. However, at present, there are no




generally accepted or standardized procedures for hair analysis for drugs of
abuse, and laboratory analysis of hair is both laborious and tedious (Bailey
1989).

The final issue is how to measure neonatal neurobehavioral outcome after drug
exposure. This remains controversial because many clinicians feel that the
classical Brazelton exam (Brazelton 1973) is too time consuming and the data
analysis reauired is too sophisticated if all of the confounding variables and
pharmacologic variables are considered (Kuhnert et al. 1985).

The following review illustrates how some of the various methodologic issues
can be dealt with in a study of the effect of smoking during pregnancy on
neonatal outcomse.

EFFECT OF SMOKING ON NEONATAL OUTCOME
Background

It is well known that smoking during pregnancy is harmful (Surgeon General's
Report 1979; Abel 1980). The effects range from lesions in the placenta to
abnormal behavior in the offspring (Kuhnert and Kuhnert 1985). The most
common sign of fetal tobacco syndrome is decreased birth weight (Nieburg

et al. 1985). But why cigarette smoking causes decreased birth weight,
particularly in older parturients, is not clear (Cnattingius et al. 1985; Wen et al.
1990). Carbon monoxide and nicotine are obviously harmful components of
cigarette smoke that may be related to decreased birth weight. Carbon
monoxide binds to hemoglobin to form carboxyhemoglobin and cause fetal
hypoxia, and nicotine causes a gamut of effects related to cholinergic agonists
and catecholamine release.

But there are other components of cigarette smoke, including lead (Cogbil! and
Hobbs 1957), cadmium (Cd) (Lewis et al. 1972), and thiocyanate (SCN)
(Pettigrew and Fell 1972), that may harm the fetus. Both lead and SCN can
cause decreased birth weight. In addition, it has been suggested that cadmium
may share responsibility for the decreased birth weight of infants of smokers
(Webster 1978; Longo 1980). Smoking is the major source of cadmium in
nonpolluted areas.

The adverse effects of cadmium come from its similarity in structure to zinc (Zn)
and its ability to substitute for zinc in zinc-dependent enzymes, including alcohol
dehydrogenasa. The inhibition of this enzyme by cadmium from cigarette

smoke may partially explain the reported potentiation of smoking on the effects
of alcohol use during pregnancy (Fried and Makin 1987; Gusella and Fried




1984). However, studies in humans (Roels et al. 1978; Lauwerys et al. 1978)
and animals (Parizek 1965; Levin and Miiler 1980) have shown that very little
cadmium actuaily crosses the placenta. Cadmium actually accumulates in the
placenta and appears to be trapped there (Kuhnert et al. 1982; Van Hattum and
de Voogt 1981; Miller and Gardner 1981).

Hypothesis

Animai studies had suggested the possibility of a cadmium-zinc interaction
because low doses of cadmium resulted in growth retardation and
malformations that were very similar to the same patterns seen in experimental
zinc deficiency (Apgar 1985). It was thought that cadmium would induce the
formation of binding proteins in the placenta that might also trap zinc. Support
for this hypothesis came from the fact that many of the adverse effects of
smoking during pregnancy are also found in mothers who are zinc-daficient
during pregnancy (Jameson 1976; Lazebnik et al. 1988).

Methods

Testing the hypothaesis in humans that smoking during pregnancy resuits in

a cadmium-zinc interaction that may lead to zinc deficiency necessitated
reliable quantification of the exposure to cigarette smoke. Fetal cadmium
levels could not be used as an index of exposure because cadmium doas not
cross the placenta in proportion to the amount of smoking (Kuhnert et al. 1982).
Thiocyanate, with its long half-life, has been shown to be a marker that
correlates well with the number of cigarettes the mother smokes (Pettigrew et
al. 1977; Bottoms et al. 1982). Furthermore, fetal SCN correlates well with
maternal SCN (Bottoms et al. 1982).

The outcome measures included piacental zinc, maternal and fetal measures of
zinc status, placental cadmium and maternal whole blood cadmium, and birth
weight (Kuhnert et al. 1987a). These variables had to be measured in the
mother to eliminate any effects attributable to maternal zinc status. All elements
were measured by sensitive atomic absorption spectrophotometry techniques.

The Cadmium-Zinc Interaction

Maternal indices turned out to be similar between smoking and nonsmoking
groups (Kuhnert et al. 1987a, 1988a). This was particularly true for activity of
maternal alkaline phosphatase (a zinc-dependent enzyme) and levels of zinc in
plasma and red blood cells (RBCs). Thus, smoking did not appear to affect
maternal zinc status.




As shown in figure 1, maternal whole blood cadmium was 65 percent higher;
placental cadmium was 45 percent higher; and placental zinc was 10 percent
higher in smokers (Kuhnert et al. 1987a). Al three fetal indices of zinc status
were significantly lower in the smoking group (figure 2) (Kuhnert et al. 1988a).
The finding that cord blood RBC zinc was 9 percent lower in infants of smokers
was in agreement with the hypothesis that smoking causes accumulated
placental cadmium that traps zinc and results in a zinc-deficient fetus.
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FIGURE 1. Effect of smoking on whole blood cadmium, placental cadmium,
and placental zinc

SOURCE: Kuhnert at al. 1987a, copyright 1987, Mosby-Year Book
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The relationship between several indices of maternal and fetal zinc status also
was disrupted by smoking. The only significant correlation between maternal
and fetal indices of zinc status in nonsmokers was the weak positive
relationship between maternal and fetal RBC zinc (r=0.25); but, in smokers,
there was a weak negative correlation between maternal plasma zinc and cord



vein plasma zinc (r=-0.20). This finding again suggests that maternal zinc
stores are not as readily available to the fetus of the mother who smokes during
pregnancy.

The clinical outcome measure was birth weight. As expected, there were
significant differences in the means between the groups of smokers and
nonsmokers (Kuhnert et al. 1987a, 1988a). Infants of smokers were almost
400 g (1 Ib) lighter at birth. Cord vein RBC zinc {CVRBCZn) and the ratio of
placental zinc to placentel cadmium (Zn/Cd ratio) were positively related to birth
weight in the smoking group. The correlations were r=0.30, p<0.05, and r=0.31,
p<0.05, respectively. In contrast, maternal cadmium and SCN were negatively
related to birth weight, but only in smokers (r=-0.35, p<0.05 and r=-0.33,
p<0.05, respectively) (Kuhnert et a!. 1987a, 1987b, 1988a). Furthermore, there
was a significant negative correlation batween maternal plasma zinc and birth
weight in smokers (r=-0.28). The only significant correlation in the nonsmoking
group was a correlation between cord vein RBC zinc and birth weight {r=0.30)
(Kuhnert et al. 1988a). These data support the hypothesis that zinc is trapped

in the placenta and that maternal zinc is therefore unavailable for fetal growth in
smokers.

The relationship between cord vein RBC zinc and birth weight is more obvious
when the whole range of birth weigtits in both groups together is considered
(figure 3) (Kuhnert et al. 1988a). However, when this relationship is broken
down by smoking status, an alteration in smokers is obvious (figure 4). Infants
of nonsmokers always have higher cord vein RBC zinc levsls for a given mean
birth weight, suggesting that the infants of smokers may be marginally zinc
deficient. That this is related to smoking is evident from the close relationship
between SCN, the index of smoking exposure, and fetal cord vein RBC zinc
(figure 5).

Maternal Age 'and Smoking

If the hypothesis of an interaction between zinc and cadmium were correct, one
would expect that placental zinc would correlate with placental cadmium,
especiallv since the Zn/Cd ratio correlated with birth weight. However, the
findings were not so clear cut. A correlation was found but only in multiparous
patients (r=0.41, p<0.01) (Kuhnert et al., in press). Why? The answer is related
to a similar unanswered question: Why are older pregnant smokers more at
risk for impaired fetal growth (Cnattingnius et al. 1985; Waen et al. 1990)?

Multiparous patients have been reported to be possibly deficient in some
essential trace elements, such as chromium (Hambidge and Rodgerson 19689),
but zinc stores were believed to be replenished after delivery (Rodriguez de la
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Nuez et al. 1981). However, when the various indices of zinc status were
examined in relation to age or narity, placental zinc levels decreased with
increased parity (figure 6) (Kuhnert et al. 1988b), and alkaline phosphatase
activity also decreased with age (r=-0.26, p<0.05). These resuits are consistent
with the depletion of body zinc stores with increasing parity and age.

On the other hand, placental cadmium increases with age and parity but only in
smokers (figure 7) (Kuhnert et al. 1988b). These results are consistent with the
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FIGURE 6. Effect of smoking and parity on placental zinc (mean=SEM)

NOTE: For ciarity, only half of the standard error bars are shown. Black
line=smokers; dashed line=nonsmokers.

SOURCE: Kuhnert et al. 1988b, copyright 1988, reprinted with permission from
the American College of Obstetricians and Gynecologists

10-year half-fife of Cd in the body (Telisman et al. 1986). The results also agree
with information from autopsy tissues from smokers (Summer et al. 1986).

The relationship of the Zn/Cd ratio in the placenta with age and smoking status
is shown in figure 8. It is obvious that smokers always have lower ratios than
nonsmokers and that the ratio decreases with age. The Zn/Cd ratio was
previously shown to be related to birth weight (Kuhnert et al. 1987b). Thus, the
decrease in zinc with parity or age and the increase with cadmium in smokers
(i.e., the Zn/Cd rativ) provides a partial explanation for the finding that oider
parturients are at higher risk for impaired fetal growth. It also attests to the
toxicity of cadmium.
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CONCLUSION

it is well known that smoking results in smaller infants, but the mechanism has
been unclear, particularly in older woman. Choosing the appropriate indicator
of exposure to cigarette smoke and accurately measuring the appropriate
outcome variables in the right samples with sensitive techniques has made it
possible to suggest that infants of smokers are smaller because they may be
marginally zinc-deficient. It also can be suggested that older parturients are at
increased risk of bearing infants with decreased birth weight due to an altered
placental zinc-to-cadmium ratio. Similar research strategies and methodologies
could be used to measure the effects of exposure to other drugs of abuse
during pregnancy.
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Pharmacokinetic Correiates of Fetal
Drug Exposure
C. Lindsay DeVane

INTRODUCTION

Essentially all drugs taksn by a pregnant woman reach her fetus. The
consequences of fetal drug exposura may be inconsequential, disastrous, or, In
most cases, unknown. Pharmacokinetic studies attempt to quantitate the
degres of fetal drug exposure. Factors that determine the degree of fetal drug
exposure include matsrnal absorption, distributior:, and elimination; bidirectional
placental transfer; placental disposition; and fetal distribution and elimination. A
major determinant of fetal relative to maternal drug exposure is * 4 lipid
solubility of the drug or chemical of interest. Most xenobiotics possess sufficient
lipid solubility so that the placenta does not limit drug transfer to the fetus, and
fetal exposure bacomss limited only by blood flow. Ironically, the neonatal
period may be associated with slower elimination of fetally received drugs
because of the abrupt cessation of maternal contributions to drug elimination at
the time of birth.

