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Abstract

Background—Methamphetamine (MA) use among pregnant women is a world-wide problem,
but little is known of its impact on exposed infants.

Design—The prospective, controlled longitudinal Infant Development, Environment and
Lifestyle (IDEAL) study of prenatal MA exposure from birth to 36 months was conducted in the
US and NZ. The US cohort has 183 exposed and 196 comparison infants; the NZ cohort has 85
exposed and 95 comparison infants. Exposure was determined by self-report and meconium assay
with alcohol, marijuana, and tobacco exposures present in both groups. The NICU Neurobehavior
Scale (NNNS) was administered within 5 days of life. NNNS summary scores were analyzed for
exposure including heavy exposure and frequency of use by trimester and dose-response
relationship with the amphetamine analyte.

Results—MA Exposure was associated with poorer quality of movement, more total stress/
abstinence, physiological stress, and CNS stress with more nonoptimal reflexes in NZ but not in
the USA. Heavy MA exposure was associated with lower arousal and excitability. First trimester
MA use predicted more stress and third trimester use more lethargy and hypotonicity. Dose-
response effects were observed between amphetamine concentration in meconium and CNS stress.

Conclusion—Across cultures, prenatal MA exposure was associated with a similar
neurobehavioral pattern of under arousal, low tone, poorer quality of movement and increased
stress.

Corresponding Author: Linda L. LaGasse, Ph.D. Brown Center for the Study of Children at Risk, 101 Dudley Street, Providence, RI
02905, Phone: (401) 274-1022 ext. 8903, Fax: (401) 453-7646, Linda_Lagasse@brown.edu.

Conflict of interest statement

The authors declare there are no conflicts of interests.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

LaGasse et al.

Keywords

Page 2

Prenatal exposure; Methamphetamine; Neurodevelopment; Meconium

1. Introduction

Methamphetamine (MA) use is a world-wide public health problem with recent reports of
approximately 250 million users, exceeding to cocaine and heroin combined [4]. In the
United States (US), MA use is predominantly in the west and midwest regions, but is
steadily moving eastward [52]. Based on the 2008 National Survey on Drug use and Health
(NSDURH), the Substance Abuse and Mental Health Services Administration (SAMSHA)
reported 5% of persons aged 12 and older used MA at least once in their lifetimes. Further,
5.1% of pregnant women used illicit drugs during pregnancy [3]. In 2000, Vince Smeriglio,
Ph.D. of the National Institute on Drug Abuse (NIDA) recognized the rise in MA use was
reminiscent of the crack cocaine epidemic that occurred in the US in the 1980s. To avoid
similar unsubstantiated claims of harm to MA exposed infants as occurred with cocaine-
exposed infants [34,41,58], Dr. Smeriglio and NIDA convened a meeting for researchers in
the prenatal exposure field and clinicians who worked with MA exposed children [38]. This
meeting led to a Request for Applications (RFA) by NIDA in 2001 to conduct a longitudinal
study of MA exposed children in diverse populations and geographic locations. The RFA
required the formation of a Community Research Network that brought together experienced
researchers and clinicians in communities where MA use was prevalent. Our own Infant
Development, Environment, and Lifestyle study (IDEAL-US) was funded under this
initiative to follow a cohort of MA exposed children in lowa, Oklahoma, California, and
Hawaii. In these regions, we found 5.5% of women reporting MA use during pregnancy [7].

A similar problem occurred in NZ [1]. Based on the 2003 New Zealand Health Behaviours
Survey-Drug Use [2], amphetamines were the second most widely used recreational drug in
NZ, with approximately 6.8% of New Zealanders overall and 5.3% of females using at least
once in their lifetime. By 2008, 9.3% of New Zealanders used amphetamines and 2.5%
reported using MA [56]. While there are no national statistics available regarding MA use in
pregnant women in NZ, the National Women’s Health Services, the obstetrical unit in
Auckland Hospital and one venue of the present study, reported that 55% of referrals to the
hospital’s Alcohol Drug and Pregnancy Team (ADAPT) were using MA during pregnancy,
an increase from 10% in 2001 [57]. The increase in MA use in pregnant women in NZ was
thought to be due, in part, to the advent of “P”. P stands for “pure” and refers to 85% MA
purity in NZ as compared to the variable (20 — 90%) purity on the west coast of the US.

Due again to Dr. Smeriglio’s encouragement, we established a collaboration with Auckland,
NZ, resulting in IDEAL-NZ, which replicated the US study design from birth to 36 months.
NZ has a unique population and society that can improve our understanding particularly of
long-term effects of MA. The NZ healthcare system provides free pre- and postnatal care, as
well as, free doctor visits during early childhood. Further, NZ provides ongoing financial
support when needed. These differences suggest a more homogeneous society with less
extreme poverty and free access to healthcare. Further, NZ does not have mandatory
reporting statutes for illicit drug use during pregnancy which means that mothers may be
more likely to report their drug use and seek prenatal care because they are less likely to
have their children removed by child protection services. These cultural differences may not
impact newborn neurobehavior but could improve outcomes of MA exposed children during
childhood and beyond compared to exposed children in the US. On the other hand, the
supply of MA is thought to be of higher purity in NZ compared to the US (2002-2005
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recruitment) and, therefore, there is potential for greater neurobehavioral effects from
prenatal exposure.

