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Preface

Proposition 65* requires the publication of a list of chemicals “known to the state” to
cause cancer or reproductive toxicity. The Office of Environmental Health Hazard
Assessment (OEHHA) of the California Environmental Protection Agency maintains this
list in its role as lead agency for implementing Proposition 65. The Developmental and
Reproductive Toxicant Identification Committee (DARTIC) advises and assists OEHHA,
and serves as the state’s qualified experts for determining whether a chemical has been
clearly shown to cause reproductive toxicity?.

As of January 1, 2018, the adult use of cannabis is legal under California law (Medicinal
and Adult-Use Cannabis Regulation and Safety Act3). Cannabis use during pregnancy
has been reported, and legalization may increase such use. In light of possible public
health concerns related to use during pregnancy, the Director of OEHHA, in
consultation with the Chair of the DARTIC, determined that cannabis and cannabis-
related chemicals should be reviewed for consideration for listing under Proposition 65
as causing reproductive toxicity (developmental endpoint).*

On March 15, 2019, OEHHA issued a public request for information on the
developmental toxicity of cannabis (marijuana), marijuana (cannabis) smoke, cannabis
extracts, and delta-9-tetrahydrocannabinol (A°-THC). Nine submissions were received
and considered during the development of this document. Because of the large volume
of data available, OEHHA has limited the review of the evidence to the developmental
toxicity of cannabis smoke and A°-THC. Other extracts of cannabis may be considered
at a later time.

On December 11, 2019, the DARTIC is scheduled to deliberate on the reproductive
toxicity (developmental endpoint) of cannabis (marijuana) smoke and A>-THC. OEHHA
developed this document as part of the hazard identification materials that are provided
to the DARTIC to assist it in its deliberations on whether or not cannabis (marijuana)
smoke, or A>-THC, or both, should be listed under Proposition 65. To the extent
possible, the original papers discussed in the document are provided to the DARTIC.

1 The Safe Drinking Water and Toxic Enforcement Act of 1986 (codified at California Health and Safety
Code section 5249.5 et seq.).

2 Title 27, Cal. Code of Regs., section 25305(b)(1)

3 The Medicinal and Adult-Use Cannabis Regulation and Safety Actis available at:
https://leginfo.legislature.ca.qgov/faces/codes displayexpandedbranch.xhtml?tocCode=BPC&division=10.
&title=&part=&chapter=&atrticle

4 In accordance with “Process for Prioritizing Chemicals for Consideration under Proposition 65 by the
‘State’s Qualified Experts” Available at https://oehha.ca.gov/media/downloads/proposition-
65/document/finalpriordoc.pdf
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OEHHA is holding a public comment period on this hazard identification document.
Comments on this document will be included in the hazard identification materials that
are provided to the DARTIC members prior to the meeting.
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Executive Summary

Cannabis has been used for medicinal and psychotropic purposes in some parts of the
world for thousands of years. Inhaling cannabis smoke for its psychotropic properties
became popular in western cultures in the twentieth century. Cannabis smoke is formed
when the dried flowers, leaves, stems, seeds and resins of plants in the genus
Cannabis are burned. Cannabis smoke aerosol contains thousands of organic and
inorganic chemicals, including psychoactive cannabinoids, which are unique to
Cannabis plants. A°-THC (delta-9-tetrahydrocannabinol) is understood to be the most
potent psychoactive compound present in cannabis.

Available Data

This document compiles and summarizes studies on the developmental effects of
cannabis smoke and A°-THC. Numerous epidemiology studies have explored the
potential for prenatal and early-life exposure to cannabis smoke and constituents of
cannabis to affect development. A range of experimental studies, mostly in rodents,
have also investigated the potential to cause developmental harm. Some of the studies
use emerging techniques evaluating effects at the cellular and molecular level. This
document compiles, organizes and summarizes this large body of evidence. It focuses
on cannabis smoke and A°-THC and evidence that is directly or indirectly relevant to
determining whether these substances can cause developmental toxicity. This
document aims to present the body of data to support an objective and full
consideration of the evidence.

A°-THC is one of at least 60 different “exogenous” cannabinoid compounds contained in
Cannabis plants. Our bodies naturally produce cannabinoids as part of the
endocannabinoid (EC) system. This system has many physiological roles, including
supporting pregnancy, reproductive function, bone growth, regulation of the immune
system, and neurodevelopment. The EC system is important during early brain
development, which has prompted considerable research. However, current
understanding of the mechanisms through which neurodevelopment and neurobehavior
are shaped by the EC system remains limited. Still, mechanistic evidence presented
here from various lines of inquiry, including epigenetic studies, provide insight as to how
A°-THC may play a role in causing significant biological outcomes. Mechanistic studies
of various types (in humans and experimental animals, both in vivo and in vitro) are
presented that investigate the potential for maternal cannabis exposure to alter stress
hormone status and/or the expression of specific genes and/or proteins thought to
underlie behavior and other neurological changes associated with effects in offspring
potentially occurring soon or long after exposure has ended.
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Somatic Developmental Effects

There are numerous human and animal studies evaluating the potential for cannabis
smoke, A°-THC and cannabis extracts to cause somatic developmental effects from
mothers’ cannabis use during pregnancy. This includes effects on embryo development
and implantation, the fetus, and a number of birth outcomes. Human, non-human
primate, rodent, rabbit and zebrafish studies are presented.

Human Studies

Somatic developmental outcomes evaluated in human studies include postnatal growth,
pre-, peri-, and postnatal mortality, birth defects, body weight, gestational age, and
preterm birth.

Postnatal Growth

Seven epidemiologic studies evaluated the effects of prenatal cannabis exposure on
postnatal growth. All seven were prospective cohort studies and examined the
association of cannabis exposure throughout pregnancy and postnatal growth. Growth
measures included height, weight, head circumference, body mass index (BMl),
ponderal index (PI), skinfold thickness, and weight-for-height Z score. Age at follow-up
ranged from one to sixteen years. All studies based exposure on self-reporting.

Heavy prenatal cannabis use was associated with heavier and taller children at 24
months (Fried and O'Connell 1987), reduced head circumference at 9-12 years (Fried,
Watkinson et al. 1999), and a non-significant reduction in head circumference (Fried et
al. 2001) at 13-16 years; differences in body size did not persist. The cannabis users in
this study consumed more calories and protein than non-users in this predominantly
low-risk, middle socioeconomic status (SES) cohort (Fried et al. 1999). Two of three
studies from a high-risk, low SES cohort of teenage mothers reported no differences in
weight, height, and head circumference at three and six years (Day et al. 1992, Day et
al. 1994a). The third study reported no differences in weight, head circumference,
adiposity, or proportionality, but did reporting significantly shorter stature for six-year-old
children with prenatal 2" trimester cannabis exposure (Cornelius et al. 2002).

Pre-, Peri-, Postnatal Mortality

Eleven studies examined associations between prenatal cannabis use and spontaneous
abortion (SAB), stillbirth (SB), perinatal mortality, and sudden infant death syndrome
(SIDS). Most of these studies were not focused on fetal viability or perinatal mortality as
a primary outcome; many had few cases. Therefore, while some studies, including a
meta-analysis, did report associations with SAB, SB, or perinatal mortality, they were
unable to report results adjusted for covariates (Varner et al. 2014, Conner et al. 2016,
Coleman-Cowger et al. 2018, Howard et al. 2019). In one very large retrospective
cohort study, the risk of SB was significantly greater among women diagnosed with

Cannabis Smoke and A%-THC 3 OEHHA October 2019



“cannabis abuse” or “cannabis dependence”, OR=1.50 (1.39, 1.62), p<0.0001
(Petrangelo et al. 2018). Of two case-control studies examining prenatal cannabis
exposure as a risk factor for SIDS, neither reported significant associations with
maternal prenatal cannabis use (Scragg et al. 2001). Another case-control study
reported that SIDS was associated with paternal cannabis use during the conception
period, OR=2.2 (1.2, 4.2), and pregnancy, OR=2.0 (1.0, 4.1), adjusted for paternal
postnatal tobacco smoking and alcohol use during conception.

Birth Defects

Thirteen epidemiologic studies evaluated associations between prenatal cannabis
exposure and birth defects, including various minor and major malformations,
ventricular septal defects (VSD), fetal alcohol syndrome (FAS)-like features, or
unspecified birth defects. Associations with VSD were observed for maternal exposure
(Williams et al. 2004) and paternal exposure (Ewing et al. 1997). Other investigators
reported associations between prenatal cannabis use and anencephaly (Van Gelder et
al. 2009), and FAS-like features (Hingson et al. 1982). Birth defects were often one of
many types of birth outcomes examined in a given study. Studies that reported
statistically significant associations between cannabis and birth defects typically focused
on birth defects rather than multiple types of birth outcomes, and assessed exposure
during early pregnancy (Williams et al. 2004, van Gelder et al. 2009) and
spermatogenesis (Ewing et al. 1997).

Birthweight

Twenty-seven studies examined the association between birthweight (BW) and prenatal
cannabis exposure, of which 12 reported associations with prenatal cannabis use,
adjusted for prenatal tobacco use. The remaining 13 studies found no significant
associations for cannabis adjusted for tobacco. Two studies suggested a dose-
response relationship between prenatal cannabis exposure and lower birthweight
(Hingson et al. 1982, Saurel-Cubizolles et al. 2014). Of the 10 studies published in the
past decade, seven reported significantly lower birthweight in infants prenatally exposed
to cannabis, adjusted for prenatal tobacco exposure.

Gestational Age

Eighteen studies examined the association between prenatal cannabis exposure and
gestational age (GA), of which 12 did not report significant associations between GA
and prenatal cannabis use. Four studies reported that cannabis use was associated
with shorter gestation or lower GA (Fried et al. 1984, Cornelius et al. 1995, Saurel-
Cubizolles et al. 2014, Howard et al. 2019). Three studies reported a reduction of
gestation by roughly one week associated with prenatal cannabis use (Fried et al. 1984,
Cornelius et al. 1995, Howard et al. 2019). Fried et al. (1984) also reported a dose-
dependent relationship of decreasing GA with increasing cannabis exposure among
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heavy users. One study reported a positive association between total number of joints
smoked in pregnhancy and GA (Tennes et al. 1985).

Preterm Birth

Nineteen studies examined the association between prenatal cannabis exposure and
preterm birth (PTB). Six studies reported statistically significant associations with PTB.
Four of the six studies that reported associations with PTB analyzed more than one
level of prenatal cannabis exposure, rather than comparing any cannabis use with no
cannabis use (Gibson et al. 1983, Saurel-Cubizolles et al. 2014, Conner et al. 2016,
Leemagz et al. 2016) and were therefore able to distinguish light or occasional use from
heavier use. Additionally, although Petrangelo et al. (2018) did not quantify cannabis
exposure, the exposure definition likely included mainly very heavy cannabis use. Two
studies reported borderline significant associations between prenatal cannabis
exposure and PTB (Hatch and Bracken 1986, Shiono et al. 1995), and 13 studies did
not report significant associations with PTB.

Animal Studies

Animal studies were conducted using in vivo, ex vivo or in vitro model systems, to
evaluate effects on embryo development and implantation, and later stages of embryo
and fetal development in various species.

Implantation

Embryonic development and successful implantation requires coordination between
components of the EC system in the oviduct and endometrium with those in the embryo.
In the mouse, cannabinoid receptor 1 (CB1R) and cannabinoid receptor 2 (CB2R) are
expressed in early embryos (Paria et al. 1995), fetal membranes, the reproductive tract,
and the placenta (Taylor et al., 2007). CB1R messenger RNA (mRNA) has been
detected in preimplantation 4-cell embryos through the blastocyst stage, and CB2R
MRNA has been detected in mouse 1-cell embryos through the blastocyst stage (Paria
et al. 1995). In vitro A°-THC exposure of 2-cell mouse embryos inhibited development
to the blastocyst stage (Paria et al. 1995). In vivo studies reported that prenatal A%>-THC
exposure had no effect on mouse embryo implantation (Paria et al. 1992) unless mice
A°-THC metabolism was inhibited (Paria et al. 1998). Under conditions where A°-THC
metabolism was inhibited, significantly lower rates of embryo (blastocyst) implantation
were reported, compared to controls (Paria et al. 1998; Paria et al. 2001).

Growth

In rodent studies of prenatal cannabis smoke exposure, several investigators have
reported significant effects on pre- and postnatal growth. Delays in acquisition of
postnatal developmental landmarks were also reported. However, all of the studies
reporting statistically significant effects performed their analyses on a per group, not a
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per litter basis. Where analysis was presented on a per litter basis, statistical
significance was not achieved. In addition, many of the studies are limited by
inadequate reporting, poor experimental methodology, and inadequate or marginally
adequate group size.

EC system signaling is involved in bone growth and remodeling at all stages of life, as
indicated in studies of CBR knock out mice. Studies in cell culture have explored the
actions of exogenous cannabinoids, including A°-THC, to affect bone growth. For
example, in vitro exposure of mouse primary chondrocyte cultures to A>-THC was
reported to inhibit chondrocyte differentiation (Wasserman et al. 2015), while daily
administration of A°-THC to mice from five to 11 weeks of age decreased femoral length
in female pups (Wasserman et al. 2015). Studies of bone growth and prenatal
exposure to A%-THC in animals are not available.

Viability and Mortality

In rodent and rabbit studies of pre-conceptional or prenatal oral exposure to A>-THC,
several studies reported general fetal and pup toxicity, including increased fetal,
perinatal, or postnatal offspring mortality in eight studies; decreased fetal or birth
weights in seven studies; and altered hormone levels or fertility in F1 male offspring in
six studies. In one of the larger prenatal exposure studies in rodents employing a
control and three dose groups, with 50 pregnant female rats/dose group, a statistically
significant decrease in the number of viable fetuses per litter and a statistically
significant increase in whole litter resorptions was observed in all dose groups
Fleishman et al. (1980). In a similarly designed study of prenatal exposure to A°-THC in
mice, these same authors reported decreases in fetal viability and increases in whole
litter resorptions in all dose groups. Several of these oral route studies in rodents and
rabbits, as well as the single study conducted in chimpanzees, are limited by
inadequate reporting of methods and results.

In rodent and rabbit studies of pre-conceptional or prenatal exposure to A>-THC
exposure by parenteral routes, a number of studies reported decreases in fetal or birth
weights, and increases in fetal, perinatal, or postnatal offspring mortality. Most of these
studies are limited by inadequate reporting, marginally adequate group size, and lack of
statistical analysis on a per litter basis. The study conducted in Rhesus monkeys
reported an apparent effect of A°-THC daily intramuscular injection, starting around GD
21-35, and continuing throughout gestation, with four of the five pregnancies lost in A°-
THC exposed females (three early spontaneous abortions and one stillbirth), compared
to none lost among the five controls. Information on the reproductive histories of the
individual females used in the studies was not provided, nor were colony statistics for
pregnancy loss versus live births.
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Immune System

The effects of A>-THC on the developing immune system have been studied in a series
of experiments in mice by Lombard et al. (2011). Fetal and adult thymocytes show
similar patterns of CB1R and CB2R mRNA expression, and prenatal exposure (gestation
day 16) was associated, in a dose-dependent manner, with a decrease on the following
day in mouse fetal thymic cellularity and a corresponding increase in T cell apoptosis.
Decreases were observed in several T cell subpopulations. Pretreatment of the dams
with antagonists of either CB1R or CB2R prior to A%>-THC administration ameliorated
these effects. Additional studies reported that the decreased thymic cellularity and
increased apoptosis resulting from prenatal A°-THC exposure lasted for several days
and was present the day after birth, and one week after birth. Other studies are
consistent with these observations, and in addition have reported decreased T cell
function in prenatally exposed mice one week after birth.

Neurodevelopmental Effects

There are numerous human and animal studies evaluating the potential for cannabis to
cause neurodevelopmental effects from mothers’ cannabis use during pregnancy. This
includes effects on motor behavior, cognitive performance and emotionality, including
effects expressed at later life stages. Studies of the effect of A>-THC exposure on the
susceptibility to discriminative and reinforcing effects of drugs of abuse later in life were
also summarized. In addition to human, primate and rodent studies, data from Zebrafish
are presented.

Locomotor Activity

Epidemiological studies and controlled animal investigations have explored the potential
for cannabis or A°-THC to affect locomotor activity. Some animal studies reported no
change in locomotor activity (Vardaris et al. 1976, Brake et al.1987, Navarro et
al.1996,Trezza et al. 2008) while other studies, after maternal exposure to cannabis
during pregnancy, reported temporary changes in locomotor activity in offspring (young
and adult) (Fried 1976; Navarro et al. 1995; Trezza et al. 2008; Vardaris et al. 1976). A
further study reported that perinatal exposure to A°-THC resulted in less activity in the
open field tests when male, but not female, offspring were pretreated with dopamine
agonists (Moreno et al. 2003). Still another study reported parental A°-THC exposure
resulted in decreased movements in female, but not male, offspring (Szutorisz et al.
2016). Finally, adult offspring of A%-THC-exposed males were reported to have
significantly more rapid habituation of locomotor activity, with the female offspring being
more active than the male offspring (Levin et al. 2019).