The accurate measurement of fetal exposure to a maternally administered drug
is crucial to establishing the relationship between maternal drug use and fetal
sffects. This is a major objective of pharmacokinstic studies, along with
assessing the risk of potential fetal harm from xenobiotic exposure. In addition,
an important aim of pharmacokinetic studies is to predict drug exposure of the
fetus given a specific maternal exposure. This is important not only in
establishing thresholds that are associated with hazardous effects on the fetus
from maternal drug ingestion, but also in developing guidelines to treat the fetus
pharmacologically with appropriate maternally administered drug-dosage
regimens as medical science extends treatment to the preterm fetus (Cagnazzo
and D'Addario 1989).

With the advent of methodology for the specific and sensitive measurement of
plasma drug concentrations during the 1960s and 1870s, there has been an
increased emphasis on pharmacokinetic studies of placental drug transfer (Nau
and Scott 1987). This chapter reviews problems and design considerations




inherent in conducting pharmacoekinetic studies of fetal drug exposure and
potential methods for minimizing these obstacles in the analysis of data. The
focus is on neither animal nor human studies exclusively, but on general
principles irvolved in all studies of fetal drug exposure.

PROBLEMS IN PLACENTAL TRANSFER STUDIES
Factors Contributing to Intersubject Variabillty

The list below enumerates the potential factors contributing to intersubject
variation in fetal drug exposure. The degree of variability is often large, both
between and within individuals. Although it is generally assumed that variability
in pharmacologicalftoxicological response is the result of pharmacokinetics, it is
reasonable to assume that the pharmacodynamic response also may vary.
Much less is known about this source of variability in the toxicological response

to maternally administered drugs than about the sources of pharmacokinetic
variability.

» Matarnal factors

— Overall state of health

— Cardiovascular, renal, hepatic, and endocrine function
— Acid-base balance

— Concentration of plasma drug-binding proteins

— Presence or absence of plasma drug-binding displacers
— Gestational age

Fetal factors

— Gestational age

— Serum/plasma drug-bindir.g proteins
— Hepatic and renal development

Other factors

— Input rate of drug and size of dose
— Functional state of placenta

The dyramic physiological status of the mother and fetus during pregnancy
results in changes in numerous plasma constituents, including the major
drug-binding proteins (Hytten and Chamberlain 1980). These changes directly
affect fetal drug exposure. Both albumin and alpha-1-acid glycoprotein
concentrations become reduced during the course of pregnancy. This effect




implles that highly protein-bound acidic and basic drugs may have an increased
free fraction or concentration. The mean change of albumin from the third
month of gestation to the ninth In 27 women was from 4415 g/L to 3245 g/L
(Haram et al. 1983). Alpha-1-acid glycoprotein changed from 0.7210.21 to
0.50+24 g/L during pregnancy. The widely held assumption that only unbound
drug is able 10 pass the placenta predicts that a diffusion equilibrium can be
expected to exist at steady-state between free drug concentration in maternal
plasma and fetal plasma. Reduced maternal binding as a result of either the
presence of binding displacers or reduced binding proteins would allow more
free drug to pass the placenta. Inaddition, if drug binding is greater on the fetal
side when equilibrium of free drug across the placenta is established, then totai
drug concentration would be greater in the fetal plasma, even though the free
concentration should be equivalent to that of the maternal side. This reasoning
is consistent with several observations of high-plasma diazepam and N-
desmethyldiazepam concentration in maternal and fetal plasma (Gamble et al.
1977; Hamar and Levy 1980; Kuhnz and Nau 1983).

Collection of Data at Appropriate Intervals

Human studies of fetal drug exposure are limited by ethical and practical
considerations. Generally, the data of many pharmacokinetic studies in
humans has provided descriptive information involving determinations of
maternial and fetal drug exposure at only a single time point. Ethical
considerations prohibit sampling from humans during pregnancy, except in a
few circumstances where the benefits of drug exposure are judged to outweigh
the risks of maternal drug administration. Often, pharmacokinetic studies
consist of data from a limited number of sample times for the determination of
when and how much of the drug is transferred to the fetus. Several researchers
have emphasized the inability to draw valid conclusions about the extent of fetal
drug exposure when samples are limited. For this reason, in vivo animal
models have become a major research tool. Depending on whether the fetal
drug plasma concentration is below, equal to, or greater than maternal piasma
drug concentration at the time of sampling, the conclusion reached that
placental transfer is either minimal or extensive could be very misleading. As
illustrated in figure 1, the concentration of cocaine in the fetal lamb exceeds that
in the pregnant ewe for approximately 4 minutes following an intravenous (V)
maternal cocaine dose (DeVane et al., in press). A single sample taken before
or after 4 minutes would suggest opposite conclusions about the degree of
placental passage of cocaine. Therefore, the area under the concentration-time
curve (AUC) has been used as a better index for drug exposure after a single
dose. It is important in the assessment of placental transfer to collect an
adequate number of samples to better define the extent of drug exposure.
Obviously, the ability to estimate pharmacokinetic parameters improves as the
number of data points increases.
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FIGURE 1. Plasma concentration vs. time course of cocaine in a ewe and its
fatus following a 2 mg/kg IV bolus dose to the ewe

SOURCE: Data taken from DeVane et al., in press

In many studies, the time of sampling may occur rand< iy, either by necessity
or by temporary convenience. The number of observations may vary widely
between individuals. Also, depending on the drug or chemical of interest, the
emphasis may shift from single-dose situations to steady-state conditions. In
figure 2, the plasma concentrations of imipramine (IM!) (50 mg/day oral
administration) and its three major pharmacologically active metabolites in a
pregnant woman with panic disorder can be seen to remain relatively stable
during the final 3 months of gestation (Ware and DeVane 1230). Cord plasma
at delivery contained all four drugs, but in lower concentration than in maternal
plasma. These data al3o suggest a postdelivery change in desipramine (DMI)
disposition, with increased concentration in both maternal plasma and breast
milk after delivery. Apart from documenting fetal drug exposure, only limited
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FIGURE 2.  Plasma concentrations of IMI and its three major metabolites
(DMi; 2-hydroxy-imipramire, 2-OH-IMI; 2-hydroxy-desipramine, 2-
OH-DMI) following 50 mg/day oral administration in a pregnant
woman. Concentrations aré also shown for breast milk (BM) at
the time of delivery and from a sample of plasma obtained from
the infant’s cord blood (CP).

information from data of this type can be extrapolated to other pregnant women
receiving IMI therapy.

INTERSPECIES DIFFERENCES IN DRUG DISPOSITION

Actlve Metabolites

The assessment of fetal drug exposure is complicated by recognition that many,
if not most, drugs produce biologically active metabolites. Thus, measurement

of fetal drug exposure should include the contribution of pharmacologically
active metabolites. Figure 3 shows the maternal plasma and whole fetal
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tissue concentrations of DMI, the demathylated metabolite of the tricyclic
antidepressant IMI, following an intraperitoneal {IP) injection of 30 mg/kg IMl to
pregnant rats (DeVane and Simpkins 1985). Following an oral dose, DM is
extensively formed in humans by presystemic elimination of IMl in the liver.
Steady-state DMI concentrations usually exceed those of IMI during chronic
therapy. However, as shown in figure 2, there are exceptions to this
generalization, as plasma DM! was lower than was IMI during pregnancy. The
rapid appearance of DMI in the maternal rat plasma (figure 3) and paraliel
decline in the fetus suggest both maternal formation of DMi and elimination ‘~ith
equilibrium of drug distribution in the fetus. Even when human data are limited,

¥ combined with animatl data, insight may be gained into fetat drug exposure
during gestation.
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FIGURE 3. IMI and DMI concentrations in pregnant rat plasma (Mat. IMI; Mat.

DMI) and whole fetal tissues following IP administration of 30 mg/
kg IM!




The issue of active metabolites is further complicated by the fact that maternally
administered drugs may be biotransformed in several major sitas, including the
maternal liver, placenta, and fetal liver. Renal clearance by the fetus is also
possible. By directly infusing cocaine into the fetal lamb, DeVane and
colleagues (in press) were able to measure ecgonine methylester and
benzoylecgonine, two major metabolites of cocaine, In the fetal circulation.
Their concentrations were higher than in the maternal circulation, implying
cocaine metabolism by the fetal liver.

More rigorous experiments are needed to define the precise contribution of fetal
metabolism to the overall fetal disposition of a maternally administered drug.
Although contribution of fetal drug clearance to the overall total body clearance
{including both fetal and maternal clearance) may be negligible (Levy 1981),
fetal clearance may account for a substantial portion of the total clearance of
the drug from the fetus. Szeto and colleagues (1982) found the fetal metabolic
clearance of methadone to be 21 to 51 percent of the total clearance of
methadone from the fetal compartment. These relatively high values may not
hold for other drugs or other species. This 2.4-fold range of fetal metabolic
clearance values also reflects the role of the fetus as a source of variability in
fetal drug exposure. A fetus may eliminate a drug rapidly, causing a rapid
decrease in fetal drug concentrations in some instances. Nevertheless, this
situation could result in fetal accumulation of metabolites; and, if these are not
rapidly transferred to the maternal circulation and excreted, considerable
teratogenicity could follow. Such a mechanism has been speculated to underlie
the teratogenetic effects of thalidomide (Juchau 1989).