MA is frequently compared to cocaine as both are sympathomimetic agents; however, MA’s
neurotoxic effects may be greater due to its longer half-life and multiple mechanisms of
action. Similar to cocaine, MA blocks the reuptake of dopamine and other catecholamines
[25], but MA also increases dopamine and norepinephrine release [54]. The mechanism of
action of MA most likely occurs by increasing the synaptic concentrations of the
neurotransmitters dopamine and norepinephrine [24]. MA may enhance synaptic
catecholamine levels by inhibiting monoamine oxidase, the enzyme responsible for the
oxidation of norepinephrine and serotonin [8]. MA like cocaine also has vasoconstrictive
effects, resulting in decreased uteroplacental blood flow and fetal hypoxia [39,50].

There is support for the neurotoxic effect of MA from pre-clinical studies. MA toxicity to
dopaminergic and sertonergic neurons was found in rodents [20,43]. In pregnant mice, MA
caused dopaminergic nerve terminal degeneration and long term motor deficits in offspring
[29]. In the rat model, neurotoxic effects of prenatal exposure to MA [5,20,43] and cocaine
[23,39,40] include both structural and functional changes to circuitry subserving functions
such as arousal, regulation and reactivity to stress. Human studies generally find subtle
neurobehavioral effects of prenatal exposure. Smith and colleagues who published the first
report of newborn neurobehavior from the IDEAL US cohort (N=74 exposed; N=92 not
exposed) found MA exposed infants were under aroused, with poorer quality of movement
and increased total stress/abstinence signs. The only other longitudinal study of
amphetamine exposure was a study by Billings and colleagues in Sweden, who also reported
drowsiness during the first few months of life [9], although there were methodological
limitations such as small sample size (N = 66), no control group and confounding with
polydrug use. The Maternal Lifestyle Study, a large study of prenatal cocaine study (N=460
exposed; N=751 not exposed) also using the same neurobehavioral measure as the IDEAL
study, reported underarousal, poorer quality of movement, regulation and reflexes, more
excitability and hypertonia in cocaine exposed infants at 1 month of age [36].

The current study is the largest to date of MA exposed infants, including the full US-IDEAL
cohort and the NZ cohort. Taken together there are 268 MA exposed and 291 not exposed
infants. Thus this study has increased power to detect subtle neurobehavioral deficits than
either study alone. Further to our knowledge, this is the first study of prenatal exposure and
behavior to examine cross-cultural generalizability of exposure effects. This study is
possible due to the common protocol in the US and NZ IDEAL studies. During the
postpartum period, the NICU Network Neurobehavioral Scale (NNNS) is administered to
neonates in both the US and NZ population. The NNNS is a standardized neurobehavioral
exam for the healthy and at-risk neonates [35] that has been used in studies of prenatal
exposure to cocaine [36,42], methamphetamine [46,48], opiates [14,30], marijuana [16] and
tobacco [32,51]. Recent evidence shows that NNNS profiles predict medical and behavioral
outcomes during childhood [37]. Summary scores are described in Table 1.

Given that the pharmacology and mechanisms of action of MA are the same in NZ and US,
we expect similar neurobehavioral effects associated with MA exposure across cohorts. But
due to differences in the purity of methamphetamine, the NZ infants could show greater
deficits than US infants. Further, exposure to heavy levels of MA is likely to show the
greater deficits than less or no MA exposure. We also examine the association between
trimester of MA use and neurobehavioral deficits as previously reported by Smith and
colleagues in a smaller sample [48]. Finally, we identify neurobehavioral differences
between the countries due in part to racial and ethnic composition, legal and health care
systems, and financial entitlements that could impact future development.
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2. Methods

The US and NZ cohorts were enrolled postpartum. In the US, recruitment also took place
postpartum at seven hospitals at four sites (Los Angeles, CA; Des Moines, IA; Tulsa, OK;
and Honolulu, HI). In NZ, recruitment took place during pregnancy based on referral from
midwives in most cases. Infants were born at three regional/local hospitals (Auckland City
Hospital, North Shore Hospital, and Waitakere Hospital). In both cohorts, all data collection
was postpartum.

In the US the study was approved by the Institutional Review Boards at all participating
sites. A NIDA Certificate of Confidentiality was obtained to assure confidentiality of
information regarding participants’ drug use, superseding mandatory reporting of illegal
substance use, but not evidence of abuse and neglect. Mothers were contacted postpartum,
and if interested and eligible, written informed consent was obtained, followed by interviews
concerning prenatal drug use with the Substance Use Inventory [17] and sociodemographic
information with the Lifestyle Interview. Complete details of recruitment are reported
elsewhere [7,17].

The NZ site first received approval for the study from the Auckland District Health Board
(DHB) and Waitemata DHB. Final approval was received through the Northern Regional
Ethics Committee, administered by the NZ Ministry of Health. As the Maori population was
included, the study required consultation with local Iwi (tribes) and Maori Health care
agencies. Approval of the project was granted from the Maori Research Committees at both
Auckland DHB and Waitemata DHB. There are no statutes for mandatory reporting of
mothers who use illegal substances during pregnancy; consequently there is very little child
removal due to prenatal substance use. Recruitment in NZ took place during pregnancy. NZ
offers universal health care and therefore, care during pregnancy and childbirth is free. Most
women receive care throughout their pregnancy, at the birth and postnatally from
independent midwives; however, some women select a midwife employed by maternity
services in regional hospitals. All potential subjects were first referred to the study by one of
these midwives during the prenatal period. Hence, the first step toward recruitment in NZ
involved informing the midwives about the study and referral procedure. Once the mother
agreed to speak with study staff they met with her to explain the study in detail and obtain
written consent to participate. When the infant was born, study staff visited the mother at the
hospital, reviewed the study protocol, and conducted the Lifestyle Interview and the
Substance Use Inventory as in the US. In both cohorts, interview questions were read to the
mother to ensure standardization. Meconium specimens were collected for analysis of drug
metabolites.