The mechanistic studies related to the potential for cannabis to cause motor dysfunction
covered multiple possible pathways. During neurodevelopment, in the central nervous
system (CNS), there is a switch from CB2R to CB1R expression where CB1Rs become
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upregulated in postmitotic neurons and CB1R expression predominates (Maccarrone et
al. 2014). Activation of CB1R evokes transient Ca?* elevation through various pathways,
including phospholipase C, and voltage dependent and other calcium channels.
Calcium homeostasis is crucial in synaptic plasticity, proper neuronal development, and
skeletal muscle function. In in vitro studies, cannabinoids were reported to affect various
targets that alter Ca?* homeostasis in both the peripheral and central nervous systems
(Ahmed et al. 2016; Antonelli et al. 2004; Gkoumassi et al. 2009; Newman et al. 2007;
Olah et al. 2016; Lauckner et al. 2005; Rao and Kaminski 2006; Zhuang et al. 2004). In
zebrafish embryos, exposure to A°-THC during the gastrulation period of development
was reported in one recent study to affect motor neuron morphology changes, synaptic
activity at the neuromuscular junction (NMJ), and locomotor responses to sound
(Ahmed et al. 2018).

Cognitive Function

Epidemiological studies and controlled animal investigations have explored the potential
for cannabis or A°-THC to affect cognition. Several rodent studies explored the
potential effects of prenatal exposure to cannabis extracts or A°~-THC on cognitive
function, many without effect and a number reporting changes in different aspects of
cognitive function. In one early study, offspring prenatally exposed to cannabis extract
were reported to commit significantly more errors in maze activities and to spend
significantly more time in the maze (Gianutsos and Abbatiello, 1972). In another study,
perinatal A°-THC exposure was associated with long-term memory impairment and
disruption in short-term olfactory memory in adult offspring. These cognitive
impairments were associated with alterations in the cortical expression of genes related
to glutamatergic neurotransmission, together with a decrease in adult cortical
extracellular levels of glutamate (Campolongo et al. 2007). Perinatal exposure of rats to
A°-THC was also associated with deficits in learning in adulthood (O'Shea and Mallet
2005). The exposed rats were observed to commit significantly more errors, and had
working memory deficits in the delayed alternation task. In a recent study with A%-THC,
long-lasting significant impairment in attentional performance as well as a significant
increase in habituation of locomotor activity was reported in paternally exposed
offspring that were tested during adulthood (Levin et al., 2019). This study included
tests evaluating attention and various aspects of memory impairment.

A number of human studies evaluated the effects of prenatal cannabis exposure on
various aspects of offspring’s cognitive function. The studies spanned from early
childhood to adolescence and specifically explored outcomes relating to visual function
and processing, attention, and intelligence and academic achievement. In addition, a
number of studies evaluated the effects of prenatal cannabis exposure on maturation of
the central nervous system.
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Visual Function and Processing

In studies evaluating visual function and processing, three report effects on higher order
cognitive processes related to visual analysis in exposed offspring, with no effects on
basic visual functions (Chakraborty et al. 2015, Fried et al. 1998, Fried and Watkinson
2000). Specifically, in Fried and Watkinson (2000) exposed offspring had lower subtest
scores related to planning, integration, analysis, and synthesis. Likewise, Fried et al.
(1998) found lower Block Design task scores and Picture Completion test scores in
exposed offspring compared to unexposed ones. The tests used were designed to
assess perceptual organization, spatial visualization or abstract conceptualization, and
an ability to differentiate essential from nonessential details. A neuroimaging study
reported a significant reduction in the right precentral gyrus/premotor cortex — the region
of the brain that reflects the encoding process in visuospatial short-term memory — in
exposed compared to unexposed offspring.

Attention

Several epidemiologic studies assessed the relationship between prenatal cannabis
exposure and attention. Studies evaluated attentional behavior from early childhood to
adolescence. Many studies reported increased impulsivity in offspring who had been
prenatally exposed to cannabis, specifically in performance on Continuous Performance
tests (Fried et al. 1992a, Leech et al. 1999, Fried et al. 1988, Richardson et al. 2002).
Several studies also reported associations between prenatal cannabis exposure and
deficits in sustained attention in offspring through varying methods (Fried et al. 1992a,
Fried and Watkinson 2001, Goldschmidt et al. 2000, Goldschmidt et al. 2012). In some
studies, these attention problems were also linked to other outcomes later in life such as
delinquency and lower school achievement (Goldschmidt et al. 2000 and Goldschmidt
et al. 2012). A number of studies found no association between some aspect of
attentional behavior and prenatal cannabis use, and one study (Leech et al. 1999) found
improved attentional behavior (O’Connell and Fried 1991, Fried et al. 1998, Fried and
Watkinson 2001, Richardson 2012, Noland 2005, and Rose Jacobs et al. 2017).

Intelligence

Several studies evaluated the association between prenatal cannabis use and
intelligence and academic achievement. These studies used a wide battery of tests and
varying methods to assess different aspects of intelligence, such as reading, language
development, 1Q, verbal skills, quantitative skills and more. These studies also covered
children of different ages and environments. This complex dataset is discussed in
section D.

Central Nervous System Maturation:

Multiple studies used the maturation of visual pathways as a mechanism for assessing
the maturation of the central nervous system (Tansley 1987, Scher 1998). Habituation
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to light in infancy and sleep arousals are also considered indicators of CNS maturity
(Fried and Makin 1987 and Scher et al. 1988). A majority of studies investigating
maturation of the central nervous system reported associations between prenatal
exposure to cannabis and indicators of altered CNS maturation. These included
statistically significant results for: responsiveness and habituation to visual stimuli (Fried
1980, Fried and Makin 1987) during the first month after birth, but not at older ages
(Fried 1982); visual evoked potentials (Tansley et al. 1987, Scher et al. 1998); and
sleep (Scher et al. 1988, Dahl et al. 1995).

Emotionality

Studies indicate endocannabinoids play a role in modulating emotionality (Campolongo

et al. 2009; Trezza et al. 2008). Epidemiological studies have explored the potential for
cannabis or A°-THC to affect emotionality. In addition, several mammalian studies have
explored the potential for emotionality in offspring after perinatal exposure (in utero and

lactational) to A%-THC:

e emotional reactivity in rats was reported (Navarro et al. 1994).

e in arodent model designed to study anxiety, a dose-dependent and
environment-dependent anxiolytic and/or anxiogenic effect was reported,
including an increased rate of separation-induced ultrasonic vocalizations,
reduced social interaction and play behavior, and increased generalized anxiety
behavior (Trezza et al., 2008).

e increased social interaction in males and decreased time in the inner part of the
open field was reported (Newsom and Kelly 2008).

Drug Sensitivity Later in Life

Epidemiological studies and controlled animal investigations have explored the potential
for cannabis or A°-THC to affect drug and alcohol use behaviors, and susceptibility to
addiction. Several animal studies examined the potential for enhanced adult experience
or increased frequency of use of alcohol or opiates after pre- or perinatal exposure to
AS-THC. Following A®-THC exposure in utero or via lactation, adult animals were
reported to have an increased rate of acquisition of morphine self-administration and or
enhanced sensitivity towards the rewarding effects of morphine or heroin, such as
spending more time in a morphine-paired compartment than in a saline-paired
compartment (Navarro et al. 1994, Navarro et al. 1995, Navarro et al. 1996, Rubio et al.
1995, Rubio et al. 1998, Vela et al. 1998, Singh et al. 2006). One study reported an
increase in heroin-seeking behavior in adult males, but only during mild stress and drug
extinction (Spano et al. 2007). Other studies reported no effects on food or morphine
self-administration (Gonzalez et al. 2003) or ethanol self-administration (Economidou et
al. 2007) following perinatal exposures.
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Because of the length of time between prenatal exposure and outcomes, and
concomitant exposures, epidemiological studies are challenging. In human fetuses
collected after elective abortions, maternal cannabis use was associated with
decreased DRD2 mRNA levels in the nucleus accumbens (NAc) (DiNieri et al., 2011).
The NAc is associated with a number of behaviors, including compulsive behaviors,
addiction vulnerability, and reward sensitivity. Similarly, after perinatal exposure to A°-
THC, altered mRNA levels first in the NAc and later in the dorsal striatum were
observed in rats (Szutorisz et al. 2014). Also in the offspring of adolescent female rats
exposed to A°-THC, an anhedonic phenotype with lower sensitivity to natural rewards
and susceptibility to addictive behaviors was reported (Pitsilis al., 2017).

Other Neurodevelopmental Effects

No effect on auditory startle was reported at on postnatal days 57—60 in both male and
female rats exposed during gestation (Hutchings et al. 1991). An increase in the
frequency and time spent grooming in both adult males and females after oral perinatal
exposure to A%-THC was observed (Navarro et al. 1995). In addition, some researchers
(Dalterio et al, 1984; Fried and Charlebois 1979; Navarro et al. 1996) have reported on
studies indicating that maternal exposure to cannabis or cannabis extracts also altered
the pattern of approach to sexually receptive females by male rat offspring.

A variety of additional neurodevelopmental outcomes reported in human studies are
presented in Appendix Tables.
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A. Introduction

This document focuses on exposures to cannabis (marijuana) smoke and to delta-9-
tetrahydrocannabinol (A°-THC; (-)-(6aR,10aR)-6,6,9-trimethyl-3-pentyl- 6a,7,8,10a-
tetrahydro-6H-benzo[c]chromen-1-ol), and reviews the scientific evidence on the
developmental toxicity of cannabis smoke and A°-THC. A%-THC is a constituent of
cannabis smoke, as well as a constituent of plants in the genus Cannabis. In this
document, the terms ‘cannabis’ and ‘marijuana’ are used interchangeably.

In California, use of cannabis for physician-recommended purposes has been legal
since 1996. As of January 1, 2018, the Medicinal and Adult-Use Cannabis Regulation
and Safety Act legalized adult use of cannabis in California. The law requires the
following statement be given on pre-roll cannabis cigarettes and packaged flower
products:

“Cannabis use while pregnant or breastfeeding may be harmful”.>6

Identity of Cannabis Smoke and A%-THC

Cannabis has been used for medicinal and psychotropic purposes in some parts of the
world for thousands of years. Inhaling cannabis smoke for its psychotropic properties
became popular in western cultures in the twentieth century. Cannabis smoke is formed
when the dried flowers, leaves, stems, seeds and resins of plants in the genus
Cannabis are burned. Cannabis smoke aerosol contains thousands of organic and
inorganic chemicals, including psychoactive cannabinoids, which are unique to
Cannabis plants.

The following is a list of common cannabis plant products that are smoked:

e Bud. The flower tops of unpollinated female cannabis plants. Buds have the
highest A°-THC content of all parts of the plant. The bud is probably the most
common form of cannabis smoked currently in the US.

e Ganja. A mixture of flowering tops and leaves from female cannabis plants, dried
and diced, or powdered. Other terms used for ganja include: kif, kief, kef, keef
(Morocco and Algeria); tekrouri, takrouri (Tunisia); and dagga (southern Africa).

¢ Hash. Crude resin from flowering tops of unfertilized female cannabis plants.
Processed differently in different parts of the world. Often collected by rubbing

5 Business and Professions Code section 26120(c)(1).
6 California Code of Regs., Title 17, section 40404.
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onto hands, cloth, or leather jackets, or by sifting. Compressed into blocks.
Other terms used for hash include: Hashish (Middle East) and charas (Far East).

e Leaf. Leaves of the marijuana plant. Less potent than buds or flower tops with
regard to A°-THC content, leaves were commonly smoked in the US in the 1960s
and 1970s.

e Bhang. Generally prepared from the buds and leaves of male plants. Most often
used for making beverages but sometimes smoked. The term bhang originates
from India and Bangladesh.

e Sinsemilla. Form of cannabis produced by cloning the female plant that develops
flowers with few or no seeds. The result is a more potent cannabis.

Cannabis smoke contains several thousand different compounds (Sparacino et al.
1990). Some of these compounds are released unchanged from the plant material as it
burns, and others are products of either pyrolysis or incomplete combustion. Cannabis
smoke consists of some chemicals present in the gas phase, some present in
particulate matter, and some semi-volatile compounds that transition between the gas
and particulate phases. Cannabis smoke includes a large variety of organic and
inorganic chemicals, including amines, aromatic amines, aza-arenes, polycyclic
aromatic hydrocarbons (PAHS), carbonyls, phenolics, pyrazines, pyrimidines, pyrroles,
pyridines, isoxazoles, metals (arsenic, cadmium, chromium, lead, nickel, and selenium),
hydrogen cyanide, carbon monoxide (CO), nitric oxide (NO), other nitrogen oxides
(NOx), ammonia, and over 60 cannabinoid compounds (Hoffmann et al. 1975; Lee et al.
1976; Moir et al. 2008; Sparacino et al. 1990).

Cannabis smoke and tobacco smoke share many characteristics with regard to
chemical composition and toxicological properties. Tobacco smoke has been listed
under Proposition 65 as causing reproductive toxicity (developmental, male, female
endpoints) since 1988. Individual constituents present in both cannabis smoke and
tobacco smoke are also listed under Proposition 65 list as causing reproductive toxicity,
including: 1,3-butadiene (developmental, female, male), cadmium (developmental,
male), carbon monoxide (developmental), hydrogen cyanide (male), lead
(developmental, female, male), mercury (developmental, female, male), methanol
(developmental), and toluene (developmental).

The cannabinoid compounds present in plants in the genus Cannabis are
terpenophenolic compounds, commonly containing 21 carbons. The major
cannabinoids present in cannabis smoke are:

e A°-THC, the most potent psychoactive compound present in cannabis (EISohly
2002)
e A8-THC
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cannabinol (CBN)
cannabidiol (CBD)
cannabichromine, and
11-OH-A%-THC.

In the past, the levels of A%>-THC in cannabis smoked in the US typically ranged from 1
to 3%. However, over the last 30 years, levels of A%>-THC have been increasing as a

result of the selective cultivation of plants. Typical levels of A°-THC in cannabis are now
greater than 6%. The addition of hashish oil (a cannabinoid-rich extract from Cannabis

plant material) to the dried material can boost A%>-THC levels even higher (e.g., 20%).

Five major studies (Gieringer et al. 2004; Hoffmann et al. 1975; Lee et al. 1976; Moir et
al. 2008; Sparacino et al. 1990) have been conducted to identify the major constituents
of the thousands of chemicals present in cannabis smoke, as follows:

Moir et al. (2008) used standardized cannabis, which was harvested in May 2004
and produced by Prairie Plant Systems Inc., of Saskatoon, Canada, for Health
Canada. The material tested consisted of flowering heads only (reference: H55-
MS17/338-FH). Smoke was generated using a smoking machine, operating
under two different smoking conditions. The first smoking condition involved a
puff volume of 35 milliliters (ml), a puff duration of two seconds, and a puff
interval of sixty seconds, while the second smoking condition, referred to as
‘extreme,’ involved a puff volume of 70 ml, a puff duration of two seconds, and a
puff interval of 30 seconds.

Gieringer et al. (2004) used standard National Institute on Drug Abuse (NIDA)
cannabis obtained from an independent laboratory. The mean A°-THC content
was 4.15%. Smoke was generated by combusting the cannabis in a glass pipe
bowl, and collected in a volatile gas trap.

Sparacino et al. (1990) generated cannabis smoke from two samples of Mexican
cannabis, one with a “low” A°-THC content (1.3%) and another with a “high” A®-
THC content (4.4%). Smoking machines employed either a constant draft
apparatus, or an intermittent puff smoking system.

Hoffmann et al. (1975) analyzed cannabis leaves obtained from the Division of
Cancer Cause and Prevention of the National Cancer Institute (NCI). The NCI
material was prepared from confiscated cannabis, grown in Mexico. Smoke was
generated using a smoking machine.