The role of the placenta in drug disposition has been reviewed by Juchau
(1976). The in vitro-isolated perfused placenta has been used to assess the
extent of biotransformation of drugs by the human placenta.

Quantitative Differences in Metabolic Pathways

Comparison of different species is useful in assessing fetal drug exposure.
Figure 4 includes data obtained from severai investigations on the elimination
of cocaine, normalized for administered dose, in the pregnant rat (DeVane et al.
1989), dog (Kanter et al., submitted for publication), and pregnant sheep
(DeVane et al., in press). Comparison also is made with cocaine
concentrations calculated from pharmacokinetic parameters in humans, as
reported by Chow and coworkers (1985). Some differences can be appreciated
in the rate of cocaine’s elimination from plasma among these species. In
pregnant sheep, cocaine had a mean haif-life of 5.0 minutes in the ewe and 4.3
minutes in the fetal lamb. Khan and coworkers (1987) attributed the rapid
clearance of cocaine in the sheep (mean half-life of 12.9 minutes) to pulmonary
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FIGURE 4. Cocaine disposition in different species. Plasma concentrations
are shown for the pregnant rat (DeVane et al. 1989), dog
(Kanter et al., submitted for publication), pregnant ewe (DeVane
et al., in press), and human (Chow et al. 1985). The curve for
humans is calculated from mean pharmacokinetic parameters.
Concentrations have been normalized to a 3 mg/kg dose. Route
of administration was IP in rat and 1V in all other species.

clearance not occurring in other species (half-life in humans of 48 minutes).
Although the ovine maternal-fetal model has been useful for studying several
drugs (Szeto 1982), the clearance patiiways of cocaine in this species may
make it less suitable for studying fetal drug exposure of this particular drug of
abuse.

DeVane and colleagues (1989) found in rodent studies that the AUC for
norcocaine was only 3.1 percent of that of cocaine in maternal plasma;
however, norcocaine was preserit in substantial concentration in whole fetal
tissues compared with maternal plasma. The tissue concentration vs. time
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curves of norcocaine in the fetal rat compared with those in maternal plasma
can be seen in figure 5. Thus, the near absence of a metabolite in the maternal
plasma cannot be taken as evidence of a lack of fetal metabolite exposure.

In contrast to the rodent data, DeVane and coworkers (in press) have been
unable to quantitate norcocaine in pregnant sheep using a high performance
liquid chromatography assay with a sensitivity of 1 ng/mL and cocaine doses up
to 4 mg/kg. However, norcocaine has been found in the urine of cocaine-
exposed infants (Chasnoff and Lewis 1988), suggesting that this metabolite is
potentially important in humans. Norcocaine has been found to have some of
the pharmacologic activity of cocaine (Hawks et al. 1975). Thus, interspecies
differences in drug disposition may be important considerations, both
quantitatively and qualitatively, in assessing the consequences of fetal drug
exposure.
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FIGURE 5. Time course of norcocaine concentrations in maternal plasma and
fetal tissues of the fetal rat following a 30 mg/kg IP dose




EXPERIMENTAL REQUIREMENTS
Basic Considerations In Study Design

The fetal-drug-exposure problem is complicated by an uncertain knowledge of
how to best express fetal exposure and to compare exposure between drugs
and species. The area under the plasma or tissue concentration vs. time curve
is widely believed to be an accurate representation of fetal exposure. DeVane
and colleagues (1991) found that the same mg/kg dose of phenobarbital and
phenytoin administered to rats resulted in an identical ratio of AUC in fetus to
AUC in maternal plasma (AUC-F/AUC-M) of 0.77. This finding suggests that
the rat fetus received an identical proportional exposure relative to the maternal
plasma concentration of either of these drugs. Howsever, phenytoin has more
teratogenic potential than does phenobarbital when used as an anticonvulsant
by pregnant women. Thus, in terms of pharmacodynamic and toxicologic
implications, the free drug concentration should be considersd rather than the
total drug in plasma (plasma protein bound plus fres).

In the commonly used two-compartment pharmacokinetic model, where the
fetus has minimai ability to eliminate drugs, at steady-state the fetal plasma
concentration should be equal to the maternal plasma concentration when
referenced to free, nonprotein bound drug. Such models, discusssd in more
detail below, also consider the maternal and fetal compartments to exist with
homogeneous drug distribution. However, this is a simplification, as neither
the fetus nor the mother behave as a homogeneous compartment. Table 1
shows AUC valuss found for various feta! tissues for different drugs
administered to pregnant Sprague-Dawley rats at a dose of 30 mg/kg. The
fetal drug distribution is both uneven and inconsistent between drugs. It
therefore appears that maternal and fetal tissue concentrations are dictated by
binding to tissue components. As suggested by differences in teratogenic
potsntial among drugs, most of this binding is probably nonspecific and
pharmacodynamically irrevelant. Nevertheless, the degree of fetal drug
exposure can be predicted by physiochamical properties of drugs. In figure 6,
the relationship between the AUC of the whole rat fetus to the AUC in the dam
strongly correlates with the logarithm of the octanol-water partition cosfficient of
the administered drug (Leo et al. 1971). Several researchers have found
positive relationships between lipid solubility and biological activity (Kubinyi
1979; Manners et al. 1988).

As mentioned above, phenytoin and phenobarbital had the same relative fetal
exposure referenced to total maternal plasma concentration, although the
partition coefficient for phenytoin is greater. By taking literature values for free
drug concentration, the inset in figure 6 shows a much stronger relationship
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TABLE 1. Fetal rat tissue exposure to various drugs*

Tissue
Drug

Administered Whole Fetus Placenta Fetal Liver Fetal Brain

IMI 14.9 53.3 32.9 33.5
(7.5) (26.9) (16.6) (16.9)

Phenytoin 57.7 74.6 0.2 67.6
(0.8) (1.0) (1.2) (0.9)
Phenobarbital 586.0 659.0 495.0 390.0
(0.8) (0.9) (0.6) (0.5)

12.9 141.0 135.0 23.8
(2.5) (27.0) (26.0) (4.5)

130.6 98.3 81.3 5.6
3.3) (25.1) (20.7) (1.4)

*Values are AUC in mcg/mL hr following a dose of 30 mg/kg {P. AUC ratios to
maternal plasma appear in parentheses.

between fetal exposure when referenced to free plasma concentration in the
dam. In many cases, fetal drug exposure referenced to free drug concentration
will be unity, and differences between total (free and bound) drug in AUC ratios
may have little significance (Levy 1981). If this reasoning is correct, then future
studies should consider free drug concentraticn in maternai plasma as a
primary determinant of fetal drug exposure.

Idealized Data for Parameter Estimation

Ideally, the extent of fetal drug exposure given a maternal drug dose should be
known. Assessment of differences between single exposure and steady-state
conditions would be desirable, as would some evaluation of linearity. The
relative contribution of fetal clearance to maternal clearance should be
determined, as well as the separate contributions of fetal liver, renal, and
placenta processes. in addition, it would be desirable to know how
perturbations in the mother affect fetal drug exposure. These would include
changes in maternal serum constituents and other physiological changes that
normally occur during pregnancy (Hytten and Chamberlain 1980; Notarianni
1990) that affect the relative risk of fetal exposure at different times of
pregnancy.
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Mif).

Uttimately, fetal drug exposure must be related to pharmacological effects. In
doing so, effect-concentration pairs of data shouid be collected under
circumstances in which concentrations are both rising and falling in the maternal
organism, at steady-state. Because of the variability in fetal drug exposure,
sample size in animal studies needs to be adequate to define the extent of
variability. It should be ensured that sampling does not alter either the
pharmacokinetics or the pharmacodynamics of the drug. Al! active metabolites
should be measured. When appropriate in pharmacodynamu¢ studies, the
effect of placebo should be determined. Route of administration can be

o)




important for some drugs. Finally, factors contributing to intersubject variability
should be assessed.

METHODS FOR ANALYSIS OF PHARMACOKINETIC DATA

Descriptive Approach

The most common approach to analysis of pharmacokinetic data is descriptive,
including a history of maternal drug exposure, any pharmacokinetic data that
may be available (such as plasma or urine drug/metabolite concentrations), and
any pharmacodynamic observations. This type cf report is illustrated by the IMI
data described above (figure 2) (Ware and DeVane 1930).

Compartmental Models

Compartmental modeling is the classical approach to pharmacokinetic analysis
of data. Figure 7 is a compartmental model proposed by Krauer and colleagues
{1980). A compartment consists of tissues that can be treated kinetically as a
homogenous unit. Generally, there is no physiological counterpart, as all
models are an approximation of biological systems. However, a model need
not be any more complex than required to serve the scientist's function and
purpose.

Compartmental modeling fits exponential functions to a drug concentration time
curve. Tissues are lumped together and the body represented as one or more
large compartments, generally termed a central, or shallow, compartment and
peripheral, or deep, compartment(s). Following drug administration, rapid
equilibrium is reached between the tissues of central compartment and the
biood, while slow equilibrium is reached between tissues of the peripheral
compartment(s) and the biood.

The simplest maternal-fetal compartmental mode! would consist of a maternal
and a fetal unit. Consistent with observations that the human fetal liver can
metabolize varicus xenobiotics (Pacifici et al. 1987), elimination could occur
from both the maternal and the fetal compartments. An intercompartmental
clearance or rate constant describes the transfer of drug across the placenta.
Maternal and fetal plasma concentration versus time data are necessary to
derive estimates of all parameters of this model. Following separate constant
rate 1V infusions to the mother and fetus, both the maternal and the fetal
steady-state free drug concentrations are measured. Experimantal data for
several narcotic agonists have been obtained using this approach by Szeto and
colleagues (1982).
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FIGURE 7. Maternal-fetal compartmental pharmacokinetic model consisting
of a maternal central and peripheral compartment and a placental
and fetal compartment. Rate constants (kii) describe transfer
betwesn compartments or absorption into the central
compartment (ka).