Maternal exclusion criteria were lysergic acid diethylamide, phencyclidine and/or other
hallucinogens use during the current pregnancy; age < 18 years (age of consent in the USA)
or < 17.5 years at the infant’s birth (age of consent in NZ); history of institutionalization for
retardation or emotional disorders; low cognitive functioning; overt psychotic behavior or a
documented history of psychosis; and unable to speak English (except Maori in NZ).
Exclusion criteria for children were being critically ill at birth and unlikely to survive;
multiple birth; major life threatening congenital anomaly; documented chromosomal
abnormality associated with mental or neurologic deficiency; overt TORCH infection; and/
or sibling previously enrolled in the study. There was concern that many mothers who used
MA during pregnancy also used cocaine in the US or opiates in NZ. In the US, 18 MA-using
mothers who also used cocaine were accepted in the exposed group. In NZ, 12 MA-using
mothers who also used opiates were accepted in the exposed group.
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Meconium was shipped to a central laboratory (United States Drug Testing Laboratory in
Des Plaines, IL) for analysis of the amphetamines, cocaine, cannabinoids, opiates and
nicotine metabolites. Specimens were initially screened with enzyme multiplied
immunoassays (EMIT II; Date-Behring, Cupertino, CA). If positive results were obtained,
the specific drug analyte or metabolite was confirmed by gas chromatography-mass
spectrometry (GC/MS). In the US, meconium was shipped within 2 days of collection while
in NZ, meconium specimens were frozen at —20° C and shipped every six months. In the
US, consented participants were not enrolled if there were positive results for opiates.
Mothers identified as a MA user by self-report or positive MA results and who also reported
cocaine use or had positive results for cocaine were enrolled in the exposed group. However,
cocaine use was an exclusion criterion in the comparison group. Given the long delay for
meconium results in NZ, participants were enrolled based on self-report. Opiates use by self-
report or positive meconium results was allowed in the exposed group, but not in the
comparison group. Participants with results indicating the presence of opiates (if no MA use
was reported and negative results for MA) were reassigned to a non-study group to continue
in the study as required by the Ethics Agreement, but not considered part of the IDEAL-NZ.
If positive for MA but denied use, the participant was reassigned to the exposed group; this
occurred in 8 participants in the US and 2 participants in NZ.

In both cohorts, MA exposure was defined as maternal report of MA use during the
pregnancy based on the hospital interviews or positive GC/MS confirmation of
amphetamine and/or metabolites in infant meconium. Inclusion in the comparison group
required denial of MA use during this pregnancy and a negative meconium screen for MA.

The Substance Use Inventory [17] is a detailed questionnaire of frequency and quantity of
drugs of abuse used during the three months before pregnancy and each trimester thereafter.
A calendar covering the previous year, with holidays and personal events annotated served
as the anchor for memory. A history of maternal alcohol, marijuana, and tobacco use during
the pregnancy was considered as background variables in both the exposed and comparison
groups. Targeted medical data were obtained from the mothers’ and infants’ charts. Health
Insurance Portability and Accountability Act (HIPAA) authorization was required in the US,
but not in NZ.

2.1. Participants

All exposed infants and mothers were enrolled in a longitudinal follow-up from birth to 36
month. Comparison neonates within the four US sites and NZ were matched based on race,
birth weight category (<1500 g, 1500-2500 g, >2500 g) private versus public insurance in
the US only as health insurance for prenatal care or maternity services is not required in NZ,
education (high school education completed versus not completed in the US and < 51 form
certificate achieved in NZ, which is the closest analogue to completing high school in the
US). Typically in the US, the first consented subject to match an exposed subject was
enrolled with a one to one ratio. For patterns of subject characteristics that were difficult to
match, a few comparison subjects were enrolled in advance of identification of exposed
subjects, leading to uneven group sizes. As the referral process in NZ limited the pool of
potential comparison subjects (unlike the US), the matching process was geared toward
group matching rather than one-to one matching. At this time, self-identified ethnicity does
not differ by exposure group, but the exposed group in NZ was less likely to have obtained
the 5t form certificate than the comparison group.

The NZ cohort continues to enroll subjects, while the US cohort has completed enrollment.
To date there are no infants born less than 36 weeks gestational age in NZ. To avoid

prematurity affecting one cohort and not the other, we excluded 33 US subjects (N=21 exp,
N=12 comp), who were <35 weeks gestational age. In the US cohort there are 183 subjects
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in the exposed and 196 in the comparison group, and 85 subjects in the exposed and 95 in
the comparison group in NZ. Overall, there are 268 infants with MA exposed and 291
comparison infants.