Lee et al. (1976) obtained Mexican cannabis containing 2.8% A%-THC from the
National Institute of Mental Health, in Rockville, Maryland, and generated smoke
using a smoking machine under conditions simulating that of an average tobacco
cigarette smoker.
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Approximately 350 different chemicals have been identified by these investigators and

they are listed below.

acenaphthene
acenaphthylene
acetaldehyde
acetamide
acetone
8-acetoxy-pyrazolobenzo-
as-triazine
3-acetylpyridine
acrolein
acrylonitrile
alkyl nitrile
aminobenzamide
3-aminobiphenyl
4-aminobiphenyl
aminodimethylpyrimidine
aminodiphenylene oxide
aminomethylquinoline
1-aminonaphthalene
2-aminonaphthalene
m-aminophenol
aminoquinoline
B-amiryn
ammonia
anthanthrene
anthracene
arsenic
1-azidonaphthalene
1,2,3,3a,4,5,6,7, 5-azulenemethanol
benz[a]anthracene
benzacenaphthylene
benzene
benzeneacetonitrile
1,2-benzenedicarboxylic acid, bis
(2)1,2-benzenediol
1,3-benzenediol, 2-(3,7-dimethyl-2
benzimidazole
benzo[a]fluorene
benzo[a]pyrene
benzo[b]fluoranthene
benzo[b]fluorene
benzo[c]fluorene
benzo[e]pyrene
benzo[g,h,ilperylene
benzol[jJfluoranthene
benzo[k]fluoranthene
benzofluoranthene
benzofuran
2H-1-benzopyran-5-ol, 2-methyl-2-
(41,4
-benzoquinone
benzyl acetate
benzyl acetophenone
N-benzyl-4-aminobutyronitrile
binaphthyl
a-bisabolol
1,3-butadiene
1-butoxy-2-propanol
tert-butyl-parahydroxybenzoate
butyraldehyde
butyroamide
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cadmium

caffeine

DL-cannabichromene

cannabinol (CBN)

carbazole

B-carboline

carbon monoxide (CO)

caryophyllene

caryophyllene oxide

catechol

1-chloro-octadecane

cholesta-3,5-dien-7-one

cholesterol

cholesteryl acetate

chromium

chrysene

m,0,p-cresol

crotonaldehyde

p-cumyl phenol

cyclododecane

cyclohexadecane

4H-cyclopenta[d,e,f]
phenanthrene

cyclopentadiene

1a,2,3,1H-cyclopropa
[a]naphthalene

cyclopropanenanoic acid, 2-[(2-bu

4,7,10-cycloundecatriene

decahydro-

4a-methyl-1-naphthalene

1-decanol

1-decene

dibenz[a,h]anthracene

dibenz[a,i]anthracene

dibenz[a,i]pyrene

dibenzo[a,e]pyrene

dibenzofuran

d-dibenzopyrene

dibutyl phthalate

diethyl biphenyl

2,2’-diethyl-1,1’-biphenyl

diethylnitrosamine

diethylphenylene diamine

1,2-dihydro-3-isobutyl-1-
methylpyrazine-2-one

2,3-dihydrobenzofuran

dihydroxymethyl phenyl quinazoline

2,3-dihyroxyprohexadeacanoic acid

dimethoxybenzene isomer

dimethyl naphthyridine

dimethyl tetrazine

7,11-dimethyl-1,6,10-dodetatriene

dimethylbenzimidazole

3,4-dimethylbenzoic acid

3,3-dimethylcyclobutane-carbonitrile

10,10-dimethylenebicyc

dimethylethanamide imidazole

dimethylethylpyrrole

1-(1,5-dimethylhexyl) cyclohexane

1,2-dimethylimidazole

15

N,N-dimethyl-N-(p-methoxyphenyl)
formamide
N,N'-dimethyl-N,N'-diethyl-p-
phenylene diamine
dimethylnaphtho(2,3,6)
thiophene
dimethylnaphthyridine
dimethylnitrosamine
3,3-dimethyloxetase
2,4-dimethylphenol
2,5-dimethylphenol
dimethylpiperazine
dimethylpyrimidone
2,4-dimethylquinazoline
dimethyltrisulfide
dimethyl-B-carboline isomer
dioctyl phthalate
diphenylamine
diphenylethyne
diphenylpyridine isomer
2,6-diterbutylnaphthalene
ditolyl ethane
docosane
2-dodecen-1-yl
(-)succinic anhydride
5-dodecyldihydro-2 (3H)-furanone
dronabinol (THC)
eicosane
(E)-3-eicosene
3-eicosene
ethoxy benzaldehyde
ethoxyquinazoline
ethyl hydroxyl acetophenone
ethyl-4H-cyclopenta
[d,e,flphenanthrene
ethylbinaphthyl
ethylindole
ethylmethylbiphenyl
ethylphenol, 4-
fluoranthene
fluorine
formaldehyde
glaucy! alcohol
heneicosane
henricosyl formate, 1-
heptacosane
heptadecane
2-heptadecanol
2-heptadecanone
hexacosane
hexadecanal
hexadecanamide
hexadecane
(2)-3-hexadecane
hexadecanoic acid
hexadecanoic acid, hexadecyl ester
1-hexadecanol
2-hexadecanol
n-hexadecanol
cis-11-hexadecen-1-yl acetate
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9-hexadecenoic acid eicosyl

9-hexadecenoic acid eicosyl ester

hexanedioic acid dioctyl ester

hexanenitrile 3(pyrrolidnyl-methylene)

2-hexyl-1-decanol

hydrogen cyanide

hydroquinone

5-hydroxyindole

hydroxymethylquinoline

4,5,6,7-1H-indazole

indeno[1,2,3,-c,d]pyrene

indole

isoprene

lead

2-p-mentha-1,8-dien-3-y resocinol

mercury

1H-3a,7-methanoazulene, octahydro-
1

methanol

methoxy propyl pyrazine

2-methoxy-3-methylpyrazine

methoxybenzaldehyde

methyl acetyl pyrrole

methyl benzimidazole

3-methyl benzoic acid

4-methyl carbostyril

methyl ethyl ketone

methyl ethyl pyrazine

methyl ethyl pyrrole

1-methyl imidazole

methyl palmitate

methyl phenyl cinnoline

methyl pyridine carboxylic acid

methyl pyrimidine

methyl stearate

16-methyl-, met heptadecanoic acid

2-methyl-1,4-benzenedoil

3-methyl-1,8-naphthyridine

2-methyl-1-hexadecanol

1-methyl-1H-indene

3-methyl-1H-indole

4-methyl-1H-indole

N-methyl-2-pyridinamine

1-methyl-4-(5-methyl-1-cylohexene

3-methyl-4-ethylpyrrole

3-methyl-5-triazolo(4,3-a)pyrazine

methylacenaphthylene

methylaminonaphthyridine

1-methylanthracene

2-methylanthracene

10-methylbenz[a]anthracene

2-methylbenz[a]anthracene

3-methylbenz[alanthracene

4-methylbenz[a]anthracene

5-methylbenz[a]anthracene

6-methylbenz[a]anthracene

8-methylbenz[a]anthracene

9-methylbenz[a]anthracene

methylbenzoxazole

methylbinaphthyl

methylcarbazole

1-methylchrysene

2-methylchrysene
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3-methylchrysene
5-methylchrysene
6-methylchrysene
N-methyldiphenylamine
methylethylnitrosamine
1-methylfluoranthene
2-methylfluoranthene
3-methylfluoranthene
7-methylfluoranthene
8-methylfluoranthene
1-methylfluorene
2-methylfluorene
2-methylfuran
3-methylheneicosane
methylindole
methyl-n-(pyrid-2-yl) dihydropyrrole
N-methyl-N-[4-[4-4-methoxy
acetamide
N-methyl-N-[4[4-methoxy-acetamide
1-methylnaphthalene
2-methylnaphthalene
1-methylphenanthrene
2-methylphenanthrene
3-methylphenanthrene
9-methylphenanthrene
1-methylphenazine
methylphenyl quinoxaline
methylpropionyl furan
methyl-pteridinone isomer
methylpyrazine
1-methylpyrene
2-methylpyrene
4-methylpyrene
methylpyriloindole
methylquinoline
methylthiazolopyrimidine
methylthiopyridine
1-methyl-B-carboline
naphthalene
naptho-sydinone
nickel
nitric oxide (NO)
nitroacetanilide
nitrogen oxides (NOx)
nitropicoline
nonacosane
nonadecane
nonadecene
1-nonadecene
octacosane
octadecane
1-octadecanethiol
2,3-octadecanoic acid, dihydroxypro
1-octadecene
5-octadecene
1,2,3,5,6,7,8,8a-octanaphthalene
1-octdecanethiol
6-octen-1-ol, 3,7-dimethyl acetate
1,1’-oxybis-octane
pentacosane
pentadecane
pentadecanoic acid
1-pentadecene

16

pentyl cannabinol, 3-n-

3-n-pentyl-delta-9-
tetrahydrocannabinol

perylene

phenanthrene

1,2,1-phenanthrenecarboxylic acid

1-phenantthrenecarboxylic acid, 7-et

phenoxy ethanol

N-phenyl acrylamide

phenyl alcohol

phenyl benzothiazole

1-phenyl decane

phenyl methyl quanidine

phenyl methyl urea

phenyl pyrazoline

phenyl pyridine

phenyl urea

phenylbenzimidazole

(a-picolidene)-n-propylamine, N-

a-picoline

2-pmemtha-1,8-dien-3-y-resorcinol

propionaldehyde

propionamide

2-(propylamino)benzothiazole
propylbenzimidazole

pyrene

pyridine

guaterphenyl

guaterphenyl diphenyl-acenaphtylene

quinoline

resorcinol

selenium

squalene

styrene

tetracosane

tetradecanoic acid

2- (tetradecyloxy)-ethanol

A,8-tetrahydrocannabinol

A,9-tetrahydrocannabinol

tetramethylcyclopentanedione

2,6,10,14-tetramethyl-hexadecane

3,5,6,7-tetra-s-indacen-1(2H)-one

2,3,5,6-tetra-s-indacene-1,7-dione

2-thiocyanatodiphenylamine

toluene

tolyl azide

tricosane

(2)-9-tricosene

1,7,11-trimethyl cyclo-tetradecane

trimethyl-2-oxo0-1,2,3,4-
tetrahydropyrimidine

trimethylnaphthyridine

2,2,4-trimethylpenta-1,3-diol-di-
isobutyrate

1,3,5-trimethylpyrazole

2,6,10-trimethyl-tetradecane

tropolone

1-undecanol

valeramide

2-vinyl pyridine

vitamin E
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Exposure and Use Information

Exposure to cannabis and/or the active chemical compounds in cannabis can occur
through:

e smoking — combusting the cannabis or cannabis mixture and inhaling the smoke.

e vaping and other vaporization methods — heating cannabis or cannabis extracts
to temperatures below the combustion point of approximately 230°C, that result
in formation of a vapor, and inhaling the vapor.

e dabbing - heating highly concentrated cannabis or hashish to form a vapor), and

e ingesting cannabis or cannabis extracts (Hasin 2018).

In the US, the popularity of cannabis, as measured by first-time use rates, increased
greatly in the late 1960s, reached a plateau in the 1970s, dropped to a mid-level in the
1980s, and increased again through the 1990s.

Data from the US National Survey on Drug Use and Health (NSDUH) obtained from
2002 — 2014 were included in several studies that reported increasing trends in
cannabis use in the US population during this period (Brown et al. 2017; Carliner et al.
2017; Coleman-Cowger et al. 2017; Ko et al. 2015; Mauro et al. 2018).

The prevalence of past-month cannabis use was highest among women age 18-25
years, reaching 7.47% (95% Cl, 4.67-11.93) in 2014.

¢ In non-pregnant women age 18-25 years, past-month use in 2014 was 9.27%
(95% confidence Interval (Cl), 8.90-9.65) and past-year use in 2014 was 15.93%
(95% CI, 15.48-16.40), with similar trends over time. (Brown et al. 2017; Ko et al.
2015).

¢ Among pregnant women, past-month cannabis use increased from 2.37% (95%
Cl, 1.85-3.04) in 2002 to 3.85% (95% ClI, 2.87-5.18) in 2014 (Brown et al. 2017).
The same study reported that past-year cannabis use among pregnant women
increased from 8.64% (95% CI 7.32, 10.19) in 2002 to 11.63% (95% CI 9.78,
13.82) in 2014.

In Northern California, a study of pregnant females from a large integrated health care
system (approximately 4 million patients) reported cannabis use from self-report and
urine testing (Young-Wolff et al. 2017). In this population, cannabis use was found to
increase from 4% to 7% from 2009 to 2016. A recent update with the self-report data
for 2017 from this population suggests that cannabis use among pregnant women
continues to increase, approximately 6.5% per year (i.e., annual relative rate of change
of 1.065). In 2016, the percentage of pregnant females using cannabis was highest
among those younger than 18 years, at 22%, followed by those 18-24 years of age, at
19%. Results from the update also show that among women using cannabis in the year
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before or during pregnancy, the percentage of women who reported daily cannabis use
increased the most, 11% per year (annual relative rate of change approximately 1.11).
(Young-Wolff et al. 2019b).

OEHHA does not have information regarding whether recreational use of cannabis has
increased since the January 1, 2018 legalization of adult use in California.

Literature Search and Screening Methods

A search of the literature on the developmental toxicity of cannabis smoke and A°-THC
was conducted by OEHHA librarian Nancy Firchow, MLS. The goal was to identify
peer-reviewed open source and proprietary journal articles, print and digital books,
reports and gray literature that potentially reported relevant toxicological and
epidemiological information on the developmental toxicity of cannabis smoke and A°-
THC. The search sought to identify all literature relevant to the assessment of evidence
on developmental toxicity.

Search Process

PubMed MeSH browser was used to identify subject headings, other index terms and
synonyms for cannabis and for concepts related to reproduction and development.
Preliminary searches were run and results evaluated to identify additional relevant
search terms. The resulting search strategy was executed in PubMed. (See Appendix
3.1 for the detailed PubMed search strategy.)

The PubMed strategy was then tailored for use in additional databases and data
sources, listed below, according to the search interface and features unique to each
resource. For instance, MeSH terms were replaced with Emtree terms for the Embase
search strategy.

Additional targeted searches were performed in PubMed and other resources as
needed to expand retrieval on specific aspects of the subject. Relevant literature was
also identified from citations in individual articles, and through alert services (e.qg.
ScienceDirect, Google Scholar etc.).

Data Sources:

The following is a list of the major data sources searched to find information on
cannabis.
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Biomedical literature databases

e PubMed (National Library of Medicine) (https://www.nchi.nlm.nih.gov/pubmed)

e Embase (https://www.embase.com)

e Scopus (https://www.scopus.com)

e TOXLINE (National Library of Medicine): Toxicology Literature Online
(https://toxnet.nim.nih.gov/newtoxnet/toxline.htm)

e Toxnet DART (Developmental and Reproductive Toxicology Database)
(https:/ftoxnet.nlm.nih.gov/newtoxnet/dart.htm)

Other Databases and Web Resources

e National Toxicology Program (https://ntp.niehs.nih.gov/)

e US EPA IRIS (https://www.epa.goV/iris)

e Agency for Toxic Substances and Disease Registry (ATSDR) (https://www.atsdr.cdc.gov/)
e INCHEM (http://www.inchem.org/)

¢ National Academies of Sciences, Engineering and Medicine (https://www.nap.edu/)

e World Health Organization IRIS (http://apps.who.int/iris/)

e Google Scholar (https://scholar.google.com/schhp?hl=en-US).

e OEHHA (https://oehha.ca.gov/).

Table A.1. Number of studies identified in the process by the OEHHA librarian*.

PubMed Embase Scopus Toxnet Toxnet Gray literature Total
DART

Primary Search — Human & 2907 1349 - - 459 4 4719
Animal (11.8.2018)
Human only —1.28.19 2241 931 - - - - 3172
Neurodevelopmental toxicity 137 - - 2 --- - 139
reviews —2.21.2019
Epigenetics — 2.26.2019 200 385 187 772
Mechanisms of Action reviews 35 --- --- --- --- - 35
4.2.2019
Mechanisms 74 --- --- - --- - 74
preimplantation/implantation
4.25.2019
PubMed -5.16.2019 245 117 362
Total: 9,273

*Number of references are index by time of search and database source

Screening Process

Citations retrieved from literature searches were uploaded to EndNote libraries and
duplicates were removed. The EndNote libraries were then uploaded to SWIFT Active
Screener Review (https://www.sciome.com/swift-review/) for multi-level screening using
specific inclusion and exclusion criteria.
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In Level 1 screening, citations were reviewed independently by two OEHHA staff, based
solely on study titles and abstracts, to eliminate studies or articles that do not contain
information on the developmental toxicity of cannabis or A°-THC and any of the key
related topics, such as epidemiology, metabolism, mechanism of action, etc. The initial
screen was intended to retrieve all studies deemed to have a reasonable possibility of
containing information that could be useful for the review process. A positive response
by only one of the reviewers was not sufficient to pass a publication on to the next
review level. In that case, the controversy was resolved as soon as possible so the
screening software can continue with the algorithm by selecting the appropriate
citations.

In Level 2 screening, the full text was obtained for all references that passed the Level 1
review. These full papers were screened independently by one OEHHA staff, using
similar inclusion/exclusion criteria as was used in the Level 1 screening. However, Level
2 reviewers could make more accurate judgements about the relevance of the articles
because they were reviewing the full text in addition to the title and abstract.