Several disadvantages of compartment modeling are apparent. This empirical
approach does not describe a pnysiological system with large tissue-to-tissue
concentration differences as shown in table 1. Such models may be
inadequate if the drug has a specific target organ. Compartmental models do
not permit extrapolation from species to species. The volume of distribution and
transfer rate constants are based on mathematics rather than on actual
anatomy and physiology.

The assumption of comparimental mcdels of kinetic homogeneity does not
mean that drug concentrations in all tissues of compartments are equal but,
instead, that any changse in plasma concentration reflects a change in the
central compartment. Peripheral compartinents are hybrids of several
physiological units. Tissues rnay be in the peripheral or ceritral compartment,
depending on distribution properties of the drug. Drug elimination is assumed
to be first order, as are drug transfers between compartments. Whether a
distribution phase is apparent after rapid maternal drug administration depends
on the frequency with which blood samples are taken. The two or three
compartmant models often fail, especially when several species are scaled, to
account for metabolites, or the administration of other drugs.




Physlological Mcdeis

In contrast to compartmental models, physiological models incorporate blood
flow, perfusicn, organ size, and anatomical arrangement of all relevant organs.
Figure 8 illustrates the basic concept of a physiological model incorporating a
placental and fetal compartment. Literature values for organ size and blood
flow can be incorporated with observed concentration data to fit the data to
equations. These models (Gabrielsson and Paazlow 1983; Gabriselsson and
Larsson 1887) have successfully predicted fetal exposure to maternally
administered morphine and salicylic acid in the rat.

Physiological pharmacokinetic models are far better than compartmental
modsls to identify sources of variability and to predict how such variability is
expressed in terms of fetal drug exposure. Obviously, the amount of data
necessary for physiological modeling far exceeds that for compartmental
modeling. Nevertheless, the use of physiologically based models represents
progress in developing insight into the sources of variability that affect placental
drug transfer and fetal drug exposure. However, once sources of variablity are
identified, the problem remains of assessing their significance in regard to
overall fetal health.

Combined Pharmacokinetic-Fharmacodynamic Models

The lack of pharmacologic response data in most pharmacokinstic studies of
placental transfer greatly limits the ability to utilize pharmacokinetic data. The
combined kinetic-effect models (Holford and Sheiner 1982; Schwartz et al.
1989) offer very attractive approaches for relating pharmacokinetic data on fetal
drug exposure with pharmacodynamic events. Theorstically, this approach is
capable of relating a concentration at an “effect” site with pharmacological
effects, but it has not yet been applied to studies of fetal drug exposure.

METHODS FOR MINIMIZING PROBLEMS IN PHARMACOKINETIC STUDIES

Obtalning Sufficlent Data

Pharmacokinetic studies must be designed to obtain sufficient data to
characterize the maternal and fetal drug exposure. When only a few data
points are obtainad, the estimates of kinetic paramsters (half-life, clearancs,
AUC) will be unreliable.

Obtaining serial blood or plasma samples is difficult or impossible in small
laboratory animals. For this reason, much information on placental transfer has
been obtained using the pregnant ewe (Szeto 1982). This preparation allows
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cannulation of fetal blood vessels in crder to serially coliect simuitaneous

blood samples from the fetus and the mother during transfer experiments.

In addition, the fetal lamb is not sacrificed and can be used in repeated
experiments, providing the additional advantage of being able to use a fetus as
its own control. This is a suitable model for application of the combined
pharmacokinetic-pharmacodynamic approach discussed above.




Extrapolating Pharmacokinetics Across Specles

Drug disposition across species has been estimated frequently using body
weight {Mordenti 1986; Owens et al. 1987) after the relationships first described
by Adolph (1949). The studies of Boxenbaum (1982) and Dedrick and Bischoii
(1980) are notable for incorporating a time variable, maximum lifespan
potentiai, along with the physiological pharmacokinetic approach in relating the
clearance and protein binding of several drugs among different species. With
the increasing reports of values for fetal drug clearancs, it may be possible to
use this approach to predict fetal drug exposure.
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Discussion: Methodological Issues in
Controlled Studies on Effects of
Prenatal Drugs

Hazel H. Szeto
INTRODUCTION

The primary concern in the use of both licit and illicit drugs during pregnancy is
the adverse effects that these drugs may produce on the developing fetus.
Over the past 10 years, there has been a dramatic increase in clinical and basic
research on the impact of substance abuse on the fetus. These investigations
have progressed from simply determining if a certain drug “crosses the
placental barrier” and the adverse effects seen in the neonate to highly
sophisticated studies determining the mechanisms of drug action on the fetus.
Kuhnert and DeVane (this volume) aliude to the fact that the placenta does not
serve as a barrier to exclude drugs from the fetus. This is particularly true for
drugs that are readily distributed to the central nervous system, as are the drugs
of abuse.

Kuhnert (this volume) proposes to correlate the extent of fetal drug exposure to
neonatal outcome measures. However, the extent of fetal drug exposure in the
human can be rather difficult to ascertain. Some of the difficulties have béen
outlined by Kuhnert. Although the presence of drug or metabolites in cord
blood, amniotic fiuid, or neonatal urine may indicate that the fetus has been
exposed to the drug at some time prior to sample collection, it does not reveal
the frequency of drug use nor the overall extent of fetal drug exposure
throughout gestation. The quantitation of drug or metabolites in meconium or
neonatal hair would certainly help in determining drug exposure for drugs that
are eliminated rapidly, but it does not provide any quantitative measure of the
extent of fetal drug exposure throughout gestation. Thus, even given adequate
analytical methods, the interpretation of such drug levels is still very limited.

The choice of compound to quantitate is also a problem, particularly for

exposure to either nicotine or marijuana smoke. Both these substances contain
a large number of ingredients besides the main pharmacological ingredient.
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More than 60 cannabinoids have been identified in marijuana smoke, and it is
not known which o6f these is(are) the pharmacologically relevant compound(s).
To date, there has not been a good example of a correlation between the extent
of fetal drug exposure and neonatal outcome in the clinical setting as most of
the reports have attempted to correlate only the extent of reported drug use and
neonatal outcome.

DeVane (this volume) also addresses the need to relate fetal drug exposure

to pharmacodynamic effects. Furthermors, it was suggested that an
understanding of the pharmacokinetics of a drug in the maternal-fetal unit may
nelp in the interpretation of single time-point drug levels in the clinical setting. It
is quite obvious that detailed pharmacokinstics studies can only be obtained
using suitable animal models. DeVane points out the problems in interpreting
data from different species. Despite these difficulties, pharmacokinetics studies
in animal models have contributed significantly to the understanding of
maternal-fetal drug disposition. Some of the more important findings are
highlighted in this chapter. '

MECHANISMS OF DRUG ACTION ON THE FETUS

First, the potential mechanisms by which maternal drug use may affect fetal
development must be addressed. Kuhnert and DeVane already have pointed
out that a drug may exert direct action on the fetus via placental drug transfer.
In this case, it can be assumed that the magnitude of adverse effect shouid be
a function of the extent of fetal drug exposure. However, a drug also may
adversely affect the fetus by indirect action on placental function, including
possible effects on placental perfusion and the diffusion of oxygen and nutrients
across the placental membranes (e.g., the well-known effects of cocaine on
maternal hemodynamics and uterine vascular resistance). Intravenous
administration of cocaine to maternal sheep produced dose-dependent
increases in maternal blood pressure and heart rate, decreases in uterine blood
flow, and fetal hypoxemia, tachycardia, and hypertension (Woods et al. 1987).
While the fetal tachycardia and hypertension are largely due to placental
transfer of cocaine and a direct action on the fetus, the hypoxemia was
secondary to the reduction in uterine blood flow. This was confirmed by direct
administration of cocaine to the fetus. Cocaine is thought to act on uterine
blood vessels by blocking reuptake of norepinephrine, thereby potentiating the
vasoconstrictive actions of norepinephrine. In this case, the magnitude of fetal
hypoxemia would be more a function of maternal drug levels than of fetal drug
levels; the reduction in uterine perfusion may reduce the distribution of cocaine
to the fetus, as its distribution is most likely flow-dependent.




A similar situation has been demonstrated in studies of the effects of tobacco
and marijuana smoking. Intravenous administration of nicotine to maternal
sheep increased fetal blood pressurs, decreased fetal heart rate and fetal pO,,
and suppressed fetal breathing movements (Manning et al. 1978). On the other
hand, direct administration of nicotine to the fetus induced a burst of fetal
breathing movements, no change in blood gases, and an increase in blood
pressure and heart rate. These findings suggest that the suppression of fetal
breathing movements following maternally administered nicotine was most likely
due to fetal hypoxemia as a result of uterine vasoconstriction.

introduction of marijuana smoke to pregnant sheep caused significant
reductions in maternal respiratory rate and arterial pO, (Clapp et al. 1986). This
maternal hypoxemia resulted in a significant reduction in fetal oxygen tension,
which remained depressed even after maternal pO, values had returned to
control levels. The prolonged reduction in fetal pO, suggests that either
placental gas transfer or fetal oxygen consumption also was affected by
marijuana smoke inhalation. Therefore, although the extent of fetal drug
exposure is important, fetal development also may be affected indirectly by the
drug's action on placental function.

NEW FINDINGS ON MATERNAL-FETAL PHARMACOKINETICS OF DRUG
ABUSE

Some important findings have come from maternal-fetal pharmacokinetics
studies. First, it has been clearly demonstrated that all drugs studied to date
are distributed to the fetus with relative ease, although there are some
ditferences in their rate and extent of transfer. Ethanol is distributed very rapidly
between the mother and fetus, and maternal and fetal concentrations are
virtually superimposable up to 14 hours after 1-hour infusion of ethanol to the
mother (Brien et al. 1985). The placental transfer of most opioid drugs also was
found to be very rapid, with peak fetal blood levels occurring in less than 10
minutes (Szeto et al. 1978, 1981, Golub et al. 1986). The placental transfer of
cocaine also has been shown to be very rapid (Woods 1888). On the other
hand, the placentai transfer of tetrahydrocannabinol (THC) following marijuana
smoke inhalation was found to be much slower, with peak fetal levels not seen
until 1.5 to 2 hours after smoke exposure (Abrams et al. 1985). The reason for
this apparently slow distribution of such an extremely lipid soluble compound is
not known, but it may be because of the extensive binding of THC to maternal
plasma proteins.