By protocol, the NNNS exam was administered within the first 5 days of life by examiners
who were masked to exposure status and trained and certified on the NNNS by gold
standard reviewers. To maintain reliability, examiners were periodically rechecked during
the course of recruitment. The NNNS provides an assessment of neurologic, behavior, and
stress/abstinence neurobehavioral function [35]. The neurologic component includes active
and passive tone, primitive reflexes, and items that reflect the integrity of the central nervous
system and maturity of the infant. The behavior component is based on items from the
Neonatal Behavior Assessment Scale (NBAS) [10], modified to be sensitive to putative drug
effects. The stress/abstinence component is a checklist of ‘yes’ or ‘no’ items organized by
organ system primarily based on the work of Finnegan [18]. The NNNS follows a relatively
invariant sequence of administration that starts with a pre-examination observation, followed
by the neurologic and behavioral components. The stress/abstinence scale is based on signs
observed throughout the examination. The NNNS items are summarized into the following
summary scores [33], as described in Table 1: habituation, attention, arousal, regulation,
handling, quality of movement, excitability, lethargy, nonoptimal reflexes, asymmetric
reflexes, hypertonicity, hypotonicity, and total stress/abstinence. Coefficient alpha was used
to evaluate the psychometric properties of the scale and ranged from 0.56 to 0.85 [36].
Consistent with the early IDEAL study of neurobehavioral outcomes [48], we included the
subscales of the total stress/abstinence summary score [33].

The actual sequence of administration and means used by the examiner to maintain an
infant’s participation in the examination are recorded. The examination was administered in
a quiet room, midway between feedings with the infant initially asleep and covered if
possible. Habituation was not analyzed as too few subjects were sleeping at the start of the
exam.

2.3. Statistical analysis

Analysis of variance (ANOVA) and Chi-square statistics were used to compare the MA and
comparison groups in each country on medical and demographic characteristics. The
neurobehavioral summary scores were tested by general linear models (GLM) for MA
exposure (exposed/comparison or heavy, some, no MA exposure), country (US/NZ), and the
interaction between exposure and country. These analyses were conducted with and without
covariates (described below). Cohen’s d effect sizes were calculated based on unadjusted
mean differences. GLM (type 111 sum of squares) calculates the sums of squares of an effect
adjusted for other effects that do not contain it (main effects) and orthogonal to any effects
that contain it (interactions). The method is invariant with respect to cell frequencies as long
as the general form of estimability remains constant, which is appropriate for an unbalanced
model with no missing cells. Consistent with published papers of MA exposure [17,48] and
cocaine exposure [36], heavy use is defined as average use of MA > 3 days per week across
pregnancy, some use is defined as MA use less < 3 days per week. Significant level of use
and interaction effects were further tested by contrast tests using the Imatrix command,
followed by step down Bonferroni correction of P values [55] to minimize type | errors
(false positives) due to multiple comparison tests. All parametric values in the tables are
reported as unadjusted means and standard deviations. All nonparametric values are reported
as absolute number and percentages.
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The association between NNNS summary scores and frequency of MA use (days per week)
during each trimester was tested by a forced entry regression analysis including country;
MA use by trimester, birth weight in 100g, average quantities of alcohol, tobacco and/or
marijuana use across pregnancy, SES, and first born. Significant interactions of country by
trimester of MA use were evaluated by separate regression analysis for each country.
Finally, correlation analyses tested the dose-response association between GC/MS
amphetamine concentrations in meconium and NNNS summary scores. The concentration
values were log transformed to normalize the distribution for analysis, but raw values (ng/g)
are shown in Figure 1. There were 48 cases in the US with concentrations available, but only
10 in NZ in part due to the delay in processing meconium. Thus, only the US data are used
in these analyses. Significance was accepted at P<0.05 in all analyses.

2.4 Standard covariate set

Variables in Tables 2 and 3 were examined for possible inclusion as covariates. Covariates
were selected based on conceptual reasons, published literature, and characteristics from
Tables 2 and 3 that differed between groups in either country if not highly correlated with
other covariates. The covariates included birth weight, socioeconomic status (SES), and 3-
level alcohol, tobacco, and marijuana use (heavy/some/no use), and first born. Education
and occupation information was collected to calculate the four-factor Hollingshead Index
which has been adapted to single parent and non-nuclear families [26,31]. The continuous
SES measure, index of social prestige, was used in analysis, but for presentation purposes,
the categorical low SES (Hollingshead V) was reported in Table 2. Levels of drug use were
based on thresholds for detecting effects that have been reported by others [15,19,27,28,36].
For alcohol, heavy use was > 0.5 oz of absolute alcohol per day (1 standard drink), averaged
across pregnancy. For tobacco, heavy use was defined as >10 cigarettes per day, averaged
across pregnancy. For marijuana, heavy use was defined as >0.5 joints per day, averaged
across pregnancy. All other uses were defined as some use. Reported quantity of standard
drinks of alcohol in NZ and US was converted to absolute alcohol based on conventions for
each country. First born was a dichotomized [yes/no] variable. SES and birth weight were
continuous variables. Summary statistics of these covariates by MA exposure are shown in
Tables 2 and 3.

In regression analyses, MA use frequency was defined as the average number of days using
MA per week during each trimester. The same covariates were used in the regression
analyses with the exception that quantities of alcohol, tobacco, and marijuana use were
continuous measures not classified into heavy, some, and no use. As each MA exposed
participant was matched with a comparison within each site, site effects in the US cohort
were not tested in this study. No partner, gestational age at first prenatal visit, monthly
income, and educational level were highly correlated with SES, and gestational age, birth
length and head circumference were highly correlated with birth weight and were not
included in the analyses.