Level 1 and 2 screenings were repeated and SWIFT search results were updated with
additional relevant studies identified from the bibliographies of the original set of
references (“secondary citations”).

Table 1. summarizes the results of OEHHA’s systematic review of the literature on the
developmental toxicity of cannabis. A total of 9273 unique references were identified
through the OEHHA's librarian search process. Studies were reviewed for whether the
information was relevant to this evaluation. In addition to the studies provided by the
OEHHA librarian, other undetermined number of studies were obtained as a result of
current reading of primary studies available, process known as “snow ball” search.

PubMed Search Strategy

The search was executed in PubMed (https://www.ncbi.nlm.nih.gov/pubmed) on
November 8, 2018. In order to focus the search, Cannabis MeSH terms were restricted
to [major] and Cannabis text terms were restricted to [title]

e Development and reproductive toxicity (DART) terms were adapted from the search
strategy used to create the PubMed Developmental and Reproductive Toxicology
search filter (https://www.nIm.nih.gov/bsd/pubmed_subsets/dart_strategy.html)

¢ No date or language limits were applied

The search strategy is outlined below in Table A.2.
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Table A.2 PubMed Search Strategy

Set

Search Terms

Notes

1

(cannabis[Majr] OR cannabis[ti] OR marijuanaltii OR marihuana[ti] OR medical marijuana[Majr]
OR Marijuana Smoking[Majr] OR marijuana abuse[Majr] OR hashish[t] OR hash-oil[t] OR
cannabinoids[Majr] OR Cannabinoid*[ti] OR Delta-9-tetrahydrocannabinol[ti] OR A9-
tetrahydrocannabinol[ti] OR THCIti] OR 8- tetrahydrocannabinol[ti] OR Cannabichromene[ti] OR
Cannabicyclol[ti] OR Cannabielsoin[ti] OR Cannabigerol[ti] OR Cannabidiol[majr] OR
Cannabidiol[ti] OR Cannabinol[majr] OR Cannabinol[ti] OR Cannabitriol[ti] OR Dronabinoll[ti])

Cannabis terms

(17-alpha-hydroxypregnenolone[tiab] OR 17-alpha-hydroxyprogesterone [tiab] OR 17-beta-
hydroxysteroid dehydrogenase[tiab] OR 17-beta-estradiol [tiab] OR Abortion*[tiab] OR Abortion,
spontaneous[majr] OR Adrenarche[tiab] OR Androgen antagonists[majr] OR Androgens[majr] OR
Androgen*[tiab] OR Androstenedione[tiab] OR Anogenital distance[tiab] OR Ano-genital
distance[tiab] OR Anovulat*[tiab] OR Aspermia[tiab] OR Azoospermia[tiab] OR Behavior,
animal[majr] OR Birth defect*[tiab] OR Birth weight[majr] OR Birth weight[tiab] OR Breast
feeding[majr] OR Breast feed*[tiab] OR breastfeed*[tiab] OR Breast[majr] OR Conception*[tiab]
OR Congenital abnormalities[majr] OR Congenital[tiab] OR Copulat*[tiab] OR Defect[tiab] OR
defects[tiab] OR defective[tiab] OR Developmental[tiab] OR DNA Damage[majr] OR Ejaculat*[tiab]
OR Embryo*[tiab] OR Embryoes[tiab] OR Embryonic[tiab] OR Embryotoxic*[tiab] OR “Embryonic
and fetal development”’[majr] OR Embryonic Structures [majr] OR Endometri*[tiab] OR
Epididym*[tiab] OR Erecti*[tiab] OR Estradiol [tiab] OR Estrogen antagonists[majr] OR Estrogen
receptor modulators[majr] OR Estrogens[majr] OR Estrogen*[tiab] OR Estrus[tiab] OR
Fecund*[tiab] OR Fertilization[tiab] OR Fertility[tiab] OR Fetal[tiab] OR Fetus[majr] OR Fetus][tiab]
OR foetal[tiab] OR foetus[tiab] OR Follicle stimulating hormone[tiab] OR FSH][tiab] OR Genetic
diseases, inborn[majr] OR Genital diseases, female[majr] OR Genital diseases, male[majr] OR
Genitalia [majr] OR Genital*[tiab] OR Germ cells[majr] OR Germ cell*[tiab] OR Gestat*[tiab] OR
Gonad*[tiab] OR Gonadal disorders[majr] OR Gonadal hormones[majr] OR Gonadotropins[majr]
OR Gonads[majr] OR Human development[majr] OR Implantation[tiab] OR Intrauterine[tiab] OR In
utero[tiab] OR Infant*[tiab] OR Infant, newborn[majr] OR Infertile*[tiab] OR Inhibin[tiab] OR
Lactation disorders[majr] OR Lactat*[tiab] OR Luteinizing hormone[tiab] OR LH][tiab] OR
Mammary[tiab] OR Mammary glands, animal[majr] OR Maternal exposure[majr] OR Maternal[tiab]
OR Mating][tiab] OR Menses[tiab] OR Menstrua*[tiab] OR Miscarriage*[tiab] OR neurobehav*[tiab]
OR neurodevel*[tiab] OR Oligospermia[tiab] OR Oocyte*[tiab] OR Ovari*[tiab] OR Ovary*[tiab] OR
Ovulat*[tiab] OR Ovum|tiab] OR Paternal exposure[majr] OR Paternal[tiab] OR Peripubert*[tiab]
OR Pituitary hormones[majr] OR Placenta*[tiab] OR Placental hormones[majr] OR
Preconception*[tiab] OR Pre-conception*[tiab] OR pregnancy[mh] OR Pregnan*[tiab] OR
Pregnancy complications[majr] OR Premature*[tiab] OR Prenatal exposure delayed effects[majr]
OR Prenatal[tiab] OR Pre-natal[tiab] OR Preterm[tiab] OR Pre-term[tiab] OR Progestins[majr] OR
Progestin*[tiab] OR Progesterone[tiab] OR Prostat*[tiab] OR Reproduct*[tiab] OR Reproductive
physiological phenomena[majr] OR Semen*[tiab] OR Semen[majr] OR Seminiferous[tiab] OR
Seminal[tiab] OR Sexual development[majr] OR Sperm[tiab] OR spermato*[tiab] OR Sterile[tiab]
OR Sterility[tiab] OR Stillbirth*[tiab] OR Stillborn[tiab] OR Teratogen*[tiab] OR Teratogens[majr]
OR Testic*[tiab] OR Testis[tiab] OR Testosterone[tiab] OR Thyroid[tiab] OR Thyroid
hormones[majr] OR Urogenital abnormalities[majr] OR Urogenital*[tiab] OR Uterine[tiab] OR
Uterus[tiab] OR Vagina*[tiab] OR Zygote][tiab])

DART terms

#1 AND #2

Combine
Cannabis &
DART

((neuropsych*[tiab] OR stemi[tiab] OR pain[tiab] OR sleep apnea*[tiab] OR lennox-gastaut[tiab]
OR epilep*[tiab] OR hiv[tiab] OR human immunodeficiency virus[tiab] OR seizure*[tiab]) NOT
(prenatal[tiab] OR perinatal[tiab] OR maternal[tiab] OR paternal[tiab] OR in utero[tiab] OR
pregnan*[tiab] OR pregnancy[mh] OR fetus[tiab] OR fetus[mh] OR foetus][tiab] OR fetal[tiab] OR
foetal[tiab] OR embryo*[tiab] OR reproducti*[tiab] OR breastfeed*[tiab] OR breast-feed*[tiab] OR
developmental[tiab]))

Terms not of
interest unless
they appear
with specific
DART terms

Cannabis Smoke and A%-THC 21 OEHHA October 2019




Set

Search Terms

Notes

#3 NOT #4

Remove terms
not of interest --
Final results
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B. Pharmacokinetics

Cannabis smoke is a complex aerosol mixture of thousands of chemicals present in the
gas and particulate phases (Huestis 2005; Sparacino et al. 1990). The available
information on the pharmacokinetics and metabolism of this complex mixture is limited.
Here we summarize the available information on cannabis smoke pharmacokinetics.
We also summarize information on the pharmacokinetics and metabolism of A°-THC
from exposures to a variety of cannabis-derived sources (e.g., cannabis, cannabis
smoke, cannabis extracts, decoctions, vaporization of cannabis or cannabis extracts,
A°-THC) by various exposure routes (inhalation, ingestion, intravenous injection).

Absorption

Smoke

In the process of cannabis smoke inhalation, the aerodigestive tract - lips and mouth
tissues, tongue, nose, throat, vocal cords, and portions of the esophagus and trachea -
and the lungs are directly exposed to cannabis smoke components. Absorption of the
gaseous constituents may occur at multiple sites within the aerodigestive tract and the
lungs, and is dependent upon solubility and vapor pressure. The patrticle size
determines where deposition will occur in the aerodigestive tract and lungs.

Wu et al. (1988) determined that 80.7 to 86.7% of the inhaled resinous total particulate
matter (i.e., tar) in cannabis smoke would be deposited in the lung. Some particles
deposited within the aerodigestive tract will enter the gastrointestinal tract, as will some
particles deposited in the lungs, which will then be cleared by mucociliary transport.
Thus, while the principal sites of absorption are the lungs and the aerodigestive tract,
some absorption of cannabis smoke components is expected to occur via the
gastrointestinal tract (Wu et al. 1988).

By way of leaching and dissolution, some of the adsorbed chemicals on smoke particles
will traverse the plasma membrane and gain entry into epithelial cells and other cells of
the lungs. Many chemicals in cannabis smoke are readily absorbed, including the
cannabinoids.

Pharmacokinetic studies of cannabis smoke in humans have shown that cannabinoids
are quickly absorbed from the lungs, reaching peak plasma levels within seven to eight
minutes. A%-THC is detectable in blood seconds after the first puff of a cannabis
cigarette (Milman et al. 2012; Musshoff and Madea 2006). In a study by Huestis et al.
(1992a), A°-THC plasma concentrations were measured in six individuals following
exposure to a single cannabis cigarette, containing either 1.75 or 3.55% A°-THC.
Measured plasma A°-THC concentrations after a single inhalation (puff) were 7.0+8.1
ng/ml and 18.1£12.0 ng/ml, respectively. Plasma A°-THC concentrations measured

Cannabis Smoke and A%-THC 23 OEHHA October 2019



after smoking the entire cigarette peaked at 84.3 ng/ml for the lower A°-THC content
cigarette, and 162.2 ng/ml for the high A°-THC content cigarette (Huestis et al. 1992a).

Studies have shown that the bioavailability within the lungs of A°-THC and other
cannabinoids present in cannabis smoke can vary considerably, depending upon the
burning characteristics of the cannabis cigarette, the depth of inhalation, the inhalation
volume, and the holding time (Chiang and Rapaka 1987; Huestis 2007). The
bioavailability of other constituents of cannabis smoke would also be expected to vary
depending upon these same factors.

A°-THC present in cannabis smoke is readily absorbed from the oral cavity (Huestis and
Cone 2004).

Second-hand smoke

Second-hand or passive exposure to cannabis smoke was investigated in a study in the
Netherlands with ten volunteers that were non-cannabis smokers. After 3 h of exposure
to second-hand cannabis smoke in a local café, A°-THC was detectable (> 2 ng/mL) in
the oral fluid of seven of the 10 participants. Similarly, in rats exposed for 50 min to
second-hand smoke, A%-THC in plasma was detected immediately after cessation of
exposure (Ravula et al. 2018).

Vapor

Absorption of A°-THC from vaporized cannabis, as indicated by detection in blood and
plasma, has been demonstrated following inhalation of vapors produced by heating
cannabis to temperatures of approximately 200°C (Abrams et al. 2007; Hartman et al.
2015a; Newmeyer et al. 2017a; Spindle et al. 2019). This temperature, which is below
the burning point of cannabis (230°C); produces vapors which can then be inhaled.

Cigarettes from the National Institute on Drug Abuse (NIDA) were vaporized by heating
the cannabis material to about 200°C. This technique of administration results in the
same area under the curve (AUC) for A°-THC as smoking cannabis does (Hartman et
al. 2015a). However, compared to smoking, inhaling the vapor resulted in higher
plasma concentrations of A°-THC for the first hour after exposure. Plasma
concentrations of A°-THC were similar between the two exposure methods for the next
five hours (Abrams et al. 2007). These observations are in agreement with a more
recent study (Spindle et al. 2019). In this study, A°-THC and three of its metabolites (11-
OH-THC, THC-COOH, and THC-COOH glucuronide) were all detected in blood and
oral fluid in the first 10 min of exposure, regardless of exposure to cannabis smoke or
vapor. The A°-THC and metabolite distribution appears similar between the two
methods of exposure; however, vaporization resulted in higher initial concentrations of
A°-THC and its metabolites (Spindle et al. 2019).

Oral
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There are a number of studies that have examined the oral absorption of cannabis
following ingestion. These studies most often heated ground cannabis plant material to
121°C for 30 min to release a carboxylic group from monocarboxylic acids of A°-THC
that are present in the plant, after which the heated product was used in cooking. In
male volunteers that consumed brownies containing cannabis, A>-THC and THC-COOH
were detected in urine samples for up to 5 — 6 days after exposure (Cone et al. 1988),
or in blood for up to 48 hours, with the time of elimination from the blood dependent on
the individual’s past history of cannabis consumption (Newmeyer et al. 2017hb).
Volunteers exposed to a decoction of cannabis plant material containing A°-THC in
water or milk had different blood levels of A°-THC or metabolites, depending on the
liquid used for decoction. After decoction in water only trace amounts of A%-THC and
11-OH-THC were detected in blood samples. After milk decoction, A%>-THC and 11-OH-
THC were detected in blood for up to 10 h, at levels approximately 10-fold higher than
was seen with the water decoction. Following consumption of the milk decoction, THC-
COOH was also detected in blood, with the maximum concentration occurring between
1 and 3 h; it remained detectable in whole blood for more than 50 h (Giroud et al. 2000).

Distribution

The distribution of A°-THC present in cannabis smoke has been investigated in animal
studies (Hunault et al. 2010; Poklis et al. 2010). A°-THC is lipophilic and the majority
absorbed is distributed to highly vascularized tissues such as the brain. The
concentration of A°-THC in the brain is similar to that in plasma, suggesting that
transport of A°-THC into the brain is not hindered by the blood-brain barrier. A%-THC is
sequestered in body fat, with only a small fraction present in the blood. In blood, A®-
THC is extensively bound to plasma protein (97% to 99%) (NTP 1996).

Studies in non-human primates, dogs and sheep have shown that A°-THC crosses the
placenta and reaches the fetus (Abrams et al. 1985; Bailey et al. 1987; Martin et al.
1977). The A°-THC levels present in fetal tissues (brain and liver) and plasma were
lower than those in maternal tissues (Bailey et al. 1987; Lindgren 1983). In humans, it
was shown that A%-THC crosses the placenta and is also present in breast milk
(Grotenhermen 2003). The two main metabolites of A°>-THC, 11-OH-THC and THC-
COOH, have been detected in umbilical cord tissue (Chittamma et al. 2013; Kim et al.
2018; Toennes et al. 2018).

A pharmacokinetic model describing the disposition of A%>-THC in occasional cannabis
smokers predicts that there will be a detectable plasma A°-THC concentration (1.0
ng/ml) for up to 8h (Marsot et al. 2017).

A°-THC has been detected in oral fluid up to 8 days after smoking (Andas et al. 2014)
and levels were found to be correlated with an individual’s past history of cannabis
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consumption (e.g., extent and frequency of use) (Swortwood et al. 2017). After
exposure to cannabis by smoking, vaporization or ingestion, A%-THC, 11-OH-THC,
THC-COOH, and other cannabis metabolites were detected in the oral fluid of healthy
volunteers that were frequent cannabis smokers, regardless of the method of exposure.
In healthy volunteers that were occasional cannabis smokers, A°-THC and THC-COOH,
but not 11-OH-THC, were detected after each of the three methods of exposure.

Metabolism

The chemical constituents of cannabis smoke can be metabolized by tissues of the
aerodigestive tract and the lungs, as well as the blood and other organs subsequent to
systemic distribution. A variety of Phase | and Phase Il enzymes are expected to be
involved in the metabolism of cannabis smoke.