Another major finding from these pharmacokinetics studies is that the placenta

plays the major role in drug elimination from the fetus. For ali drugs that have
been studied, the elimination half-life in the fetus is identical to that in the
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mother, suggesting that elimination of these drugs from the fetus is largely
dictated by maternal elimination characteristics. This is in contrast to the old
idea that the fetus may act as a “sink” for drugs because of inadequate drug-
elimination capacity. The immature drug-elimination system Is only a problem
upon removal of the placenta, such as at the time of birth. This has been very
elegantly demonstrated for ethanol, where the decline in ethano! coricentration
in the sheep fetus has been shown to be similar to that in maternal plasma but
is much slower in the newborn (Cumming et al. 1984).

Not only have recent studies revealed that the fetus does not act as a sink for
drugs, but also most studies have found that fetat plasma drug levels tend to be
significantly lower than maternal plasma levels, even at steady state after
continuous drug infusion (Szeto 1982). Pharmacokinetics modeling suggests
that this lack of equilibrium between mother and fetus can be explained only by
the presence of fetal drug elimination (Szeto at al. 1982a). Although early in
vitro metabolism studies in fetal rats indicated that the fetus has negligible
capacity to eliminate drugs, recent functional studies in the fetal lamb have
revealed varying degrees of renal and hepatic drug elimination {Szeto et al.
1879, 1980; Olsen et al. 1988). Drugs that are excreted renally can be found in
amniotic fluid (Szeto et al. 1979). There is even evidence that metabolites of
fetal origin such as morphine-3-glucuronide may accumulate in fetal plasma
because of their polar nature (Olsen et al. 1988). -
Pharmacokinetics studies have clearly helped in understanding the factors that
determine the extent of fetal drug exposure. However, these findings also raise
furttier quastions, some of which are addressed below.

QUESTIONS FOR FUTURE INVESTIGATION

1. Does the extent of fetal drug exposure change as a function of gestational
age? Pharmacokinetics modeling suggested that the extent of fetal drug
exposure depends on both placental and fetal clearance of the drug (Szeto
1982). For the same drug, placental clearance may be affected by
changes in plasma protein binding and placental perfusion. Gestational
age-dependent changes in plasma protein binding have been
demonstrated in both maternal and fetal plasma. For instance, it was found
that the extent of methadorie binding in fetal plasma increases with
gestational age (Szeto et al. 1982b). Fetal binding was initially much lower
than maternal binding, but it increased significantly in the last 2 weeks of
gestation, reaching the level of maternal binding by the time of birth. How
would this affect drug distribution between the maternal and fetal
compartments throughout gestation? Placental perfusion also can change
throughout pregnancy. How would these changes affect the extent of fetal
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drug exposure? Would the effects depend on the degree of plasma protein
binding of the drug and on whether the distribution is flow- or diffusion-
limited? Although there has been much speculaticn on these issues, there
have not been any systematic studies addressing these points.

Furthermore, the extent of fetal drug exposure can be expected to change
with progressive maturation of fetal drug-elimination systems. The
contribution of fetal drug clearance to the overall clearance of methadone
from the fetal compartment has been found to increase throughout the third
trimester until 2 weeks prior to birth, while it remained constant for
morphine prior to birth (Szeto et al. 1882c). However, there has been no
longitudinal study of the extent of fetal exposure to any of the drugs of
abuse throughout pregnancy, and there have been no attempts to correlate
extent of fetal drug exposure to fetal drug-elimination capacity. This is
clearly an area that deserves more attention.

Although studies to date have clearly demonstrated the important role that
the placenta plays in the elimination of drugs from the fetal compartment,
what are the consequences of polar metabolites that are generated by the
fetus? The fetal-maternal clearance of these polar metabolites can be
expected to be rather restricted. Morphine-3-glucuronide has been shown
to accumulate in fetal plasma following morphine administration to the
mother (Olsen et al. 1988); and there is some evidence that this metabolite
may be pharmacologically active. Another interesting case may be the
comparison of the extent of fetal drug exposure to heroin vs. methadone.
Heroin is hydrolyzed rapidly in plasma to 6-monoacetylmorphine and
morphine. Szeto and colleagues (1982¢c) showed that the extent of fetal
exposure to methadone is threefold higher than that to morphine because
of the lower placental clearance of morphine from mother to fetus dus to its
relative lower lipophilicity. When heroin is administered to the mother, it
can be expected to be rapidly distributed to the fetus because of its lipid
solubility. Once in the fetal compartment, it may be rapidly hydrolyzed to 6-
monoacetylmorphine and morphine. Because of the relatively low placental
clearance of morphine, it may be expected to accumulate in the fetus.
Thus, the extent of fetal opiate exposure may be higher for heroin than for
methadone. This hypothesis needs to be tested.

What is the fate of drug or metabolites excreted into amniotic fluid? Will the
dynamics be different for lipid-soluble vs. polar compounds? Many
investigators have suggested that drugs in amniotic fluid are swallowed by
the fetus and undergo enterohepatic recirculation. The dynamics of this
potential pathway have not been investigated. Previous data suggest that
for lipid-soluble compounds, the majority of the drug is distributed back into
the maternal circulation via diffusion /across the amnion (Szeto et al. 1978).
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But what about polar metabolites such as morphine-3-glucuronide? How
much of this can be absorbed from the gastrointestinal tract in the fetus,
and is there any 8-glucuronidase activity? Although drug levels can be
readily determined in amniotic fiuid samples obtained in humans during
amniocentesis, they can only be interpreted if there is a clear
understanding of the dynamics of drugs in this fluid compartment.

Some rather sophisticated compartmental modsls have been proposed for
the maternal-placental-fetal unit. Other researchers have even included the
amniotic fluid as a separate compartment. The number of unknown kinetic
constants and compartment volumes far exceeds the information that can
be obtained experimentally. To date, only a simple two-compartment
mode! {with mother and fetus each being treated as a nomogenous
compartment) has been solved (Szeto et al. 1982a). New experimental
approaches would be necessary to make these more complicated models
worthwhile. Can it be done? What additional information would they
provide? And would the efforts be worth it?

The physiological modeling presented by DeVane (this volume) obviously
has many advantages because it does not assume that the mother and
fetus are homogenous compartments. However, the disadvantages are
that the blood flows tc the various organs must be determined in the same
species, and it must be assumed that the drug that is being studied does
not change any of t'.e flow parameters. This may be rather difficult
because many of the drugs of abuse tend to alter uterine-placental
perfusion. Furthermore, such a model would have to be further modified to
include drug elimination from the fetus and umbilical blood flows. As it
stands, this model puts heavy emphasis on the maternal side only,
disregarding the complexity of the fetal side. However, such modsls would
be extremely useful in predicting the effects of blood-flow changes on the
extent of fetal drug exposure.

Finally, Kuhnert and DeVane have indicated that the goal is to correlate the
extent of fetal drug exposure with pharmacodynamic responses in the
fetus. To date, there has been only one example where a clear correlation
between maternal-fetal pharmacokinetics and magnitude of fetal response
has beert demonstrated. Pharmacokinetics studies in the pregnant ewe
have shown that the extent of fetal exposure to methadone is threefold
higher than with morphine (Szeto et al. 1982¢). It has now been
demonstrated that the magnitude of neurobehavioral effects in the fetal
lamb is also three times greater following maternal methadone
administration compared with morphine administration {(Umans and Szeto




1983). It would be important to obtain more experimental evidence such as
this to document a clear dose-response relationship in the fetus.

A final point concerns the development of tolerance upon chronic exposure to
many of the drugs of abuse. Tolerance has been demonsirated to develop
rapidly in the fetus with constant-rate administration of morphine to the mother
(Szeto et al. 1988). In such instances, any relationship between dose and
response would be expected to fall apart. Furthermore, intermittent drug
exposure aiso may result in intermittent withdrawal between doses (Umans and
Szeto 1985) and may have a detrimental impact on fetal development and
pregnancy outcome. Thus, the total impact of maternal drug abuse may be
very complicated and not solely dependent on the extent of fetal drug exposure.
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Selected Methodologic Issues in
investigations of Prenatal Effects of
Cocaine: Lessons From the Past

Barry Zuckerman
INTRODUCTION

The perinatal cocaine epidemic has emerged rapidly. inthe most systematic
study to date on cocaine use during pregnancy, 18 percent of women receiving
prenatal care at Boston City Hospital used cocaine at least once during
pregnancy (Zuckerman et al. 1989a). Less systematic surveys at other
hospitals, mostly in urban settings, demonstrate somewhat lower rates.
However, because urine assessments conducted at delivery fail to identify
many women who used cocaine earlier in pregnancy, these rates may
somewhat underestimate the use of cocaine during pregnancy.

Pregnancies of women who use cocaine are at risk not only because of cocaine
use but because of poor nutrition; sexually transmitted diseases; use of
cigarettes, marijuana, alcohol, and other illicit drugs; and lack of prenatal care.
Understandably, as preliminary investigations indicate, infants born to mothers
who use cocaine have a high likelihood of low birth weight, microcephaly,
prematurity, neurobehavioral dysfunction, and rare but catastrophic events such
as cerebral vascular accidents, necrotizing enterocolitis, malformations, and
abruptio placentae. The association between cocaine and these ouicomes has
biologic plausibility because of the known pharmacologic actions of cocaine.
However, with few exceptions, these early studies have significant
methodologic flaws that prevent meaningful conclusions regarding the
independent effect of cocaine use during pregnancy.