Twenty-two assessments (N=11 [6%] exposed, N=11 [6%] comparison, range 6-14 days) in
the US and 2 assessments in NZ (N=2 [2%] exposed, range 68 days) were conducted after
5 days postpartum. Preliminary analyses showed no association with NNNS summary scores
or exposure status and these cases were maintained in the sample. We also examined the
impact of prenatal cocaine exposure in the US exposed group (N=18) and prenatal opiate
exposure in the NZ exposed group (N=12) by analyzing the effects of exposure and level of
use on NNNS summary scores including and excluding these cases. There were no changes
in results and these cases were retained in the study.
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3.1. Maternal and newborn characteristics

In both cohorts, the largest racial/ethnic group was White (Table 2). In NZ, 35% of the
cohort was Maori and 13% were from the Pacific Islands and other populations. There was
more diversity in the US cohort with 18% from the Pacific Islands, 22% Hispanic, 14%
Asian, 6% Black and 3% American Indian. As expected, no differences in self-reported
ethnicity were observed between the groups in both cohorts due to matching. Mothers in the
exposed group were lower SES, less likely to have a partner and more likely to have their
first prenatal visit during the second trimester compared to their respective comparison
groups. Also, they were older and had fewer prenatal visits in the US and were less likely to
obtain the 5t form certificate in NZ. Further, all mothers in NZ had at least some prenatal
care, while in the US, 9 (5%) mothers in the exposed group and 4 (2%) in the comparison
group had no prenatal care. In addition, we asked mothers for their monthly net income
before pregnancy. In the US, mothers in the exposed group reported less income than
mothers in the comparison group (P=0.007). In NZ, there were no income differences
between the MA exposed and comparison groups (P=0.666), which is consistent with social
policies in NZ that reduce poverty. In the US, exposed newborns were lower gestational age,
shorter with a smaller head circumference and less likely to be first born than comparison
infants. In NZ, there were no differences on newborn growth and first born status (Table 3).

3.2 Maternal drug use

In both the US and NZ, mothers in the MA exposed group used more tobacco and marijuana
than their respective comparison groups (Table 2). A similar pattern for alcohol use was
observed in the US. In NZ however, there were no differences in any or heavy use of alcohol
between the MA exposed and comparison groups, but the mothers in the exposed group had
a higher level of absolute alcohol per day than the comparison group.

Table 4 shows the frequency of MA use by self-reporters in the exposed group of both
cohorts by trimester and overall. Daily use was reported by 18% in the US and 15% in NZ in
the first trimester but only 3% in the US and 1% in NZ in the third trimester. The number of
women abstaining from MA use in the first trimester was 14% in the US and 6% in NZ
increasing to 61% and 60% respectively in the third trimester. The declining frequency of
MA use over pregnancy was similar in the US and NZ participants (F (1,256) = 1.95,
P=0.164). However, given the definition of heavy use (average >3 days per week across
pregnancy), there were more heavy users in the US than in NZ (y2=4.35, P=0.037).

3.3. Neurodevelopmental outcome on the NNNS

Analyses of exposure status by country are presented in Table 5. The unadjusted means and
standard deviations of the NNNS summary scores are shown in the table with P values for
results, unadjusted and adjusted for covariates. Relative to the comparison group, the
exposed group had poorer quality of movement (P=0.001 unadj., P=0.001 adj.; effect size
0.31), more total stress/abstinence (P=0.012 unadj., P=0.036 adj.; effect size 0.18), more
physiological stress (P=0.001 unadj., P=0.002 adj.; effect size 0.23), more CNS stress
(P=0.004 unadj., P=0.026 adj.; effect size 0.12). In unadjusted analysis, the exposed group
had more autonomic stress than the comparison groups (P=0.042; effect size 0.17).

There were four interactions between exposure and country with post hoc results of

exposure effects by country reported below. Exposed infants in NZ had more nonoptimal
reflexes than the comparison group in both unadjusted (P=0.002) and adjusted (P=0.012)
analyses with effect size 0.39, but not in the US (effect size 0.07). In unadjusted analyses
only, exposed infants in NZ had higher scores for CNS stress (P=0.004; effect size 0. 40),
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but not in the US (effect size 0.13). Other interactions were not significant by country and
not reported.

Table 5 also shows significant differences between US and NZ on 15 of 19 NNNS summary
scores (all P values < 0.05). In order to determine whether these effects were due to
averaging across the variability among the four US sites, we conducted one-way ANOVAs
for each significant country effect on NNNS by five groups (including NZ as a 51" site) with
Newman Keuls follow up tests. There were five NNNS summary scores where NZ was
significantly different (P<0.05) from the four US sites: Increased nonoptimal reflexes (NZ
0.88 versus US range 0.21-0.58), hypotonicity (NZ 0.41 versus US range 0.05-0.18), and
hypertonicity (NZ 0.17 versus US range 0-0.05), and less total stress (NZ 0.046 versus US
range 0.065-0.135) including CNS stress (NZ 0.043 versus US range 0.119-0.157).