Metabolism studies of A°-THC indicate that it is extensively metabolized by microsomal
enzymes in the liver. The metabolism of A°-THC involves oxidation, decarboxylation
and conjugation reactions (Chiang and Rapaka 1987). Phase I reactions include allelic
oxidation at the C-8 and C-9 positions to yield 11-OH-THC. Other metabolites of A°-
THC identified in plasma and feces after intravenous exposure to A°-THC are the alpha
and beta isomers of 8-OH-A%-THC (Wall and Perez-Reyes 1981). 11-OH-THC is further
metabolized to 8-11-dihydroxy-THC, and then to THC-COOH. More than 100

A°-THC metabolites, including di- and tri- hydroxy compounds, ketones, aldehydes and
carboxylic acids have been identified. THC-COOH and the glucuronic acid conjugate
are the major end products of biotransformation in most species, including humans
(Chaiffetz et al. 2011; Desrosiers et al. 2014a; Huestis 2007; Wu et al. 2018).

Exposure to cannabis smoke has been shown to induce some of the same enzymes
that are involved in its metabolism, such as cytochrome P450 1A1. Rat liver levels of
P450 1A1 were increased up to two times that of basal levels following cannabis smoke
exposure (Marcotte et al. 1975).

Excretion

The elimination of A°-THC and its metabolites occurs via the feces and urine, and to a
lesser extent, through sweat, saliva (Huestis 2005; McGilveray 2005), breast milk
(Grotenhermen 2003), and hair (Huestis 2005; Musshoff and Madea 2006).

Urine

In one study in humans, 10 — 30 % of an administered dose of radiolabeled A°-THC was
excreted in urine during the first day and excretion continued over one week after either
i.v., inhalation or oral exposure. Only small amounts of the parent compound A°-THC
and the metabolite11-OH-THC were detected in the urine, while approximately 80% of
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the radiolabel excreted in the urine was associated with uncharacterized polar
metabolites (Lemberger 1972). It was later established that the principal urinary A°-THC
metabolite is THC-COOH, which is excreted mainly as a glucuronic acid conjugate
(Giroud et al. 2000; Lemberger et al. 1970; Lemberger et al. 1972; Musshoff and Madea
2006; Wall and Perez-Reyes 1981).

Urinary elimination was studied in volunteer patients (13-18 years old) admitted to a
drug recovery program. Urine samples were collected at admission (time 0) and every
second day until two negative samples were obtained. The elimination time for THC-
COOH ranged from 8 — 28 days, and displayed an initial, pronounced decline over the
first three to six days, followed by a slower decline (Beardsley and Christensen 2007,
Huestis et al. 1996; Huestis and Cone 1998; Wasserman et al. 2015).

Feces

In humans, up to 5 — 10 % of an oral dose of A°-THC was excreted unchanged in feces
(Lemberger et al. 1972; Wall and Perez-Reyes 1981), and likely represents the portion
of the administered oral dose that was not absorbed, since A°-THC was not identified in
feces after i.v. exposure (Lemberger et al. 1970; Lemberger 1972). In these i.v. and
oral exposure studies, about 45 — 50 % of the A°-THC metabolites were recovered in
feces, with only a small proportion identified as 11-OH-THC and the majority
characterized as a more polar metabolite (probably THC-COOH which had not been
identified as a A%-THC metabolite at the time) (Lemberger et al. 1970; Lemberger 1972).

Saliva

A%-THC is also excreted through saliva. Peak levels of A°-THC are measured in oral
fluid within 30 minutes of smoking (Fabritius et al. 2013).

Clearance

In humans after i.v. exposure, a two phase plasma clearance for A°>-THC was observed,
with an initial rapid decline in plasma concentration over the first hour and then a much
slower decline in plasma concentration lasting for up to 60 h (Lemberger et al. 1970).

Wider ranges for the plasma A°-THC half-life have been reported in other human
studies:

e 150 min during an 8 h observation period after smoking cannabis containing
approximately 60 mg A%-THC (Hunault et al. 2010)

e 1.15 days (during the initial phase) and 8.22 days for the terminal half-life in 13-
18 year olds in a drug recovery program (Beardsley and Christensen 2007)

e 50-60 h to 5-6 days in other studies (Huestis 2007; Wall and Perez-Reyes 1981).

Plasma clearance of A°-THC was reported in a cannabis smoking abstinence study of
28 male chronic cannabis smokers with smoking histories that ranged from 4 to 24
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years. Plasma A°-THC concentrations decreased during the first 24 h of smoking
abstinence, and remained detectable for up to 48 h for the majority of participants; with
5 participants having detectable A°-THC and THC-COOH on day 30 (median A°-THC
plasma concentration 0.3 pg/L) (Beardsley and Christensen 2007; Karschner et al.
2016). The number of years of prior cannabis use significantly correlated with A°>-THC
concentrations on admission, and on days 7 and 14 of the study (Karschner et al.
2016).

The human half-life for THC-COOH has been reported to be in the range of 25 — 35
days (Huestis et al. 1996; Huestis and Cone 1998).

In rats, a plasma A°-THC half-life of 3.7 h was estimated after passive smoke exposure.
Clearance was calculated to be 1.1 (L/h) (Ravula et al. 2018).
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C. The Endocannabinoid (EC) System

Overview of the EC System

The endocannabinoid (EC) system is comprised of three different plasma membrane
receptors: cannabinoid receptor (CBR) 1, 2, and 3, denoted by CB1R, CB2R, and CBsR,
respectively. The CB3R is also known as GPR55 and is not as well studied as the other
two receptors.

CBRs have different endogenous ligands, but the two most thoroughly studied
endogenous cannabinoids (eCBs) are N-arachidonylethanolamide (anandamide, AEA)
and 2-arachidonylglycerol (2-AG) (Cassano et al. 2017; Keimpema et al. 2011). These
ligands are lipophilic derivatives of arachidonic acid (Alpar et al. 2016) and are
synthesized “on demand” from membrane phospholipids, depending on physiological
need, and bind to the CBRs with different affinities. AEA is a partial agonist of CBiRs
and CB2Rs receptors and 2-AG is a full agonist of both these receptors. Upon transport
into the cell, AEA and 2-AG are degraded via either hydrolysis or oxidation. AEA can be
hydrolyzed by fatty acid amide hydrolase (FAAH) or oxidized by cyclooxygenase (COX),
while 2-AG can be hydrolyzed by monoacyl-glycerol lipase (MAGL) or oxidized by
lipoxygenase (LOX) (Kano et al. 2009). Exogenous ligands, including A°-THC, are not
broken down by the same enzymes that degrade AEA and 2-AG, e.g., FAAH and
MAGL. Thus, exposure to exogenous cannabinoids such as A°-THC not only adds to
the baseline level of CBR activation due to the action of endogenous ligands, but is also
likely to result in a more prolonged activation of CBRs.

Exogenous ligands of CBRs include the cannabinoids present in plants in the genus
Cannabis. Cannabis sativa contains at least 60 different cannabinoid compounds
(Dewey 1986). These exogenous cannabinoids include A°-THC, A8-THC, and
cannabinol (Atakan 2012). In addition, a number of research compounds have been
synthesized that are CBR ligands. These include the CBR agonist HU-210, which is
structurally similar to A%>-THC, as well as a number of other ligands that are structurally
distinct from A®-THC, such as the CBR agonists WIN 55,212-2 and CP55,940 (Wiley et
al. 2011).

CBRs are part of the superfamily of G-protein coupled receptors (GPCRs) with seven
transmembrane helices (Turu and Hunyady 2010) that interact with guanosine
triphosphate (GTP) binding regulatory proteins called G proteins. G-proteins are
composed of three subunits: Ga (Ga subunits include four subgroups: Gas, Gai/o), Gj,
and GY. When GPCRs are activated, GTP binds to the Ga subunit, inducing a
conformational change such that the Ga subunit dissociates from the GBy subunits, and
activates downstream effectors. This signaling is terminated by the GTPase domain of
the Ga subunit, where GTP is hydrolyzed to guanosine diphosphate (GDP) (Wu et al.
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2010a; Wu et al. 2010b). It is important to note that the CBRs exist in different activated
states capable of coupling to different G proteins. Binding of a specific agonist stabilizes
a distinctive active state that can favor coupling to a specific G protein (Lauckner et al.
2005). Figure 1 below, reproduced from Tuteja (2009) (Tuteja 2009), depicts this
process.

Figure 1. Model for signal transduction by activation/inactivation of heterotrimeric G
proteins through GPCR. (Source: Tuteja 2009)
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The subunits of heterotrimeric G proteins (Ga and Gy) in their inactivated state are associated with each
other. In inactivation state the GDP is bound to Ga (Ga-GDP). In signal transduction, first the GPCR gets
activated by changing its conformation which resulted from binding of agonist/ligands to the extracellular
region of GPCR. This activated GPCR further activate the inactive G protein to active G protein complex
by dissociating the Ga from GRy. In active state the GTP is bound to Ga (Ga-GTP). Now free Ga and GBy
have their own effectors (E1 and E2, respectively) to further transmit the signals and initiate unique
intracellular signaling responses. Later, after the signal transduction, the Ga-GTPase activity hydrolyze
the bound GTP (Ga-GTP) to GDP and Pi and inactivate the G protein complex by re-associating the Ga
with GBy. In this state again GDP is bound to Ga (Ga-GDP) in the G protein complex. In this way the
activation and inactivation cycle is completed.
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Exogenous or endogenous ligand binding to CBRs causes downstream activation
and/or inhibition of different signaling cascades including, but not limited to, PLC
(phospholipase C), Akt/PKB (protein kinase B, AC, RhoA (Ras homolog gene family,
member A), and JNK (c-Jun N-terminal kinase) cascades.

The EC system has many physiological roles including, but not limited to, maintenance
of various stages of pregnancy (Taylor et al. 2010), reproductive function (Correa et al.
2016; Maccarrone et al. 2015a), somatic development (e.g., bone growth and
differentiation) (Wu et al. 2010a), regulation of the immune system, apoptosis (Rieder et
al. 2010), and neurodevelopment (Keimpema et al. 2011). The CBRs are expressed
throughout the body:

“CB1 receptors are expressed in the central nervous system (CNS) and are
particularly rich in certain brain areas such as basal ganglia, cerebellum, and
hippocampus. CB1 receptors are also found in the periphery, including human
testis, sperm cells, embryos, retina, colonic tissues, peripheral neurons,
adipocytes, and other organs including human adrenal gland, heart, lung,
prostate, uterus, oviduct, and ovary” (Reggio 2010).

CB:2R is mainly present in peripheral tissues and also in the nervous system. These
peripheral tissues include: cardiovascular system, liver, gastrointestinal tract, B and T
lymphocytes, osteoblasts, developing embryos, embryonic stem cells, human uterus
and myometrium, mouse Sertoli cells, epidermis and sebaceous glands (Maccarrone
2008; Maccarrone et al. 2015a). The function of the CB3R (GPRS55) is not well
understood, however, it is expressed in the nervous system (Basavarajappa et al.
2009).

Some of the signaling pathways of the EC system that can be affected by in utero
exposure to A%-THC and other exogenous cannabinoids present in cannabis smoke and
vapor are described below. The following sections focus on the role of the EC system in
regulating:

0] development of the embryo and facilitating successful embryo implantation.
(i) bone growth and differentiation.

(i)  development of the immune system, and

(iv)  development of the nervous system.

Embryo development and implantation

Embryo development proceeds from a fertilized ovum (zygote) to a 2-, 4-, 8-cell embryo,
to the 16-cell morula stage, to the blastocyst stage that it is ready for implantation. The
developing embryo expresses CB1R and CB2R, beginning at the 2-cell stage, and
continuing through to the blastocyst stage (Paria et al. 1995; Yang et al. 1996). The
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blastocyst consists of two different cell populations, the inner cell mass (ICM) that will
develop into the embryo and the surrounding group of cells known as the trophectoderm
(TE) that will establish the cellular connections with the mother’s uterus to develop the
placenta (see Figure 2, reproduced from (Sun and Dey 2009; H Wang et al. 2006a).
The ICM expresses CB:2R, and the TE expresses CB1R.

Figure 2. Overview of cannabinoid signaling in preimplantation embryo development
(Source: Sun et al. 2009)
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Exaggerated signaling mediated by CB1R leads to aberrant preimplantation embryo development.

In vitro studies of mouse embryos have shown that CB1R agonists delay embryo
development, inhibiting blastocyst formation, zona hatching and trophoblast outgrowth
(Paria et al. 1995; Schmid et al. 1997; Yang et al. 1996). The G-protein-coupled CBRs
inhibit adenylyl cyclase (AC) and N-type Ca?* channels (Paria et al. 1995). When a
CBR agonist binds to either receptor, the receptor will activate Gai, which in turn inhibits
AC, leading to reduced levels of cAMP and intracellular calcium (Ca?*) levels (Wang et
al. 1999). A close balance of cAMP levels and Ca?* is thought to be part of normal
embryonic development (Paria et al. 1995).
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Therefore, a possible mechanism of action could be that the activation of CB1R may
inhibit N-typeCa?* channels, which may alter intracellular Ca?* levels and interfere with
cell polarity and embryonic compaction, thereby delaying transformation from the
morula to the blastocyst. A°THC has the ability to inhibit forskolin-stimulated cAMP
accumulation (Paria et al. 1995; Yang et al. 1996).

Oviduct transport

The EC system plays a key role in the transport of the embryo through the oviduct to the
uterus. Dysfunctional regulation of this signaling system may result in a deficient
embryo transport to the uterus, with the end result of an ectopic pregnancy (Maccarrone
2008; Sun and Dey 2008).

The embryo transported through the oviduct into the uterus is controlled by various
factors such as steroid hormone balance and the sympathetic nervous system through
modulation of ai-adrenoceptors (a1-AR) and B2-adrenoceptors ($2-AR) in the oviduct.
Stimulation of ai1-AR results in muscle contraction, whereas stimulation of B2-AR
stimulates muscle relaxation. Continuous activation and relaxation of the oviduct muscle
creates the means to transport the embryo into the uterus. CB1Rs are co-localized in
the oviduct with a1-ARs and B2-ARs. The co-localization of CB1R with B2-AR and a
direct physical interaction of these two receptors has been demonstrated by Hudson et
al. (2010). Oviducts in CB1R null mice show increased levels of norepinephrine (NE)
and CB1R-mediated signaling is coupled to adrenergic signaling (demonstrated by
Hudson et al. 2010). This suggests that exposure to CBR agonists can produce a
cross-desensitization of B2-ARs (Hudson et al. 2010), with possible consequent effects
on the regulation of the peristalstic (contraction and relaxation) action of the oviduct.
Exogenous cannabinoids have been shown to relax the smooth muscle of the mouse
oviduct, and prevent the transport of the embryo into the uterus for implantation (Sun
and Dey 2009).

Implantation

At the blastocyst stage, the TE cells of the embryo contact the uterine endometrium to
begin the process of implantation. Successful implantation requires an interaction
between the blastocyst and the uterus when the uterus is in its “receptive” state.
Activation of CB1R (via AEA) and AEA hydrolase in the uterine epithelium is enhanced
by a “FAAH activator” released by the embryo itself that modulates the levels of AEA
(Maccarrone 2009). Normal development of the embryo plays a key role in inducing the
necessary changes in the uterus to create the receptive uterine environment needed for
successful implantation, as shown in Figure 3. This involves activation of the ERK and
Ca?* signaling pathways. As stated by Wang et al. (2006b),

“‘AEA at a low concentration activates ERK signaling in dormant blastocysts via
CBL1. In contrast, at higher AEA levels, it fails to achieve ERK activation, but
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instead inhibits Ca?* mobilization. This finding provided for the first time a
potential ‘cannabinoid sensor’ mechanism to influence crucial steps during early
pregnancy. An association of spontaneous pregnancy loss with elevated
peripheral AEA levels in women is consistent with the observations in mice.
These findings in mice and humans reinforce the concept that endocannabinoid
signaling is at least one of the pathways determining the fate of embryo
implantation. In this regard, there is evidence that activation of CB1 inhibits
human decidualization and promotes apoptosis of decidual cells in vitro, thus
adding a new role of endocannabinoids in human pregnancy.”