Information based on good science is needed to make sound clinical, public
health, and public policy decisions. Professicnals and the media also have an
important responsibility to ensure the dissemination of accurate information. A
recent review of abstracts submitted for presentation at the annual msaeting of
the Society for Pediatric Research (Koren et al. 1989) showed that it was much
more likely that a paper on cocaine use during pregnancy would be accepted
for presentation if there were positive findings between cocaine exposure and
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adverse outcomes compared to a paper reporting negative findings. In the
media, cocaine-exposed babies are depicted as “addicted” when in fact a
withdrawal syndrome has not been documented. Untoward consequences of
this misinformation include a national adoption agency declaring that cocaine-
exposed infants are not adoptabie. Clinical decisions are also adversely
effected. Early reports from a convenience sample of infants of cocaine-using
mothers suggest an extraordinarily high rate (15 percent) of sudden infant death
syndrome (SIDS) (Chasnoff et al. 1989). If this report were accurate, cocaine-
exposed infants would need to be maintained on home monitors. Resulting
increased maternal anxiety might lead in turn to self-medication with drugs and
difficulty in attachment. However, this report was not supported by the only
systematic investigation of prenatal cocaine exposure and SIDS, which showed
no increase in SIDS (Bauchner et al. 1988).

Scientific standards for investigations are well known and are not reviewed
extensively here. This chapter identifies selected methodologic issues that
have plagued investigations of the impact of prenatal use of drugs. These
methodologic problems are the iack or incomplete control of potentially
confounding variables, reliance on self-report in identifying drug users, and
use of biased samples. The importance of identifying intervening variables,
especially protective factors that influence outcome, also is emphasized.

LESSONS LEARNED FROM PRENATAL ALCOHOL RESEARCH
Attributing Cause

The criginal description of fetal alcohol syndrome (FAS) (Jones et al. 1973) was
based on very careful descriptions of the physical characteristics of the children.
Howsever, the extent to which health habits and other characteristics of the
mothers were documented varied widely. This tendency to record the physical
characteristics of offspring more completely than maternal characteristics is also
found in many of the approximately 250 reported cases that served as a basis
for the development of criteria for FAS. Clinicians and investigators who believe
the key component to be alcohol may pay more attention to a mother's alcohol
consumption than to her other habits.

Evidence from three lines of investigation has raised questions regarding the
specificity of alcohol as causing FAS (Zuckerman and Hingson 1986). First, the
facial dysmorphology that some investigators consider to be the most striking
aspect of FAS has been demonstrated to resembie the facial appearance of
children born to mothers with phenylketonuria (Lipson et al. 1981). Children of
epileptic women who used phenytoin (Dilantin) during pregnancy also have a
similar appearance (Hill 1976). The facial appearance of FAS may not be as
distinct as originally thought. In one study, one of seven experts on FAS could
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not identify children with FAS based on pictures of their faces (Clarren et al.
1987).

Second, the similarity of appearance to infants exposed to the three agents
mentioned above is consistent with the results of studies using mice suggesting
that any teratogen exposure during the gastrulation stage of embryogenesis
can result in craniofacial, brain, and eye defects corresponding to those noted
in severe forms of FAS (Sulik 1984).

Third, factors other than alcohol have been associated with features compatible
with FAS (CFAS). Because FAS is rare, Hanson (Hanson et al. 1978)
developed criteria for classifying infants as CFAS in an attempt to identify an
association between lower levels of drinking and less extensive dysmorphology.
In the only study (Hingson et al. 1982) that attempts to identify any association
between CFAS and factors other than alcohol, 2.2 percent of 1,384 infants
examined had CFAS. When other confounding variables were controiled,
marijuana use during pregnancy, weight gain less than 5 pounds, and exposure
to x-rays increased the risk that an infant would be born with CFAS. In contrast,
there was no increased risk for women who averaged two or more drinks daily.
These three lines of investigations suggest that the dysmorphology of FAS may
reflect a common pathway of numerous agents or a combination of agents
rather than a specific teratogenic effect of a'sohol. It is possible that the initial
naming of the syndrome for its hypothesized cause may have resulted in

the neglact of important research questions; investigators may be failing to
consider the influence of maternal health or other drug use. Thus, while initial
uncontrolled observations are important, the observer should describe in detail
not only the outcome but alsc all possible factors that may have independently
or synergistically contributed to that outcome.

A similar type of problem with causal attribution now can be seen in attributing
the neurobehavioral dysfunction of cocaine-exposed infants to withdrawal
(“crack-addicted babies”). Although neurobehavioral dysfunction has been
shown to be associated with prenatal cocaine exposure (Chasnoff et al. 1985),
a withdrawal syndrome has not been demonstrated. Other possible
explanations of neurobehavioral dysfunction include acute direct toxic effect
of cocaine on the central nervous system (CNS) (Mittleman et al. 1389),
neurotransmitter (especially norepinephrine) elevations (Ward et al. 1989), cr
structural CNS damage (Dixon and Bejar 1989).

Confounding Variables
Efforts to identify and to confirm the effects of a single substance such as
cocaine are complicated because it is unusual for humans to use or to abuse

only one drug. Assessing the independent effect of any drug or health variable
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requires carefuily designed studies with samples large enough to allow
multivariate data analysis and statistical control for confounding variables.
Unless confounding variables are controlled, study findings may seither
cverestimate the magnitude of a specific substance or demonstrate a significant
association where none exists.

Two of the most frequently cited studies showing an association between small
amounts of aicohol consumption and lower birth weight did not control for
important potentially confounding variables. Little (1977) found that one ounce
of absolute alcohol (two drinks) per day consumed before pregnancy was
associated with an average decrease of 90 grams at birth weight. Drinking that
amount during months 5 to 8 of pregnancy was associated with a decrease of
160 grams at birth weight. The effects of maternal age, height, parity, cigarette
use, and gestational age and sex of the child were held constant through
regression analysis. Howsever, other potentially important variables, including
maternal illness during pregnancy, prepregnancy weight, maternal weight gain,
and marijuana use, were not examined. A more recent study (Mills et al. 1984)
demonstrates that drinking an average of one to two drinks per day reduced
infant birth weight by 83 grams. Although this study controlled many variables
and had fewer methodologic limitations than most studies, it did fail to control
for weight gain and marijuana consumption during pregnancy. The unexplored
variables in both studies may explain the small differences in birth weight.

This possibility is illustrated by data from a study conducted at Boston City
Hospital (Hingson et al. 1982). Infants whose mothers drank two or more drinks
per day weighed 220 grams less (p<.04) than infants whose mothers did not
drink alcohol during pregnancy. When confounding variables were controfled in
the statistical analysis, the birth weight difference was only 51 grams and was
not statistically significant. On the other hand, women who smoked marijuana
during pregnancy dsfivered infants who weighed 300 grams {ess than infants
of mothers who did not smoke marijuana. When confounding variables were
controlled, the weight was 105 grams less, but this difference remained
statistically significant. The role of marijuana may be critical becauss it is
frequently used by women who drink alcoho! (Zuckerman et al. 1989a; Hingson
et al. 1982). The inconsistancy of findings between alcohol consumption

and decreased birth weight compared with the consistency of findings

between cigarette smoking and lowered birth weight suggests that control for
confounding variables is one of many important methodologic problems
(2uckerman and Hingson 1986; Stein and Kline 1983; Roman et al. 1988) in
investigations of alcohol consumption during pregnancy. Many studies that
control for potentially confounding variables do not demonstrate a significant
association between two or fewer drinks per day and lower infant birth weight
{(Zuckerman et al. 1989a; Hingson et al. 1982; Marbury et al. 1983; Tennes and
Blackard 1980; Grisso et al. 1984; Kline et al. 1987).
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Determining the independent effect of cocaine is also complicated by the
tendency of cocaine users to use other drugs and practice peer health behavior.
Thus, in one study (Zuckerman et al. 1989a), while infants of mothers who had
a positive urine assay for cocaine during pregnancy were 400 grams smaller in
birth weight compared with infants of mothers who did not use cocaine, only 25
percent of the weight decrement could be attributed directly to cocaine. The
remainder was attributable to the effects of cigarettes and marijuana, other
drugs, and poor nutrition.

LESSONS FROM PRENATAL MARIJUANA RESEARCH:
THE VALIDITY OF SELF-REPORT

Studies in humans on the effect of smoking marijuana during pregnancy show
conflicting findings (Hingson et al. 1985). One possible explanation for the
inconsistency of study results is the reliance by these studies on maternal self-
report. In the absence of the ascertainment of marijuana use through a biologic
marker such as urine testing, the number of marijuana users may have been
underestimated and some users misclassified as nonusers. This could resutt in
obscuring significant associations between marijuana use and neonatal
outcomes.

Hingson and colleagues (1886) conducted an investigation to explore the
validity of self-reported marijuana use during pregnancy by randomly allocating
pregnant women into a group who were told their urine would be tested for
marijuana and another group not so tested. Women told that they would be
tested reported using more marijuana than did untested women. Moreover,
urine assays identified more women who used marijuana during pregnancy than
were willing to admit it in the interview, even after being told their urine would be
tested.

Based on this evidence, Zuckerman and coworkers (1989a) conducted an
investigation on the effect of marijuana use during pregnancy by identifying use
by both self-report and urine assay for marijuana. Of 1,226 women, 331 (27
percent) were classified as marijuana users on the basis of the interview, urine
assay, or both. After potentially confounding variables were controiled for, the
infants of women who had a positive urine assay for marijuana were found to
weigh 79 grams less at birth (p=.04) and to be .5 centimeters shorter (p=.02)
than the infants of nonusers. To determine whether this finding was
comparable with those of other investigations that did not use urine assays, the
multiple regression analyses were repeated with the use of marijuana based
solely on interview findings. Of the 202 women whose samples were positive
for marijuana, 53 denied using it. Thus, 16 percent (53 of 331) of the women
who did not report marijuana use were identified as users with the urine assay
alone. On the basis of self-report alone, these women weére misclassified as
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nonusers. When the same potentially confounding variables were controlled
for, infants of women who reported marijuana use weighed only 15 grams less
(p=.66) and were .37 centimeters shorter (p=.08) than the infants of those who
did not report use. These data support the importance of the use of biologic
markers to ascertain marijuana use and suggest that, without urine assays, the
number of marijuana users in previous studies may have been underestimated.
The misclassification of users as nonusers potentially obscures significant
relationships hetween marijuana use and fetal growth.