Table 6 shows the results of heavy MA use on NNNS summary scores in the US and NZ.
The unadjusted means and standard deviations are shown in the table with P values for
unadjusted and adjusted analyses. The follow up test for significant level of use effects
examined whether heavy use was associated with greater neurobehavioral decrements over
and above some and no use. Compared to the some and no use groups, the heavy use group
had lower arousal (P=0.003, unadj., P=0.009 adj.; effect size 0.59), and less excitability
(P=0.027, unadj. only; effect size 0.46). Other level of use effects were not significant when
tested for heavy versus some and no use. Although nonoptimal reflexes showed significant
interactions of level of use by country in adjusted and unadjusted analyses, separate follow
up tests for heavy versus some and no use in NZ and US were not significant in either
country. Country effects were the same as in Table 5 and the related text, and not repeated
here or in Table 6.

Table 7 shows the results of regression analysis on the frequency of MA use by trimester
after adjusting for covariates. Across the US and NZ, first trimester use was associated with
greater total stress/abstinence ($=0.11, P=0.026) and physiological stress (5=0.16,
P=0.003). Third trimester use was related to increased lethargy ($=0.14, P=0.006) and
hypotonicity (5=0.11, P=0.032). Analysis of the significant interaction of trimester by
country (P=0.024) showed that first trimester use in NZ infants was associated with greater
CNS stress (5=0.21, P=0.016), but not in the US. Use of MA during the 3 trimesters was
not so highly correlated as to cause multicollinearity. The correlations were 0.50 between
trimesters 1 and 2, 0.27 between 15t and 3™ trimesters, and 0.51 between 2" and 3"
trimesters.

The result of testing the dose-response relationship of the GC/MS amphetamine and
neurobehavior is shown in Fig. 1. CNS stress was correlated with increasing levels of the
amphetamine analyte (N=48, r = 0.37, P<0.05). The detection window of amphetamines in
meconium is primarily the 3 trimester but can extend into the 219 trimester [21]. Consistent
with the pattern of MA use in the US section of Table 4, 93% of the cases with positive GC/
MS for amphetamines used in the 3 trimester. The range of CNS stress in this subsample is
0 to 0.42, which is the same range in the full US cohort and the NZ cohort. To identify
potential outliers in this small sample, we applied the Mahalanobis distance procedure to
detect multivariate outliers. All values were P > 0.001, indicating no multivariate outliers.
We also examined box plots and z scores to detect univariate outliers for the analyte and
CNS values separately. There was one potential outlier for CNS Stress and two for the
amphetamine analyte. After removing the 3 potential univariate outliers, the correlation
remained significant (r = 0.35, P<0.05) and the cases were retained.
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4. Discussion

Taken together, the IDEAL US and NZ cohorts comprise the only large, systematically-
controlled study of MA exposed and matched comparison children with extensive
measurement of polydrug use, environmental and maternal characteristic, as well as cultural
and racial variation that increases generalizability of findings. Hence, this study is the largest
study of prenatal MA exposure and neurobehavioral outcome in newborns. The main
outcome of this study is that there are unique effects of MA on newborn neurobehavior.
These effects are observed in two cultures after controlling for covariates including other
drug exposure. We found that MA exposure in utero was associated with neurobehavioral
patterns of poorer quality of movement and increased stress signs, in particular,
physiological and CNS stress. Heavy MA use predicted lower arousal and less excitability.
The frequency of MA use in the 15t trimester was associated with increased total stress signs
and physiological stress in particular. The frequency of MA use during the 3™ trimester was
associated with increased lethargy and hypotonicity. Analyte concentration in meconium,
primarily reflecting substantial use of MA in the third trimester, was related to CNS stress.
All trimester effects were adjusted for prenatal exposure to other drugs, SES, birth weight,
firstborn as well as the other factors—country and interaction of country by exposure.
Moreover, these effects were observed in the newborn period before postnatal
environmental factors come into play. The fact that these results were observed in both
cultures suggests that these MA effects are universal and robust.

Our findings of underarousal, low tone, poorer quality of movement but increased stress
when aroused also were reported with the NNNS in MA exposed infants with approximately
half of the final US cohort but including preterm infants[48] and in cocaine-exposed infants
1 month after birth that also included preterm infants [36]. However, there are population
differences between pregnant women who use cocaine and MA that could impact long-term
consequences. Most pregnant cocaine users are Black, poor and from inner city communities
[22]. On the other hand, most pregnant MA users are White or Hispanic, working class, and
from rural communities [52]. Moreover, the postnatal environments of MA exposed children
may involve additional exposure to MA by passive inhalation or ingestion if the drug is
manufactured in the home. Clandestine home labs also are dangerous due to toxic, volatile
chemicals involved in the manufacturing process [6]. However, the number of small
clandestine laboratories is decreasing due to constraints on purchasing precursor chemicals
in the US. Now most MA in the US is smuggled into the country through the illegal drug
trade.

There was a significant MA by country interaction on nonoptimal reflexes. MA exposure
was associated with more nonoptimal reflexes in NZ but not in the US. This could be due to
the purity of MA in NZ, which may also explain why exposure findings across countries are
mostly consistent despite a lower frequency of use in NZ than in the US. There were also
cross-cultural differences. Overall, infants in NZ showed more nonoptimal reflexes, poor
tone, but less total stress including CNS stress than infants in the US. These effects were
observed with adjustment for covariates including other drugs. There are a number of factors
that could explain these cross cultural differences that we did not study such as genetic,
reproductive and intrauterine influences. Cultural differences could also reflect
sociodemographic and health care differences between the two countries. We will continue
to monitor whether these differences represent added or decreased vulnerability to children
with MA exposure.