Figure 3. Endocannabinoid signaling in blastocyst activation and implantation. (Source:
Wang et al. 2006a)
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Evidence suggests that regulated levels of endocannabinoids, primarily AEA, in the receptive
uterus and CB1 in activated blastocysts, are beneficial for implantation, whereas higher levels are
detrimental to this process. This biphasic role of AEA is further supported by findings that AEA
within a very narrow range regulates blastocyst activation and implantation by differentially
modulating ERK signaling and Ca?* channel activity via CB1. Uterine AEA levels conducive to
implantation are primarily regulated by the coordinated expression and activity of N-
acylphosphatidylethanolamine-hydrolyzing PLD (NAPE-PLD) that generates AEA and by FAAH
that degrades AEA in the uterus during early pregnancy. In addition, the implanting blastocyst
down-regulates uterine NAPE-PLD expression, but enhances uterine FAAH activity via releasing
a putative FAAH activator, thus contributing to rapid turnover of AEA at the implantation site. Ge,
Glandular epithelium; IS, implantation site; INTER-IS, interimplantation site; Le, luminal
epithelium; Myo, myometrium; S, stroma; Tr, trophectoderm” (Taken directly from Wang et al.
(2006a))

Immediately after implantation, the trophoblast begins to form and is essential in the
proper development of the placenta. Studies in mice have shown that CBR agonists,
including A°-THC, can interfere with these processes. For example, low levels of
cannabinoid agonists have been shown to accelerate trophoblast differentiation and
higher levels inhibit trophoblast proliferation and gene transcription, and these effects
are mediated through CB1R (Maccarrone et al. 2002; Paria et al. 1998; Paria and Dey
2000; Wang et al. 1999; Yang et al. 1996). Trophoblasts secrete proteases that allow
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invasion of its cells. The invasion of the trophoblast cells into the endometrium to
establish the fetal blood flow supply is regulated by many signaling pathways, such as
cytokines (leukemia inhibitory factor (LIF), interleukin-6 (IL-6), and granulocyte
macrophage colony stimulating factor. These cytokines and stimulating factors activate
various intracellular signaling pathways in trophoblast cells, one of which is the signal
transducer and activator of transcription 3 (STAT3) which is part of the Janus kinase
signal transducers (JAKs-STAT). The activation of STAT3 by phosphorylation allows
regulation of cell motility, a key step in trophoblast cell invasion. After cytokine binding
to the surface of the receptor, JAKs cross-phosphorylate and activate each other
allowing intracellular STATSs to bind to the receptor domains on the cytoplasmic domain
of the cytokine receptors. After activation, STATs dissociate from the receptor and
translocate into the nucleus of the cell and can up-regulate the transcription of target
proteins by binding to their promoter regions. One such protein is the SOCS protein that
negatively controls the duration of cytokine signaling (Fitzgerald et al. 2008).

CB:R ligands, including A°-THC, cause trophoblast dysfunction by suppressing STAT3
signaling and ultimately disrupting placental development by impairing the migration and
invasion of trophoblasts. In mice exposed to A%-THC, there was a significant decrease
in phosphorylation of STAT3 in the placenta, which was consistent with the in vitro
results (Chang et al. 2017). Phosphorylation of STAT3 is essential in regulating cell
motility, which is a critical step in trophoblast cell invasion.

Pretreatment of trophoblast cells in vitro with CBR antagonists reversed the effect of A°-
THC regarding the migration of cells and confirmed that this effect is mediated via
CBRs. The effect of A>-THC on cell migration and invasion was seen both in vivo (in
prenatally exposed mice) and in vitro (Chang et al. 2017). This ultimately results in
inadequate nutrition and blood supply to the fetus due to dysfunctional trophoblast
migration and improper placental development.

Immune System Development

The immune system is comprised of an innate and an adaptive system. The innate
immune system reacts in a non-specific manner to invasive pathogens and tumor cells,
and is comprised of macrophages, dendritic cells, neutrophils, natural killer cells,
eosinophils, basophils, and mast cells. The adaptive immune system reacts to non-host
antigens, e.g., pathogens and tumor cells, in an antigen-specific manner and retains
antigen-specific memory cells. It is comprised of dendritic cells, B lymphocytes, and T
lymphocytes (Chiurchiu et al. 2015; Maccarrone et al. 2015b; Rieder et al. 2010;
Wolfson et al. 2016).

The EC system plays a significant role in the function of the immune system. CBRs
areexpressed on several types of immune cells, including cells involved in innate, and
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cells involved in adaptive immunity. Fetal immune cells have also been shown to
express CBRs. In fact, the EC system plays an important role in the immune system
during pregnancy through the adaptive immune system. During pregnancy the maternal
adaptive immune system undergoes changes, including suppression of the “non-host”
response, to permit toleration of the semiallogeneic fetus. Expression of CB1 and CB2
receptors is differentially regulated in B cells during pregnancy (Wolfson et al. 2016),
which affects cytokine production by B cells.

Most types of immune cells express both CB1R and CB2R, and some, such as Natural
Killer (NK) cells, also express CBsR. In general, the level of CBR expression varies by
immune cell type in the following rank order, from highest expression to lowest: B cells >
NK cells > monocytes/ macrophages > neutrophils > CD8 T cells > CD4 T cells (Rieder
et al. 2010).

In the innate immune system, CB1Rs and CB:2Rs are highly expressed in macrophages
(Chiurchiu et al. 2015). Dendritic cells express both CB1Rs and CB2Rs and through
activation of these receptors, they function to suppress the immune system (Chiurchiu
et al. 2015).

The EC system is heavily involved in adaptive immunity as well, through activation of
various signaling cascades. CB:2R activation has been shown to suppresse the immune
system via a Ca?* dependent mechanism (increased intracellular Ca?* levels). There is
also some evidence suggesting that eCBs can modulate immune function through CBR-
independent mechanisms (Maccarrone et al. 2015b). In addition, activation of CBRs can
lead to apoptosis, which may have implications for development of the fetal immune
system (Dong et al. 2019). Furthermore, exogenous cannabinoids (such as A°-THC)
may alter immune function by induce epigenetic changes, such as altered DNA
methylation and histone acetylation in T1 and T2 helper (Th-2 and Th-1) associated
genes (Dong et al. 2019).

Bone Growth

Bone growth is a continuous process that begins prenatally and ends in maturity when
the epiphyseal plates are fully ossified (Cooper et al. 2013; DeSesso and Scialli 2018).
Bone growth is the result of a delicate balance between osteoblasts (bone forming cells)
and osteoclasts (bone resorbing cells) activity. It starts with osteoclast precursors being
recruited to bone, followed by maturation of these cells to form resorptive osteoclasts.
These osteoclasts then generate resorptive lacunae (pits), into which new bone,
produced by the osteoblast, is deposited. An imbalance between bone formation and
resorption can manifest as either bone mass accrual, or bone loss (Bab and Zimmer
2008; Wu et al. 2010b).
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The EC system plays a significant role in bone growth and differentiation. The signaling

pathways and molecular mechanisms of the EC system in bone are very similar to that
in other tissues.

Receptors: CB1Rs are expressed in sympathetic nerve endings proximal to the bone
(See
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Figure 4). The osteoblast cells express 32-adrenergic receptors (B2AR). CB:2R are
expressed in osteoblasts, osteocytes, and osteoclasts and regulate bone mass by
negative modulation (Ofek et al. 2006).

Ligands: eCBs produced by the osteoblast would bind the CB1Rs in the nerve terminal,
activation of these receptors would down-regulate noradrenaline (NE) production which
is the natural ligand for 2AR. The consequence of this is a reduction on the negative
control that NE has on osteoblast activity (Bab and Zimmer 2008). In bone and bone
cell cultures 2-AG activates CB1R in the sympathetic nerve terminals, whereas AEA
affects bone cells directly by binding to CB2R (Bab and Zimmer 2008).
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Figure 4. Endocannabinoid Signaling in Bone Growth and Remodeling (Source: Zimmer
2016).
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“(A) Bone is richly innervated by sympathetic nerve terminals, which release norepinephrine (NE) and
inhibit bone formation by activating 32-adrenergic receptors (32AR) on osteoblasts. CB1 receptors are
present on these nerve terminals and are activated by endocannabinoids (eCBs) released from apposed
osteoblasts. CB1 signalling inhibits NE release, thus reducing the sympathetic tone and alleviating its
inhibitory effects. CB2 receptors are mostly present on osteoblasts and osteoclasts. Activation of CB2
receptors enhances the proliferation of osteoblast progenitors and restrains osteoclastogenesis. Although
bone remodeling is stimulated in CB2-deficient mice, there is a net loss of bone mass, which results in an
age-related osteoporosis phenotype. (B) Cannabinoid CB1 and CB2 receptors, as well as
endocannabinoid synthetic enzymes, are also expressed in the epiphyseal growth cartilage. CB1 is
mostly present in the hypertrophic cell layer. CB2, DAGLa and DAGL are found in the transitional zone
between proliferating and hypertrophic cells. The epiphyseal growth cartilage contains significant levels of
2-AG. Mice lacking CB2 receptors have longer femora and vertebral bodies resulting in a longer stature,
whereas stimulation of CB1 restrains bone growth.” (Zimmer 2016)

As shown schematically in
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Figure 4 above, CB1Rs and CB2Rs are expressed in epiphyseal growth cartilage (EGC)
hypertrophic chondrocytes. 2-AG, and two enzymes involved in 2-AG synthesis,
diacylglycerol lipase-alpha (DAGLa) and -beta (DAGL), are also expressed in EGC
hypertrophic chondrocytes. CB1Rs and CB2Rs as well as enzymes involved in the
synthesis of eCBs are expressed on hypertrophic chondroblasts in the epiphyseal
growth cartilage plate. CB2R signaling stimulates proliferation of osteoblast progenitors
and affects differentiation of osteoclasts. CB1Rs are most prominently expressed on
sympathetic nerve terminals and inhibit release of norepinephrine, thus reducing the
sympathetic tone which in turn inhibits bone formation (Maccarrone et al. 2015b).

The expression of CB2Rs in bone cells means that eCBs could exert their signaling
effects through a cell-autonomous way. Exogenous cannabinoids may affect these
signaling pathways and thus may affect bone growth and/or differentiation. In vivo and
ex vivo studies have shown effects of A>-THC on skeletal elongation and on epiphyseal
growth cartilage chondrocyte activity (Wasserman et al. 2015).

Neurodevelopment

Involvement of the EC system during early brain development has been recognized for
some time (Fernandez-Ruiz et al 1999; 2000), and while recognition of the importance
of proper endocannabinoid signaling in neurodevelopment has prompted much reseach
in this area (Calvigioni et al 2014), current understanding of the mechanisms through
which neurodevelopment and neurobehavior are shaped by these signaling pathways
remains limited.

CBRs are expressed in various parts of the central nervous system (CNS) in both the
brain and the spinal cord. These areas include expression in the (Kano et al. 2009):

e innermost layers of the olfactory bulb, hippocampus (high levels in the dentate
molecular layer and the CA3 region), lateral part of the striatum, target nuclei of
the striatum (globus pallidus, entopeduncular nucleus, substantia nigra pars
reticulata), and cerebellar molecular layer;

o forebrain regions, where moderate levels are expressed;

e cerebral cortex (higher in the frontal, parietal, and cingulated areas than other
cortical areas), septum, amygdala (nucleus of lateral olfactory tract),
hypothalamus (ventromedial hypothalamus), lateral subnucleus of
interpeduncular nucleus, parabrachial nucleus, nucleus of solitary tract (caudal
and commissural portions), and spinal dorsal horn;

e thalamus, and spinal ventral horn(Kano et al. 2009).

The associated subunits of CBRs direct signaling through many cascades, such as via
inward rectifier K* (GIRK) channels, modulation of adenylyl cyclase, cyclic adenosine
monophosphate (cCAMP) dependent protein kinase (PKA) and most importantly release
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of calcium (Ca?*) from intracellular stores where Ca?* can then directly bind to and
regulate ion channels (Bloom 2006a).

Cannabinoid receptors (CB1R, CB2R and CBsR) are transiently distributed during the
development of the nervous system, suggesting that these receptors are involved in the
overall regulation of structural and functional brain maturation (Berrendero et al. 1998;
Keimpema et al. 2011).

Ligand binding to CBRs within the developing brain can result in downstream activation
and/or inhibition of different signaling cascades, affecting key aspects of CNS
development, such as neurite outgrowth.

“Activation of CB1Rs in developing neurons leads to neurite outgrowth and
affects growth cone steering decisions. The unique configuration of CB1Rs and
2-AG synthesis enzymes in the growth cone allows for a primarily autocrine
activation of CB1Rs, as well as the paracrine signaling amongst neighboring
neuronal segments or growth cones advancing in parallel and coalescing into
axonal bundles. To prevent ectopic activation of CB1Rs, either expressed or
transported along the axon, and consequently, unwanted neurite outgrowth or
steering decisions, MAGL is expressed in the stabilized neurite segment to
scavenge excess 2-AG. When the growth cone reaches its postsynaptic target,
the premature presynapse halts by adopting the “adult configuration” of 2-AG
signaling by the redistribution of DAGLs and MAGL” (Calvigioni et al. 2014).

“‘MAGL, or any other endocannabinoid-related catabolic enzyme known to date,
is not able to degrade THC. Thus, introduction of THC to developing foetal
circuits could result in the ectopic activation of CB1Rs, leading to unwanted
directional neurite outgrowth, including synapse formation errors. In addition,
THC exposure increases the synthesis and release of endocannabinoids,
particularly AEA, in a concentration-dependent manner through CB1Rs... In
response to chronic THC or synthetic cannabinoid agonist exposure, CB1Rs
undergo downregulation and rapid desensitization in a regionally distinct manner
with considerable magnitude. In sum, besides out-of-place activation of CB1Rs,
THC is able to reshape endocannabinoid signaling by directly affecting receptor
and enzyme levels. The tightly regulated spatiotemporal expression of
endocannabinoid-related enzymes and receptors during foetal development thus
predicts sensitivity to prenatal cannabis exposure” (Calvigioni et al. 2014).

The role of the EC system in neurodevelopment is discussed in more detail in
Appendix 4. Animal Neurodevelopmental Toxicity Studies)

Cannabis Smoke and A%-THC 41 OEHHA October 2019



D. Human Studies of Developmental Effects

The initiation of the epidemiological review begain with a systematic search of the
scientific literature for studies that could best inform the evaluation of the effects of
prenatal cannabis exposure on human development.

Tabulation and Summarization of Epidemiologic Studies

Study selection for detailed summaries

Detailed summaries were developed and included in the Appendices for analytic
epidemiological studies with individual exposure and outcome assessment, such as
cohort and case-control studies, that met the criteria for inclusion discussed above.
Ecologic studies, cross-sectional studies, and case series were excluded. Studies that
did not address potential confounding by tobacco, alcohol, and other drugs were also
excluded from tabulation with few exceptions where this was noted in the detailed
appendix tables or text. Included studies reported original data analyses with details
about methods, and were published in peer-reviewed journals. Abstracts from
conferences, opinions, and reviews were excluded.

In the human studies many publications used different terms in reference to cannabis
including marijuana. For ease of reading the term cannabis is used in this document to
represent marijuana. Other forms are included as they were presented in the original
study.

Summary tables

To facilitate consideration of this large dataset, the tables and figures for the human
studies of developmental outcomes are presented in order of increasing detail. Thus,
Table D.4 is a list of the studies of birth outcomes, organized chronologically, which
provides a high level overview of the scope of the dataset. Table D.5 provides more
detailed information of each study concerning study design and exposure, organized by
cohort, where applicable, and chronologically. This table, however, is still intended as
an overall reference for the dataset.

SimilarlyTable D.12 is a list of the studies of neurodevelopmental outcomes, organized
by age/developmental stage, and chronically, which provides a high level overview of
the scope of the dataset. Table D.13 provides more detailed information of each study
concerning study design and exposure, age/developmental stage, where applicable,
and chronologically.

Detailed study summaries

In Appendix 1 and 2, detailed summaries are provided for each study of birth outcomes
and neurodevelopment. These studies are organized in two tables; Table 1.1 includes
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studies of birth outcomes, ordered alphabetically, while Table 2.1 includes studies of
neurodevelopmental outcomes, presented by outcome, ordered chronologically. A
small number of studies that are less informative than the tabulated studies have been
summarized in narrative form and are presented following the Appendix tables.

The epidemiologic studies summarized in these tables include information relevant for
assessing the quality of each study and its ability to provide evidence on whether or not
prenatal exposure to cannabis or A%>-THC can cause adverse effects in offspring. Each
column includes information needed to identify each study and assess its ability to
address the HID’s research question.

In addition to these detailed summaries the Developmental and Reproductive Toxicant
Identification is being provided the original publications on all the summarized studies.

Information for the Detailed Summary Tables

Study design/sample [sizes] includes the study design (retrospective or prospective
cohort, case-control, other), a brief description of the population sample, number of
subjects, and the years of exposure data collection, if reported. The sample size is
presented using the abbreviation N for the initial study population and n for the resulting
sample population after any exclusion or loss to follow-up, etc. Statistical analysis
methods are also noted here.

Outcomes of Interest includes developmental outcomes the authors evaluated, such as
birth weight, gestation length, and behavior problems.

Unless otherwise noted: low birth weight was defined as birth weight less than 2,500
grams; small for gestational age was the lowest 10" percentile of birth weight for each
gestational week, and preterm birth was <37 weeks gestation.