Zuckerman and colleagues (1989b) also have shown that women 19 years and
younger have a different rate of denial for marijuana (12 percent) compared with
cocaing (35 percent). This difference in underreporting was not seen for aduit
pregnant women (17 percent for marijuana and 20 percent for cocaine),
indicating that adolescents may have different drug-specific attitudes as well as
different perceptions of the acceptability of reporting drugs. Thus, studies may
have different rates of underreporting because of varying proportions of young
women in the study.

LESSONS FROM PRENATAL COCAINE STUDIES: PROBLEM WITH
BIASED SAMPLES

An important methodologic problem common among the published reports
regarding cocaine use during pregnancy is the use of potentially biased
samples of cocaine-using pregnant women. Some studies recruit women from
special prenatal chemical dependency programs, whereas other studies identify
cocaine-exposed infants by testing the infant's urine at birth. Testing urines at
birth may result in users (women who used during pregnancy but denisd use
anc’ had a negative urine because they did not use within 3 days of delivery)
being misclassified as nonusers. Some studies only evaluate urines of
newborns meeting certain clinical criteria, which potentially introduces an even
greater bias. Data from the Boston City Hospital study (Zuckarman et al.
1989a) provide an opportunity to explore this potential bias. Only 25 percent of
women who acknowledged cocaine use during pregnancy had a positive urine
at the time of delivery. Among women who seif-reported use, those who had a
positive urine at the time of delivery were heavier users compared with women
users who did not have a positive urine at the time of delivery (table 1). Twenty-
six percent of women with a positive postpartum urine used daily compared
with 9 percent of users who had negative urine postpartum (p<.001). To
determine whether the findings of Zuckerman and collsaguses' study (1989a) in
which urines were collected prenatally and postpartum were comparable with
investigations that depend on urines from newborns (similar to maternal
postpartum urinss), the multiple regression analysis was repeated with cocaine
exposure defined solely by positive postpartum urine assay. Women who had a
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positive urine prenatally and a negative urine postpartum were theredy
misclassified as nonusers. When the same confounding variables were
controlled, infants of women with positive postpartum urines had a 23-percent
further decrease in birth weight (from 93 grams to 115 grams) compared with
published resuits. Bias could have been introduced in both directions. Women
with positive urines postpartum are heavier users, which could result in a
greater decrease in birth weight in the postpartum cocaine-exposed group.
This potentially could be counterbalanced by a decrease in birth weight among
the nonusing cocaine group because nonusers were misclassified as users.
This could result in decreasing the difference between the cocaine-exposed
and nonexposed group. Based on the data, the net sffect shows a greater
detrimental effect in the postpartum cocaine-exposed group. Therefore, infants
who are identified at the time of birth only by pasitive urines represent the tip of
the iceberg and skew findings toward mothers who were more frequent cocaine
users and infants with lower birth weight.

TABLE 1. Comparison of frequency of cocaine use between women with
positive and negative urines postpartum (among seif-reported
cocaine users)

Less ThanOnce 1to3Times ¢to2Times Gto6 Times
Urines a Month (%) a Month (%) & Week (%) a Week (%) Daily (%)

Negative 44 17 20 10 9
(n=128)

Positive 32 20 26
(n=35)

p<.0001

It is important to note that even in the Boston City Hospital study, a significant
association was demonstrated only between women who had a positive urine
assay for cocaine and impaired fetal growth and smaller head circumference.
There was no significant association among women who reported use but had a
negative urine assay. These women were less frequent users. Also, had the
cocaine users been combined regardiess of means of identification, a significant
association would not have been found between cocaine use during pregnancy
and poor fetal growth or smaller head circumference when confounding
variables are controlled.




Important biases also may be introduced in investigations of women
participating in special prenatal chemical-dependency programs. Women in
such programs may be different in the amount, type, chronicity, and variety of
drugs used; amount of prenatal care; use of Special Supplemsntal Food
Program for Women, Infants, and Children; and presence of other risk factors
compared with women who were not in such programs.

An example of a bias introduced from this type of convenience sample is initial
early reports of a 15-percent rate of SIDS among children born to known
cocaine-using mothers (Chasnoff et al. 1987). Data from the Boston City
Hospital study obtained from a general prenatal clinic population showed there
was no significant difference in the prevalence of infants with SIDS between
mothers who used cocaine during pregnancy compared with infants from the
same population whose mothers did not use cocaine (Chasnoff et al. 1989).

CONCLUSION

Initial observations of possible adverse effects of any drug used prenatally
should be followed by systematic investigations. Attention to methodologic
issues described in this chapter, other chapters in this volume, and weli-
accepted scientific standards (Feinstein 1988) will improve the accuracy of
information generated from investigations of prenatal drug use. Limitations in
study design should be identified and their implications acknowledged.
Replication of study results with different populations and different methods
further assures the validity of the findings, for all studies will have some
limitations. Good clinical care and good public health policy depend on good
information.
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Methodological Issues in Studying
Cocaine Use in Pregnancy: A Problem
of Definitions

Ira J. Chasnoff

INTRODUCTION

Rigorous clinical investigatior: is a tedious process, requiring strict attention to
methodologic details that can influence the ultimate outcome of the research.
Unfortunately, the difficulties inherent in working with any substance-abusing
population afflict the planning and implementation of most projects that hope to
evaluate the impact of maternal cocaine use on pregnancy and neonatal
outcome. In addition, the emotional, legal, and financial issues surrounding

drug use in general, and perinatal cocaine use in particular, have been reflected
in a flood of reports of drug-related effects, which, in some cases, have not
been substantiated through well-conceived, well-executed studies.

REVIEW OF HUMAN STUDIES

The earliest case report of cocaine use in pregnancy concerned two
pregnancies complicated by abruptio placentae (Acker et al. 1983). In 1885
Chasnoff and colleagues published the first clinical study of cocaine use in
pregnancy, in which outcomes of 23 infants were reported. Women were
enrolled prenatally and tracked with urine toxicologies throughout pregnancy.
One group of cocaine-using women also used opiates, and one group used
cocaing bui not opiates. A third group of women used opiates but not cocains,
2nd a fourth group of drug-tree women was identified. No differences in birth
weight, length, head circumference, or Apgar scores were found, but abruptio
placentae and marked neurctehavioral deficiencies were noted in some of the
cocaine-exposed population, and in two of these infants genitourinary tract
anomalies also were found.

A small study by Madden and coworkers (1986) of eight infants who were

identified at birth because of their mothers’ positive urine toxicologies for
cocaine concluded that there was no evidence of negative effects on the
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pregnancies or infants, but two women who also admitted to alcohol use had
small-for-gestational-age infants. No control group was used.

The outcome of 160 pregnancies in which women used cocaine were reported
by Bingol and colleagues in 1 .r The women were identified through
questioning at delivery by a genetiu counselor. Fifty mothers admitted to using
cocaine only; 110 women used multiple drugs, Including cocaine; and a third
group of 340 drug-free women were identified. A single urine toxicology on the
infant at delivery was used to confirm placement in the appropriate study or
control group. The two groups of cocaine-using women generally had an
increased incidence of abruptio placentae with stilibirths, and their live-born
infants were of lower mean birth weight and head circumference; however, only
the first group was statistically different from the drug-free group. The infants in
the cocaine-only group also displayed an increased incidence of malformations
(three with central nervous system/cranial defects and two with cardiac
anomalies).

MacGregor and colleagues (1987) reported on 70 women who were identified
as cocaine users during the early prenatal period and were followed in a
program designed to deliver comprehensive services to substance-abusing
pregnant women. Twenty-four of the women used cocaine only, 20 used
cocaine and marijuana, 22 used cocaine and opiates, and 4 used cocaine plus
various other illicit substances. Seventy women selected from the general
obstetric clinic population served as drug-free controls. These womsn were
similar in several prenatal parameters, except that the cocaine-using women
had a significantly higher rate of alcohol use. The cocaine- and cocaine/
polydrug-exposed pregnancies showed a significant decrease in gestational
age and birth weight, with a significantly higher rate of premature labor and
delivery and of small-for-gestational-age infants. Comparison of the 24
cocaine-only-exposed pregnancies with the 46 cocaine/polydrug-exposed
pragnancies demonstrated no differences between the two groups’ outcomes.

In a study from California, Oro and Dixon (1987) reported 110 neonates
identified by retrospactive interview at the time of delivery as having been
exposed to cocaine, methamphetamines, heroin, or methadone during the
pregnancy. Forty-five women served as contrcis, who were matched for

age, prenatal care, and race but not for cigarette or alcohol exposure. It was
found that the drug-exposed infants had a high incidence of prematurity and
intrauterine growth retardation and a significant decrease in gestational age,
birth weight, length, and head circumference. There was also a higher rate of
perinatal complications in the drug-using groups. Significant neurobehavioral
changes were documented in the drug-exposed groups using a drug-withdrawal
scoring system.




A series of smaller studies reported cocaine-using women ascertained

by various methods. Ryan and coworkers (1987) reported on 50 women
enrolled in a drug treatment program who were using cocaine plus heroin and
methadone and compared them with 50 women ir the Same program who were
using heroin and methadone but not cocaine and with 50 women who had no
history of drug use. Urine toxicologies were used to determine cocaine use, but
it is not clear if the drug-free controls had urines tested. The cocaine-exposed
infants demonstrated a significant decrease in birth weight, head circumference,
length, and Apgar sco:es compared with the control population.

Chouteau and colleagues (1288) identified 361 women at the time of delivery
who had had no prenatal care and divided them into two groups based on &
single urine toxicology at the time of delivery. One hundred forty-three women
had a positive urine for cocaine and 218 did not. Both groups had evidence for
a high rate of polydrug use, including alcohol and tobacco, but these factors
were not controlied for. There was no difference in the rate of abruptio
placentae between the two groups. The women with a positive urine toxicology
for cocaine, however, had a significantly higher rats ot infants born prematurely
and at a birth weight less than 2,500 grams.

Cherukuri and coworkers (1988) identified a group of crack-using women when
they enterad the hospital for delivery. Fifty-five women admitted having used
crack during the pregnancy, and they were compared with 55 women who
denied any crack use. Assignment to drug-using and control groups and
evaluation of substance use or abuse relied on recaif history, and no urine
toxicologies were performed. There was & significant decrease in gestational
age and hirth waight in the crack-identified group, and the authors concluded
that crack-exposec infants wera 3.6 times more likely to be growth retarded and
2.8 times more likely to have a hec circumfarence less than the 10th percentile
for gestational ags.