Poorer neurobehavioral outcomes in MA exposed newborns may represent neurotoxic
effects of the drug, either acute or long term, or transient symptoms in response to acute
discontinuation from MA. Due to the fact that approximately 60% of mothers in both
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countries stopped MA ingestion before the third trimester and remaining users reduced the
frequency of use, it is unlikely that the effects of MA exposure is due to discontinuation of
the drug, with the possible exception of CNS stress, given the dose-response relationship
with amphetamines level in meconium.

Research involving imaging provides evidence for long lasting neurotoxic effects of MA.
Positron emission tomography studies in abstinent MA users demonstrated decreased
dopamine transporters, suggesting persistent neuroxicity due to prior MA abuse [45,53].
Several imaging studies examined children with prenatal MA exposure. A study of MA
exposed children aged 3—-4 years with diffusion tensor imaging showed lower diffusion in
the frontal and parietal white matter, suggesting alterations in white matter maturation in
exposed children [13]. In the same sample with proton magnetic resonance spectroscopy,
alteration in neuronal and glial development in white matter was associated with poorer
visual motor performance [11]. Magnetic resonance imaging (MRI) was conducted in 61
children aged 5 to 15 years with prenatal MA and alcohol exposure. MA exposure was
associated with striatal volume reduction but increased volume in the cingulate and inferior
frontal gyrus compared to the alcohol and control groups. In the MA exposed group only,
caudate volume was negatively associated with 1Q scores [49]. A study of 12 MA exposed
children and 14 controls aged 3 to 16 years using magnetic resonance spectroscopy found
increased creatine in the striatum of the MA exposed group suggesting an abnormality in
energy metabolism [47]. Using MRI for brain morphometry, these children showed smaller
subcortical volumes in the putamen, globus pallidus, and hippocampus which were related
to deficits in sustained attention and verbal memory [12]. Taken together, these studies
suggest that prenatal MA exposure may have neurotoxic effect on regions of the brain
related to executive function. We review imaging studies because they are an emerging area
of research with promise for understanding the biological basis for prenatal MA exposure
effects. But these studies have small sample sizes and are not able to control for
confounding factors that could contribute to neurological and behavioral outcomes.

In this study, MA effects observed in newborns across cultures serve as a baseline for
understanding the contribution of the postnatal environment [6]. NZ and the US share a
common heritage and language with similar levels of technology. MA is illegal in both
societies. However, there are important ways in which the societal and legal policies of the
countries differ. Unlike NZ, many states in the US, including three of four IDEAL sites,
have mandatory reporting of MA use during pregnancy leading to child removal in many
cases. NZ has a free or nearly free health care system and provision of consistent need-based
financial and housing support to reduce poverty. Health care in the US is limited or not
available, particularly for the working poor, and financial resources to mothers are
frequently conditional based on time limitations and maternal compliance. In the US,
prenatal use of illicit drugs including MA is associated with poverty, less access to health
care, and loss of custody after the infant’s birth. The two IDEAL cohorts provide an
opportunity to untangle the effects of acute MA exposure from long term insults due to the
combination of vulnerable infants and low resource environments.

There are limitations to the current study. First, the sample size for the heavy MA use group
in NZ is small, which could underestimate or generate unreliable effects of heavy use
contributed by NZ to the analysis. The analyses of the level of use by country interactions
are particularly vulnerable. Second, the subtle differences between the exposure groups
versus the more robust dose-response effect observed within the MA group suggest that MA
exposed neonates are a heterogeneous group. More extensive analyses could potentially
identify more affected subgroups of infants. However, due to the low number of positive
MA results from NZ, dose-response effects could not be tested across countries. Thus these
conclusions may not generalize across cohorts. Third, as the meconium assay for MA
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biomarkers was most likely to be positive if maternal drug use continued into the third
trimester and exceeded once a week [21], prenatal drug use in the first and second trimester
is mainly by self report. However, the reported use of other drugs is consistent with national
surveillance data. Fourth, although the study involves two countries, the regions of data
collection were limited to the Auckland area in NZ and four cities and their environs in the
US. Thus, the generalizability may not extend to other ethnic or income groups. Fifth, based
on our previous work, we anticipated that MA exposure would have mostly small effects on
neurobehavior. We did not correct for the possibility of type I error in planned analyses of
the multiple NNNS outcomes. Type | error rejects the null hypothesis when correct (false
positives). The cost of minimizing type I error is to reduce the sensitivity of the analysis and
increase the risk of type Il error in which true effects are missed [44]. Our small to medium
effects are consistent with other studies and important to report to the scientific community
as well as treatment providers. On the other hand, follow up tests were corrected for multiple
comparisons as these were additional analyses of significant main and interaction effects.

In summary, we find clear evidence of the effects of MA exposure on newborn
neurobehavior across two cultures in a large, controlled prospective multisite study
supporting the generalizability of these effects. It is critical to follow these children to
determine potentially long-term effects and to tease out prenatal drug effects from the effects
of the postnatal environment.
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Fig. 1.
Correlation between NNNS CNS stress and amphetamine concentration (US N=58, P<0.05).

Neurotoxicol Teratol. Author manuscript; available in PMC 2012 January 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

wduosnue Joyiny vd-HIN

LaGasse et al.