Exposure Considerations

Exposure assessment

Prenatal exposure to cannabis in the studies reviewed in this document was
predominantly assessed through maternal self-report during prenatal interviews.
Biological analysis using urine samples, and less frequently meconium, were also used
in some studies. Agreement between the results from self-reported use and biological
analysis varied across studies that assessed both measures. Studies have shown
women who report cannabis use do not always test positive in urine samples. This may
be due to a number of factors including the limit of detection of the tests methods and
the half-life of A°-THC in the body. Conversely, some women who report not using
cannabis do have a positive urine test. This most likely is due to under-reporting of use.
Although there may be exposure to secondhand cannabis smoke in high enough
concentrations to result in positive urine tests (Cone et al. 2015), the ambient air

Cannabis Smoke and A%-THC 43 OEHHA October 2019



concentrations need to be high. For exposure assessment through meconium samples,
disagreement between self-report and meconium analyses may be to some degree a
matter of the difference in the time frame for the self-reported use versus the time frame
of exposure reflected in the meconium sample, primarily later in pregnancy.

In a comprehensive review of the literature, Chiandetti et al. (2017) examined the
comparison between self-reported consumption of cannabis and biomarkers of
exposure. The percentage of women who self-reported exposure varied from O to
2.9%, while positive biomarker results ranged from 4 to 12.4%. These results suggest
that self-reported exposure has the potential for substantial underestimation of prenatal
cannabis exposure.

Imprecise exposure assessment resulting in non-differential misclassification of exposure
would likely bias the estimate of any association of risk towards the null, that is, toward
not detecting an effect even if one were present.

Changes in cannabis potency over time

An important factor to consider in assessing the overall findings of the studies is the
well-documented increase in the potency of cannabis over time. There has been a large
increase in potency of cannabis over the last few decades.

Elsohly et al. (2000) analyzed 35,312 samples of cannabis preparations confiscated by
the US Drug Enforcement Administration from 1980-1997. The results showed

“the potency (concentration of A°-THC) of marijuana samples rose from less than
1.5% in 1980 to approximately 3.3% in 1983 and 1984, then fluctuated around
3% till 1992. Since 1992, the potency of confiscated marijuana samples has
continuously risen, going from 3.1% in 1992 to 4.2% in 1997.”

Further work by Elsohly et al. (2000) found the increase in potency of confiscated
cannabis plant material from ~4% in 1995 to ~12% in 2014, “resulting in a change in the
ratio of A°-THC to cannabidiol from 14 times in 1995 to ~80 times in 2014” (EISohly et
al. 2016).

Many of the studies presented in the document were conducted beginning in the late
1970’s, or early 1980’s when cannabis was much less potent. One consideration in
evaluating consistency of studies of comparable quality and power is the increasing
potency in cannabis, and exposure to higher amounts of THC, over time.
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Longitudinal Cohort Studies

Ottawa Prenatal Prospective Study (OPPS)

Recruitment

The Ottawa Prenatal Prospective Study (OPPS) is a longitudinal cohort that evaluated
prenatal lifestyle habits and their effects on the offspring (Fried 1980). The studies from
this cohort are shown in the table below. The study recruited pregnant women through
notices in public media or in waiting rooms of prenatal clinics in the four largest Ottawa
hospitals (Fried 1985). Recruitment started in 1978-1985 (Fried 1989). The study was
described as an investigation of prenatal influences on the developing fetus, with the
investigators being interested in all women, regardless of prenatal habits (Fried et al.,
1980). Mothers who were interested in participating were instructed to call the
researchers by phone or to mail a pre-addressed, stamped post card available from the
receptionist or affixed to the notices (Fried et al., 1980). The demographics of the
women are described as “middle class, urban, and low-risk population” (Fried 1989).
Women who reported use of opiates, amphetamine, and cocaine more than six times
during the year before pregnancy or more than once during pregnancy were not
included in the study (Fried 1980).

Interview methods and information collected

Subjects who volunteered to participate were interviewed once during each remaining
trimester. Women who entered the study in the second or third trimester were
interviewed “as soon as the contact was made.” Subsequent interviews took place in
the sixth and nine months of pregnancy (Fried et al., 1980).

Pregnant women were interviewed by the same female interviewer throughout
pregnancy in order to build rapport. The interviews were usually conducted in the home
of the participant and collected information on socioeconomic status, mother’s age and
health (prior to and during pregnancy), obstetrical history of previous pregnancies,
father’'s medical history, 24-hour dietary recall (including caffeine consumption), and
past and present drug use with emphasis on alcohol, cigarettes, and marijuana.
Average daily caffeine use was calculated from the 24-hour dietary recall according to
the number, size, and servings of coffee, tea, sodas, and other dietary sources of
caffeine consumption during pregnancy (Fried and O’Connell 1987).

Data collected at birth included gestation length, type of birth, birth weight, and
medication used during labor. The interviews collected information including alcohol,
nicotine, and cannabis use the year before pregnancy and during each trimester. If
inconsistent information was reported regarding quantity of substance use, the higher
guantity was used in data analysis.
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The same questions repeated each trimester so that they had a measure of test-retest
reliability. The consistency of self-report for cannabis use was very high with fewer than
7% of women inconsistently reporting cannabis usage. If there was inconsistency then
the higher number was used in data analysis (Fried 1985).

Sample Size and Follow-up

Sample sizes analyzed in each OPPS study may vary depending on follow up
information available. Generally, information was collected from approximately 700
women in the Ottawa area. Approximately 180 offspring from this sample have been
followed up beyond the neonatal period (Fried 1995). About one third of the subjects
moved from the Ottawa area causing loss to follow up (Fried 1995).

The women were selected to include all those who used cannabis during pregnancy,
were heavier social drinkers, and who smoked cigarettes regularly (Fried and O’Connell
1987). Approximately 50 women who did not use cannabis, drink alcohol, and were
non-smokers were chosen as controls.

The average age of women in the sample was 28.9 years. The mean family income was
$31,500 compared to $36,000 for the Ottawa metropolitan area. The average education
level was higher in the sample, with 64% of women achieving a greater than high school
education compared to the 49% of women giving birth in the Ottawa region (Fried and
O’Connell 1987).

The authors note that the participants were healthy volunteers, the vast majority of
whom were middle-class, married, and well-educated, making this a very low risk
cohort. Because the sample was selected on the basis of drug use, the proportion of
users and extent of use cannot be considered representative of use by a middle class
population (Fried and Makin, 1987, p.5).

Exposure Quantification

Information on quantity of use was collected in number of joints. If participants reported
use of hashish the amount was multiplied by five to account for the increased THC
concentration (Fried 1985).

Exposure quantification of cannabis (e.g. light, moderate, or heavy use) for analysis
varies in each study.

Alcohol consumption was broken down into wine, beer, and liquor, using both quantity
and pattern to average ounces of absolute alcohol (AA) per day. Alcohol use was
classified in four categories based on average weekly consumption: abstainers, those
who drank an average <0.14 oz. AA/day (light), those who drank between 0.14 and 0.85
oz. (moderate), and those who drank >0.85 oz. of AA/day (heavy) (Fried et al., 1980 p.
326). The authors considered 0.85 oz. AA, which would be contained in 1.5 bottles of
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Canadian beer, two glasses of wine, or two highballs, “at a risk level” (Fried et al., 1980
p. 326).

For cigarette use, the number of cigarettes smoked per day was multiplied by the
nicotine content of the brand specified. The three categories were non-smokers, light
smokers (those who averaged less than 16 mg of nicotine/day), and heavy smokers
(who averaged at least 16 mg of nicotine/day) (Fried et al., 1980 p. 326).

Prevalence of cannabis use in cohort

Usage of cannabis declined significantly after pregnancy, but during each of the
trimesters, percentages remained constant (Fried 1985).

Based on Tables 3 and 5 in Fried et al. (1980), of 217 participants for whom there were
data on alcohol and marijuana use in the first trimester, 190 did not use marijuana, 20
smoked <1 joint per week, four women smoked two to five joints/week, and three
women smoked >five joints/week. Table 6 in Fried et al. (1980) shows that 79.6% of the
sample were non-users before pregnancy, and 90.2% were non-users by the third
trimester (see below).

Table D.1: Levels of Cannabis Use by Trimester

Marijuana use Pre-pregnancy 15t trimester (%) 2" trimester (%)  3rd trimester (%)
(joints/wk) (%)

Non-user 79.6 87.5 87.1 90.2

Light (1) 14.8 (9.3) 8.8 7.3

Moderate (2-5) 2.3 1.9 0.9 0.4

Heavy (>5) 3.2 1.4 1.8 2.0

N (from tables 3, 217 217 190

5)

Marijuana use was not statistically associated with alcohol use, except among the
heavy users (Fried et al., 1980 p. 335). All heavy marijuana users smoked cigarettes to
some degree (Fried et al., 1980 p. 340). Heavy marijuana use was also associated with
lower family income.

Table D.2. Studies from the Ottawa Prenatal Prospective Study (OPPS) on the Effects
of Prenatal Exposure to Cannabis.

Reference Outcome, Timing N, study n

Fried 1980 Nervous system abnormalities 60-80 hrs N =291, n=89
postpartum

Fried 1982 Nervous system abnormalities at 4,9, n =420

and 30 days, and 1 yr
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Reference
Fried et al. (1984)

O’Connell and Fried
(1984)

Tansley et al. (1986)

Fried et al. (1987)

Fried and O’Connell
(1987)

Fried and Makin
(1987)

Fried and Watkinson
(1988)

Fried and Watkinson
(1990)

O’Connell and Fried
(1991)

Fried et al. (1992a)

Fried et al. (1992b)

Fried et al. (1997)
Fried et al. (1998)

Fried et al. (1999)

Fried and Watkinson
(2000)

Fried et al. (2001)

Fried and Watkinson
(2001)

Fried et al. (2003)

Outcome, Timing
BW, GA

Minor anomalies, FAS-like features

Transient pattern-evoked visual cortical
potential (maturation of visual
mechanisms), ~8 yrs

Neonatal neurologic status at 9 and 30
days

Growth at 1 and 2 yrs

BNBAS, 3-6 days

At 12 mos: HC, Height, Weight, BSID

At 24 mos:BSID, Reynell Development
Language Scales (at 12 & 24 mos)

Neurobehavior at 36 and 48 mos

Neurobehavioral development at 6-9
years

Attentional behavior and impulsivity at 6
yrs

Cognitive and receptive language
development at 5-6 yrs

Reading and language at 9-12 yrs

Cognitive and executive function at 9-12
yrs

BW, BL, HC, PI, growth from birth to 12
yrs

Visuperceptual performance at 9-12 yrs

Growth and pubertal milestones at 16 yrs

Facets of attention at 13-16 yrs

Cognitive functioning at 13-16 yrs

N, study n
n=583
n=636

N=~700, n=96

N=~700, n= 247 at 9 days, n=254 at 30 days

N=~700, n=123

N=~700, n=250

N=~700, n=217 at 12 mos, n= 153 at 24 mos

N= 698, n= 130 at 36 mos, n= 123 at 48 mos

N not explicitly stated, n= 56

N =698, n=126

N=~700, n 135 at 5 yrs, n= 137 at 6 yrs

N=690, n= 131
N= 698, n=131

n =190

N=698, n= 146

n=152
N= 698, n=152

N= 698, n=145

Maternal Health Practices and Child Development Study (MHPCD)

The Maternal Health Practices and Child Development Study (MHPCD) is a longitudinal
cohort that recruited participants from Magee-Womens Hospital in Pittsburgh, PA from
1982 to 1985. Studies from this cohort examined birth, growth, and
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neurodevelopmental outcomes associated with prenatal cannabis exposure, and were
conducted from 1985 to 2018 in offspring from birth through 22 years of age. These
include studies by Day et al., Scher et al., Richardson et al., Cornelius et al., Dahl et al.,
Chandler et al., Leech et al., Goldschmidt et al., Gray et al., Sonon et al., Willford et al
and De Genna et al., as shown in Table D.3 below.

MHPCD comprised three main cohorts: the Teen Mothers cohort (Cornelius et al. 1995),
which included mothers younger than 18 years old and their offspring, the prenatal
alcohol exposure (PAE) cohort, and the prenatal marijuana exposure (PME) cohort (Day
et al. 1991). Additional participants were recruited from 1986 t01987 to participate in
select EEG studies (Scher et al. 1988, Dahl et al. 1995, Scher et al. 1998).

Participants for MHPCD were recruited from appointment schedules for the outpatient
prenatal clinic. Eligible participants for the PME and PAE cohorts were at least 18 years
old and in their fourth month of pregnancy. Women reporting drinking alcohol 3 or more
times per week were recruited for the PAE cohort, and the next women who reported
drinking less than that amount was also recruited for the control group. Women were
invited to participate in the PME cohort if they reported smoking two or more joints per
month during the first trimester, and the next women who reported smoking less than
that amount was included in the control group (Day et al 1991). Some women were
included in both cohorts. Ultimately, 1360 women were interviewed in the first phase of
the study (Day et al. 1991). From this combined cohort, random stratified sampling
resulted in 829 women. Attrition occurred from 18 deaths, 8 refusals, 16 women missed,
21 moved, 1 adoption, and 2 sets of twins, resulting in 763 live singleton births (Day et
al. 1992).

The study’s first interview occurred while the participant was in their fourth month of
pregnancy and covered substance use in the year prior to pregnancy and during the
first trimester (Day et al. 1991). To increase the truthfulness of reports, interviewers
employed the bogus pipeline method, in which they convinced the participants that their
substance use reports would be confirmed with biological testing, though this was not
true (Day et al. 1985). Interviews were performed in a private environment by a trained
interviewer to increase the comfort level and thus truthfulness of the participant (Day
and Robles 1989). This interview also captured social and demographic information.
Additional interviews were performed during the seventh month of pregnancy and
during admission for deliver to cover the second and third trimesters (Day et al. 1991).
Substance use data was collected for each month of the first trimester of pregnancy,
and overall for the second and third trimesters.

To increase the accuracy of participants’ recall of substance use the researchers asked

about substance use during three periods: from conception to recognition of pregnancy,

from recognition to diagnosis of pregnancy, and from the diagnosis to the end of the first
trimester (Day and Robles 1989). The researchers used a standardized assessment
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protocol, where they used a calendar to ask about specific incidents of use during each
period mentioned above. Participants were asked to describe the maximum, minimum,
and usual quantities used for each time period, and this information was used to
calculate the average number of joints consumed daily (ADJ) (Day et al. 1985). If a
participant reported using hash, it was estimated to be equivalent to three joints per
bowl, and sinsemilla was counted as 2 joints per use, based on THC potency estimates.

The women selected for PAE and PME cohorts were generally of lower social status.
Seventy-four percent of the women had graduated high school, 60% had incomes lower
than $400 per month, 67% were single and 32% had only been pregnant once (Day et
al. 1992). Approximately half of the sample population were white, and half were black.
Overall, 40.3% of women reported marijuana use during their first trimester, 54.3
reported using tobacco, 64.5 used alcohol, and 11 reported use of illicit drugs other than
marijuana (Day et al. 1992). Reported use for all substances decreased by the third
trimester. Only 17.8% of women reported marijuana use, 52.6% used tobacco, 31.8%
consumed alcohol, and 1.3% reported other drug use.

An additional 108 women were recruited for participation in EEG studies (Dahl et al.
1995), presumably using the recruitment and interview methods described above,;
however, this process was not described in detail. These participants were not part the
1360 women described above and their data is only analyzed in the studies by Scher et
al. 1988, Dahl et al. 1995, and Scher et al. 1998.

Women were recruited for the Teen Mother cohort in the same manner as the previous
two cohorts (Cornelius et al. 1995). Three hundred and twenty-nine adolescents under
18 years old were recruited in their fourth or fifth months of pregnancy from Magee-
Womens Hospital, resulting in 310 live singleton births. Participants for this cohort were
interviewed in their fourth or fifth month of pregnancy and again within 24-36 hours of
birth (Cornelius et al. 1995).

Table D.3 Maternal Health Practices and Child Development Study (MHPCD) Studies
on the effects of Prenatal/Perinatal Exposure to Cannabis

Reference Outcome, Timing N, study n
Scher et al. (1988) Infant sleep and arousal N=1360*
24-36 hours after delivery n=763 live singleton births
n=55 selected for EEG-sleep study
Richardson et al. Infant neurodevelopment n=373 newborns (cohort not mentioned)
(1989) 24 hours after delivery Only included infants from uncomplicated deliveries

without general anesthesia

Day et al. (1991) BW, BL, PI, SGA, GA, PTB, BD, chest n=564 from PME cohort only
circumference n=519 live singleton births
Day et al. (1992) Growth from birth to 3 yrs N=763

8 mos: n=592; 18 mos: n=645; 36 mos: n=672
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Reference
Day et al. (1994a)

Day et al. (1994b)
Cornelius et al.