Little and colleagues (1989) aiso relied on self-report to identify 33 cocaine-
exposed pregnancigs. A group of 100 drug-free women was selected based on
self-report to serve as controls. Growth parameters of the cocains-exposed
infants wera significantly reduced, and an increased rate of malformations was
reported; however, the polydrug use paterns of the drug-using women weré not
considered in the analysis of data.

Chasnoff and coworkers (1989) evaluated 75 pregnancies, dividing them Into
two groups: The first had used cocaine only in the first trimester (n=23), and
the second had used cocaine throughout the pregnancy (n=52). Norie of the
women used opiates. A third group of drug-free controls (n=40) was identified
to serve as comparison. All three groups of women had been ascertained in the
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early prenatal period and had histories as well as urine toxicologies tracked
through the time of delivery. The drug-using women ali had baen referred for
drug abuse treatment into the hospital-based center. The infants exposed to
cocaine throughout the pregnancy had a significantly reduced gestational age
and birth welight, length, and head circumference in addition to a significantly
higher rate of intrauterine growth retardation. Infants exposed in only the first
trimester had no reduction in gestational age and had normal growth
parameters. Both groups of infants, however, demonstrated significant
impairment in orientation, motor, and state-regulation naurobehaviors.
Regression analyses to evaluate effects of secondary drug use were not
performed, although the two cocaine-using groups were similar In their use of
alcoho! and marijuana, and all three groups had similar patterns of cigarstte
use.

Zuckerman and colleagues (1989) identified 1,226 pregnant women during the
prenatal period and evaluated the impact of cocaine and/or marijuana on
pregnancy outcome. Controlling for tobacco and alcohol effects, it was found
that cocaine use in 216 women was independently associated with decreased
birth weight and head circumference. Other complications of pregnancy were
not addressed.

Burkett and coworkers (1950) reviewed obstetric cnarts for 139 women who
were identified on voluntary seif-report as cocaine users. Ninety-two percent of
the cocaine-using women used muitiple drugs in addition to the cocaine. No
control or comparison group was used, but it was concluded that the cocaine-
using women were at high risk for perinatal complications; More than 30
percerit had a sexually transmitted disease; 63.9 percent had precipitous labor;
20.5 percent had meconium-stained fluid, 36 percent had infants weighing less
than 2,500 grams; and 32 percent of the infants were small for gestational age.
Placental abruptions were not assessed.

Thus, in reviewing tha current scisntific literature on the effects of cocaine on
pregnancy and neonatal outcome, it becomes evident that many of the
methodologic difficulties revolve around a lack of precision in the definition of
maternal drug use and the variables to be studied. In addition, other
complicating factors in pregnancy have not been assessed so that their
contribution to outcome variables could be determined.

DEFINITION OF THE POPULATION
The cocaine-using population is a chaotic one, prone to abrupt changes in

lifestyle and drug use patterns. Many studies suffer at inception with the lack of
a spacific definition for the drug-using population to be evaluated. The pregnant
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woman tends to identify cocaine as the primary drug of abuse, but further
investigation reveals the use of multiple other drugs, including marijuana,
alcohol, and heroin. In addition, this polydrug use pattern may vary widely
through the tenure of the pregnancy, with binge use of cocaine accompanied by
continuous or intermittent use of the other substances. Some research
(Madden et al. 1586; Cherukuri et al. 1988; Chouteau et al. 1988; Hume et al.
1989) identified the population under study as cocaine-using women but did not
delineate other drugs used. One study (Ryan et al. 1987) labeled the women
as cocaine abusers, but in actuality, all of the women were Opiate users on
methadone maintenance who also used cocaine. Two studies (MacGregor st
al. 1987; Little et al. 1989) identified other drugs used by the cocaine-using
women in their populations but did not take these secondary drug use patterns
into account when analyzing the pregnancy outcomse data. Some studies have
used comparison groups with similar patterns of seconcary drug use (Chasnoff
ot al. 1985, 1987, 1989; Bingol et al. 1987; Oro and Dixon 1987) but did not use
statistical analyses capable of determining the relative impact of the mulitiple
drugs. The relatively smail number of subjects in these studies makes these
types of analyses difficult.

The timing of the identification of the population to be evaluated varies from one
study to the next along the prenatal and postpartum continuum. Studies by
several groups that identified women retrospectively at the time of delivery
(Cherukuri et al. 1988; Little et al. 1989; Burkett et al. 1990) relied on historical
recall by women to review drug use patterns. Other studies (Madden et al.
1986 Oro and Dixon 1987; Bingol et al. 1987; Chouteau et al. 1988) relied on a
single urine toxicology at the time of delivery to identify the “cocaine-using”
population. The lack of prospective evaluation impedes accurate ascertainment
of drug-using women, and one negative urine toxicology at the time of delivery
does not assure the arug-free status of the woman throughout the pregnancy.

Othar research (Chasnoff et al. 1985, 1987, 1989; Ryan et al. 1987; MacGregor
ot al. 1987; Frank et al. 1988; Hume et al. 1989: Zuckerrnan et al. 1989)
identified women during the prenatal period ana tracked the women’s drug use
patterns throughout the pregnancy. Thesse studies had the advantage of being
able to identify more specifically the patterns and timing of drug uss, but they
still could not accurately ascertain the amount of drug used at each instance.
This aspect has particularly impeded the establishment of dose-sffect
relationships for pregnancy complications associated with cocaine use.

The setting of the project also can affect the recruitment of study subjects and
thus the definition of the population under investigation. In some research
(Chasnoff et al. 1985, 1987, 1989, Ryan et al. 1987; MacGregor et al. 1987),
the groups studied were all women referred for drug abuse treatment services
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within a hospital-based program. Thus, these study results cannot necessarily
be eatrapolated to women who receive no prenatal care (and are therefore
probably more dysfunctional than those in treatment) or to women whose more
moderate or minimal use does not initiate referral into a substance abuse
treatment program. Zuckerman and colleagues (18889) identified women
receiving prenatal care but did not collect information regarding past or present
drug abuse treatment.

Women identified as cocaine users in a community setting will receive
interventions that vary according to the whim of the individual practitioner. Only
pregnant women who are perceived to be at greatest risk from their substance
use will be referred to clinical research programs, again affecting the definition
of the population to be studied. These issues are especially pertinent given
recent evidence that cocaine use occurs at a significant rate in the middle-class
population of women seeking care in the private health care setting (Chasnoff et
al. 1990).

DEFINITION OF THE DRUG

The drug under study, githough labeled “cocaine,” may take many forms and
may be used in different ways (inhaled, smoked, freebased, injected). The

concentration of cocaine may vary from one community to another and, in fact,
may vary within a community or over a particular timaframe, as in the 40 weeks
of pregriancy. Contaminarits with which the cocaine is processed may in
themselves have an impact on pregnancy, although no studies have addressed
this issue. Economic realities for the pregnant woman also may influence the
frequency, timing, and purity of the cocaine she uses as wall as the interim use
of other drugs.

The dose of cocaine used also can vary over a period of time for the individual.
As noted above, polydrug use patterns predominate among cocaine users, but
studies are often not designed to take this fact into account. One aspect of this
problem is that, at the national level, societal and political concerns have tended
to focus on one particular drug at a time. Research priorities are vuinerable to
these concerns, so that research proposals and articler, accepted for publication
tend to focus on that one drug rather than the spectrum of substance use

and abuse in pregnancy. This further fragments attempts to understand the
interactive and/or additive effects of multiple drugs.

DEFINITION OF THE ENVIRONMENT
In studies of cocaine use in pregnancy, the most difficult problem to overcome

is that of other variables in the maternal and fetal environments. The biologic
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outcome variables (e.g., frequency of low birth weight) may be affected by
nutritional factors, previous pregnancy history, and maternal health, to name a
faw. The frequencies of congenital malformations are known to vary according
to maternal age, race, geographic location, and matemal health. if these
confounding variables are ignored, their presence in abnormal pregnancy
outcomes may be spuriously attributed to drug use simply because these high-
risk women also were more likely to use drugs. Conversely, improper
consideration of these variables could obscure a drug effect if, for example, the
“control group” values are abnormal because of factors increasing risk.

Few of the cited studies thoroughly assessed any of these factors, although
some (Chasnoff et al. 1985, 1987, 1989; Bingol et al. 1987; Ryan et al. 1987,
MacGregor et al. 1987; Little et al. 1989; Zuckerman et al. 1988) used as
controls women from the same obstetric population as their study group to
reflect a similar socioeconomic background. Chasnoff and colleagues (1985,
1987, 1989) and Zuckerman and colleagues (1989) used weight gain during
pregnancy as a rough indicator of nutritional status, but no studies have
assessed the impact of violence on pregnancy outcome—an important aspect
of many of these women's lives.

The genetic makeup of the weman and the efficiency at which ths pregnant
woman rnay metabolize and excrete cocaine are other areas that could have a
profound influence on pregnancy and the fetus, but researchers are not even
close to understanding these issues. Differences in fetal susceptibility to drug
effocts are also of prime importance to the expression of outcome, as has been
demonstrated in studies of discordant teratogenesis found in dizygotic twins
exposed to alcohol in utsro (Christoffel and Salafsky 1975; Chasnoff 1985).
The mechanism underlying this difference in susceptibility could involve
discordance of fetal and placental vasculature (Fogel! et al. 1965), different rates
of organogenesis with resultant differences in susceptibility to teratogenesis

at different times (Lenz 1966), or different rates of drug degradation and
elimination on the part of each fetus (Seppala et al. 1971). Whatever the
mechanism, it is clear that current debates regarding “threshold” amounts of
cocaine that can affect pregnancy outcome are futile, because individual fetal
susceptibility is an important yet unpredictable factor in the outcome of the fetus
passively exposed to the drug.

DEFINITION OF APPROPRIATE COMPARISON GROUPS

The most difficult aspect of developing comparison groups is assuring that the
women selected are 