Page 17

Table 1

Description of NNNS summary scores

Description

Habituation Response decrement to repeated auditory and visual stimuli; mean of items (3 items; range:1-9)

Attention Response to animate and inanimate auditory and visual stimuli: mean of items (7 items; range: 1-9)

Arousal Level of arousal including state and motor activity during the examination; mean of items recoded for high arousal (7
items; range: 1-9)

Regulation Capacity to organize motor activity, physiology, and state during the examination and to respond to cuddling,
consoling, and negative stimuli; mean of items recoded for good regulation (15 items; range: 1-9)

Handling Handling strategies used during attention to maintain alert state; mean number of strategies used (8 items; range: 0-1)

Quality of movement

Measure of motor control including smoothness, maturity, lack of startles and tremors; mean of items recoded for
good motor control (6 items; range: 1-9)

Excitability Measure of high levels of motor, state, and physiologic reactivity: sum of items recoded for excitable behavior (15
items; range: 0-15)
Lethargy Measure of low levels of motor, state, and physiologic reactivity: sum of items recoded for lethargic behavior (15

items; range: 0-15)

Nonoptimal reflexes

Any nonoptimal response to reflex elicitation; sum of items recoded for nonoptimal reflexes (15 items; range: 0-15)

Asymmetric. reflexes

Any asymmetric response to reflex elicitation; sum of items recoded for asymmetric response (16 items; range: 0-16)

Hypertonicity

Hypertonic response in arms, legs, or trunk or in general tone; sum of items recoded for hypertonic indicators (10
items; range: 0-10)

Hypotonicity

Hypotonic response in arms, legs, or trunk or in general tone; sum of items recoded for hypotonic indicators (10 items;
range: 0-10)

Stress/abstinence

Amount of stress and abstinence signs observed during examination; mean number of observed stress signs (50 items;
range: 0-1)
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Maternal characteristics of methamphetamine-exposed and comparison groups in US and NZ

Table 2

us

NZ

N(%) or Mean (SD)

Exposed (N=183)

Comparison (N=196)

Exposed (N=85)

Comparison (N=95)

Race/Ethnicity
White
Maori
Hawaiian/Pacific Islander
Hispanic
Asian
Black
American Indian
Indian-Pakistani

Low SES (Hollingshead V)
Monthly income
No partner
Education < high school/< 5" form
Maternal age, yr
Gest. Age at 1% prenatal visit, week
Number of prenatal visits
Prenatal tobacco use

Heavy tobacco use

# of cigarettes per day
Prenatal alcohol use

Heavy alcohol use

oz. of absolute alcohol per day
Prenatal marijuana use

Heavy marijuana use

# of joints per day

66 (36%)

35 (19%)
42 (23%)
25 (14%)
9 (5%)
6 (3%)
58 (32%) ™"
US$ 609"

100 (55%) ™"
85 (47%)

259 (5.7)""
14.8 (8.1)"
11.4 (7.4
146 (80%)™ "

56 (31%)

*

7.05 (8.26)""

Fkk
)

71 (39%
11 (6%)™ "

0.13 (0.51)™

F*kk
)

64 (35%

)**

14 (8%

*

0.10 (0.26)™™

77 (39%)

32 (16%)
43 (22%)
28 (14%)
12 (6%)
4 (3%)

24 (12%)
US$ 881
67 (34%)
77 (40%)
24.22 (5.3)
9.5 (5.6)
14.4 (5.4)
52 (26%)
15 (8%)
1.64 (4.54)
25 (13%)
0

0.01 (0.02)
7 (4%)

2 (1%)

0.01 (0.09)

51 (60%)
29 (34%)
4 (5%)

1(1%)

Fkk
)

42 (49%
NZ$ 1,877

47 (55%) "
54 (64%)*
26.8 (6.2)
16.3 (7.3)*
15.6 (6.8)

74 (87%)™
36 (42%)"
9.10 (7.76)"
51 (60%)

11 (13%)

0.35 (0.87)"
54 (64%) ™
23 (27%)™"

0.52 (1.07)"™*

43 (45%)
34 (36%)
14 (15%)

3 (3%)

1 (1%)

17 (18%)
NZ$ 1,735
22 (23%)
45 (47%)
26.0 (6.9)
13.7 (6.0)
16.9 (6.1)
52 (54%)
15 (16%)
3.55 (5.82)
50 (53%)
7 (7%)
0.09 (:22)
20 (21%)
8 (8%)

0.15 (0.54)

Fok

*
P<0.001,

*:

*
P <0.01, P <0.05
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Table 3

Newborn characteristics of methamphetamine and comparison groups in US and NZ

US (N=379) NZ (N=180)

N(%) or Mean (SD)

Exposed (N=183) Comparison (N=196) Exposed (N=85) Comparison (N=95)

Gestational age, week
Birth weight, g
Length, cm

Head circumference, cm
Apgar, 1 min, <5,%
Apgar, 5 min, <5,%
Male, %

First born, %

38.9 (L5)* 39.24 (1.4) 39.2 (1.6) 39.5 (1.3)
3278 (528) 3378 (536) 3380 (473) 3474 (527)
503 (3.2)™ 51.3(2.8) 51.1(2.2) 51.1 (2.5)
33.9 (0.6)* 34.3(1.7) 34.7 (1.7) 35.0 (1.7)
8 (4%) 2 (1%) 0 3 (3%)

0 0 0 0

98 (54%) 104 (53%) 43 (51%) 50 (53%)
43 (24%) 76 (39%)"* 36 (43%) 44, (46%)

*

*
P <0.01, P <0.05
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