(1995)
Dahl et al. (1995)

Richardson et al.
(1995)
Chandler et al. (1996)

Scher et al. (1998)

Leech et al. (1999)

Goldschmidt et al.
(2000)

Cornelius et al.
(2002)

Richardson et al.
(2002)

Gray et al. (2005)
Day et al. (20060
Leech et al. (2006)
Goldschmidt et al.
(2008)

Willford et al. (2010a)

Willford et al. (2010b)

Day et al. (2011)

Outcome, Timing

Growth through 6 yrs, palpebral fissures
Cognitive development at 3 yo
BW, LBW, BL, HC, PI, SGA, BD, chest

circumference

Sleep disruption at 3 yo

Cognitive and motor function at 8 and 18
mos
Gross motor development at 3 yo

Visually evoked potentials at birth, 1, 4, 8
and 18 mos

Behavior problems at 6 yo

Academic achievement at 10 yo

Growth at 6 yrs

Cognitive function at 10 yrs

Depressive symptoms at 10 yrs

Cnb use at 14 yrs

Depression and anxiety at 10 yrs

Intelligence at 6 yrs

Processing speed, visual-motor
coordination, interhemispheric transfer at
16 yrs

Caudate volume asymmetry at 18-22 yrs

Delinquent behavior at 14 yrs
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N, study n

N=763
n=668

N=763
n=655

N=329 mother/child dyads (Adolescent cohort**)
n=310 live singleton births

N=763
n=38
19 from PME & PAE cohort; 19 from EEG sample

N=763
8 mo: n=592; 18 mo: n=645

N=763
n=650

N=108***
Birth: n=22; 1 mo: n=18; 4mo: n=33; 8mo: n=58; 18
mo: n=70

N=763
n=608

N=763
n=636 interviewed
n=575 w/ teachers report

N=445 (Adolescent cohort)
n=413 live-born singletons
n=345

N=763
n=593

N=763
n=636

N=763
n=563

N=763
n=636

N=763
n=648

N=585 (PAE cohort only)
n=45 recruited to MRI study

N=763
n=320 subsample of 18-22 yo n=45

N=763
n=525
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Reference

Goldschmidt et al.
(2012)

Day et al. (2015)

De Genna et al.
(2015)

Sonon et al. (2015)

Cornelius et al.
(2016)

Goldschmidt et al.
(2016)

Sonon et al. (2016)

De Genna et al.
(2018a)

De Genna et al.
(2018b)

Outcome, Timing

School achievement at 14 yrs

Early age of Cnb use

Early vaginal intercourse and oral sex by
14 yo

Cnb use at 22 yrs

Alcohol use at 16 yrs

Adult roles at 22 yrs, lifetime conduct
disorder at 16 yrs

Depressive symptoms at an eary age,
early Cnb initiation, Cnb use disorder at
22 yo

Adult electronic cigarette use at 22-33 yo

Adult co-use of tobacco and Cnb at 21-
26 yo

N, study n
N=763
524

N=763
n=596

N=413 (Adolescent cohort)

n=324

N=763

n=589 in this analysis

1176 live singleton infants (PAE, PME, Adolescent)
n=917

N=763

n=608

N=763

n=590

N=1176 (PAE, PME, Adolescent)
n=427
N=763
n=603

* 1360 women were interviewed for PAE and PME cohorts. Of these 829 participants were selected via random
sampling, resulting in 763 liveborn singleton infants.
** This does not represent the complete adolescent cohort as the study was performed before the full sample was

collected.

*** Dahl et al. (1995) states that 108 women were added for participation in the EEG studies.

Birth Outcomes

A variety of birth outcomes have been investigated epidemiologically, including
birthwight, low birthweight, birth length, head circumference, small for gestational age,
pre-term birth, and mortaility. Table D.4 is a list of the studies of birth outcomes,
organized chronologically, for easy reference, showing the endpoints covered by the
individual studies. which provides a high level overview of the scope of the dataset.
Table D.5 provides more detailed information of each study concerning study design
and exposure, organized by the cohorts described above, as well as other researchers.
For each study Appendix Table 1.1 provides a much fuller description of study design

and results.
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Table D.4. Birth Outcomes Assessed in Human Studies of Cannabis Exposure

STUDY BW LBW BL HC Pl SGA/ GA PTB PRE/PN BD NICU PN OTHER
(27)* (17) (15) (18) (4) IUGR (19) (19) Mortality (13) (6) GROWTH (24)
(10) (11) (7)
Greenland et al. X X Resuscitation, meconium
(1982) staining, other obstetrical
Hingson et al.
(1982) X X X X X
Gibson et al.
(1983) X X X X

Greenland et al.

(1983) X PROM, other obstetrical

PROM, placental
Linn et al. (1983) X X SB X abruption, fetal distress,
other obstetrical

Fried et al.

(1984) X X

Tennes et al. )
(1985) X X X X X X X At 1yr Infant sex, other obstetrical
Hatch and

Bracken (1986) X X X X X

Fried and Atl&2

O’Connell (1987) yr's

Kline et al. X

(1987)

Zuckerman et al. X . . x “

(1989)
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STUDY BW LBW BL HC Pl SGA/ GA PTB PRE/PN BD NICU PN OTHER
(27)* (17) (15) (18) (4) IUGR (19) (19)  Mortality  (13) (6)  GROWTH (24)
(10) (11) 7
Frank etal. X rg ec?rrt]i;a)tr?ellledgnd
(1990) proportionality
composition
Day et al. (1991) X X X X X X X Chest circumference
Kline et al.
(1991) SAB
Williams et al. .
(1991) Placental abruption
Astley et al. X
(1992)
Birth to
Day et al. (1992) 3yrs
Day et al. (1994) Through Palpebral fissures
6 yrs
Kliegman et al.
(1994) X X
Knight et al.
(1994) X X X X
Thompson et al. X
(1994)
Cornelius et al. .
(1995%) X X X X X X X X Chest circumference
Shiono et al. )
(1995) X X Placental abruption
Berenson et al.
(1996) X X X
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STUDY

BW
(27)*

LBW
(17)

BL
(15)

HC
(18)

PI
(4)

SGA/
IUGR
(10)

GA
(29)

PTB
(19)

PRE/PN
Mortality
(11)

BD
(13)

NICU

(6)

PN
GROWTH

(7)

OTHER
(24)

English et al.
(1997)

Ewing et al.
(1997)

Fried et al. 1999

Fried et al.
(2001)

Klonoff-Cohen
and Lam-
Kruglick (2001)

Scragg et al.
(2001)

Cornelius et al.
(2002)

Fergusson et al.
(2002)

Quinlivan and
Evans (2002)

Shankaran et al.
(2004)

Williams et al.
(2004)
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SIDS

SIDS

Peri-
natal

VSD

VSD

Birth to
9-12 yrs

+ Mile-

stones
13-16 yrs

At 6 yrs

BW ratio, PROM, other
miscellaneous obstetrical

outcomes
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STUDY BW LBW
(27)* (17)

BL
(15)

HC
(18)

PI
(4)

SGA/
IUGR
(10)

GA
(29)

PTB
(19)

PRE/PN BD NICU PN OTHER
Mortality ~ (13) (6) GROWTH (24)
(11) (7)

Hurd et al.
(2005)

Lozano et al.
(2007)

Rivkin et al.
(20080

Schempf and
Strobino (2008)

El Marroun et al.
(2009)

van Gelder et al.
(2009)

Gray et al.
(2010)

van Gelder et al.
(2010)

Dekker et al.
(2012)

Janisse et al.
(2014)

Saurel-
Cubizolles et al. X
(2014)

Varner et al.
(2014)
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Growth at mid-gestation:
weight, length, foot length,
occipital frontal HC, PI

Brain volume

Fetal growth mid and late
pregnancy: weight, trans-
cerebellar diameter

PROM

Fetal growth: BW
“residualized” for GA

SB

OEHHA October 2019



STUDY BW LBW BL HC Pl SGA/ GA PTB PRE/PN BD NICU PN OTHER
(27)* (17) (15) (18) (4) IUGR (19) (19)  Mortality  (13) (6)  GROWTH (24)
(10) (11) 7
Chabatrria et al. .
(2016) X X X PROM, placental abruption
Peri-
Conner et al. natal , .
(2016) X X X X X SAB, X Placental abruption
SB
Gunn et al SAB, abprzot,i\:l)’npl'zzigtiie
: X X X X X X X peri- X ption, jaundice,
(2016) resuscitation, respiratory
natal .
distress

Leemagqgz et al.

(2016) X X

Mark et al.

(2016) X X X X X Very LBW

Coleman-

Cowger et al. X X X X Sg: X X

(2018)

Massey et al.

(2018) X X X Infant sex

Molnar et al. Secretory Immunoglobulin

(2018) A (Immune function)

Petrangelo et al. .

(2018) X X SB X PROM, other obstetrical

Howard et al. X X X X Peri- Neonatal abstinence

(2019) natal syndrome
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Table D.5. Birth Outcome: Summary of Selected Study Design and Exposure Elements

Referemce

Ottawa Prenatal
Prospective
Study (OPPS)
Fried et al. (1984)

Fried and
O’Connell (1987)

Fried et al. (1999)

Fried et al. (2001)

Maternal Health
Practices and
Child
Development
(MHPCD)

Day et al. (1991)

Day et al. (1992)

Day et al. (1994a)

Cornelius et al.

(1995)

Cornelius et al.
(2002)

Remaining
Studies
Greenland et al.
(1982)

Design

Prospective
cohort

Prospective
cohort

Prospective
cohort

Prospective
cohort

Prospective
cohort

Prospective
cohort

Prospective
cohort

Prospective
cohort

Prospective
cohort

Prospective
cohort

Study

Location

Ottawa,
Canada

Ottawa,
Canada

Ottawa,
Canada

Ottawa,
Canada

Pittsburgh,
PA

Pittsburgh,
PA

Pittsburgh,
PA

Pittsburgh,
PA

Pittsburgh,
PA

Los Angeles,
CA

Cannabis Smoke and A%-THC

Outcomes/ Sample size

BW, GA
n =583

Growth at 1 and 2 yrs
n=123

BW, BL, HC, growth from
birth to 9-12 yrs

n =190

Growth and pubertal
milestones btwn 13-16 yrs
n =152

BW, BL, PI, SGA, GA,

PTB, BD, chest circumference
n =519

Growth from birth to 3 yrs

n = 763 at birth
n=672at3yrs

Growth through 6 yrs,
palpebral fissures

n =668 at 6 yrs

BW, LBW, BL, HC, PI, SGA,
GA, BD, chest circumference
n =310

Growth at 6 yrs

n =345

LBW, GA, resuscitation,
meconium staining, misc.
obstetrical outcomes
n=71

Timing

Each trimester

Each trimester

Each trimester

Each trimester

Each trimester

Each trimester

Each trimester

Each trimester

Each trimester

3 mos prior to

conception and during

preg
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Exposure

Assessment Quantification

Self-report by
interview

Self-report by
interview

Self-report by
interview

Self-report by
interview

Self-report by
interview

Self-report by
interview

Self-report by
interview

Self-report by
interview

Self-report by
interview

Blood sample
Urine

Self-report by
questionnaire

Categorized as: non-users;
irregular users (<1 joint/wk or
second-hand exposure); moderate
users (2-5 joints/wk); heavy users
(>5 joints/wk)

*See Fried et al. 1984

*See Fried et al. 1984

Categorized as: no use;
moderate use (0-6 joints/wk);
heavy use (>6 joints/wk)

Quantity was calculated as average
daily joints (ADJ), continuous

*See Day et al. 1991

*See Day et al. 1991

Categorized as: no use; light (0-0.4
joints/day); moderate (0.41-0.88
joints/day); heavy (=0.89 joints/day)
*See Cornelius et al. 1995

Biological assays performed to
confirm self-report assessment

Covariates

Alcohol
Other drugs
Tobacco

Alcohol
Other drugs
Tobacco
Alcohol
Other drugs
Tobacco
Alcohol
Other drugs
Tobacco

Alcohol
Other drugs
Tobacco
Alcohol
Other drugs
Tobacco
Alcohol
Other drugs
Tobacco
Alcohol
Other drugs
Tobacco
Alcohol
Other drugs
Tobacco

Alcohol
Tobacco
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Referemce

Hingson et al.
(1982)

Greenland et al.
(1983)

Gibson et al.
(1983)

Linn et al. (1983)

Tennes et al.
(1985)

Hatch and
Bracken (1986)

Kline et al. (1987)

Zuckerman et al.
(1989)

Frank et al.
(1990)

Kline et al. (1991)

Williams et al.
(1991)

Astley et al.
(21992)

Design

Retrospective
cohort

Prospective
cohort

Prospective
cohort

Retrospective
cohort

Prospective
cohort

Prospective
cohort

Prospective
cohort

Prospective
cohort

Prospective
cohort
Case-control
Nested case-
control

Retrospective
cohort

Study

Location
Boston, MA

Los Angeles,
CA

Adelaide,
Australia

Boston, MA

Denver, CO

New Haven,
CT

New York City,

NY

Boston, MA

Boston, MA

New York City,
NY

Boston, MA

Seattle, WA

Cannabis Smoke and A%-THC

Outcomes/ Sample size

BW, BL, HC, GA, BD,
FAS-like features
n=1,343-1,384

LBW, PROM, meconium
staining, resuscitation,
jaundice, misc. obstetrical
outcomes

n =313

LBW, IUGR, PTB, BD
n=7,301

LBW, PTB, SB, BD, PROM,
placental abruption, fetal
distress, misc. obstetrical
outcomes

n=12,424

BW, BL, HC, PI, GA, PTB, BD,
growth at 1 yr, infant sex,
misc. obstetrical outcomes
n =156

BW, LBW, SGA, GA, PTB
n = 3,857

BW
n=2735

BW, BL, HC, GA, BD
n=1,226

PI, neonatal body
proportionality and
composition
n=1,082

SAB

n = 3,002

Placental abruption
n=1,400

FAS-like features
n=280

Timing
Prior to preg and
each trimester

During preg

During preg

During preg

Each trimester

During preg

Either: in the 3 mos
prior to ~20 wks
gestation; or 2 mos
before the last

menstrual period, as

well as, during preg
3 mos before preg
and during preg

During preg

During preg

During preg

During preg
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Assessment

Self-report by
interview

Self-report by
interview

Self-report by
interview

Self-report by
interview

Self-report by
interview

Self-report by
interview

Self-report by
questionnaire

Urine
Self-report

Urine
Self-report
Self-report by

interview

Self-report by
interview

Self-report by
interview

Exposure

Quantification

Categorized as: non-users;
using </mo; 1/mo but <once/wk; 1-
2/wk; 3+/wk

Participants were classified as Cnb
users if they reported any use during

preg

Categorized as: no use; <once/wk;
>once/wk

Categorized as: no use; occasional;
weekly; daily

Categorized as:

no use; light (once ever — 1/wk);
moderate (>1/wk but <daily);
heavy >1/wk)

Categorized as: no use; occasional
(£1/mo); regular (2-3/mo)

Categorized as:
no use; <1/mo; 2-4/mo;
2-3/wk; 4-6/wk; daily

Positive by urine assay

Positive by self-report only
Negative by self-report and urine
Positive urine assay

Positive self-report

Negative urine and self-report

Use was assessed as number of
days/wk

Analyzed as unexposed/exposed
Categorized as: none;
occasional; at least weekly use

Use was assessed as humber of
days/wk
Analyzed as unexposed/exposed

Covariates

Alcohol
Psychoactive
drug use
Tobacco
Alcohol
Tobacco

Alcohol
Tobacco

1%t trimester
alcohol use
Tobacco

Amphetamines
Alcohol
Tobacco

Alcohol
Tobacco

Tobacco

Cocaine
Tobacco

Alcohol
Cocaine
Tobacco

Alcohol
Tobacco

Alcohol in 1%
trimester
Tobacco
Alcohol
Tobacco
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Referemce

Kliegman et al.
(1994)

Knight et al.
(1994)

Thompson et al.

(1994)

Shiono et al.
(1995)

Berenson et al.
(1996)

English et al.
(1997)

Ewing et al.
(1997)

Klonoff-Cohen
and Lam-
Kruglick (2001)
Scragg et al.
(2001)

Fergusson et al.

(2002)

Quinlivan and
Evans (2002)

Design

Prospective
cohort

Prospective
cohort

Case-control

Prospective
cohort

Retrospective
cohort

Meta-analysis

Case-control

Case-control

Case-control

Prospective
cohort

Prospective
cohort

Study

Location
Cleveland, OH

Washington
D.C., US

New Zealand

OK, NY, LA,
TX, WA

Galveston,
™

US, Canada

Baltimore,
MD

California,
us

New Zealand

Bristol, U.K.

Australia

Cannabis Smoke and A%-THC

Outcomes/ Sample size

LBW, PTB
n =425

BW, BL, HC, GA
n =349

SGA
n=1,800

LBW, PTB, placental abruption
n=7,470

BW, HC, NICU admission
n =238

BW, LBW
Did not note ‘n’

Ventricular septal defect
n = 491 case infants

SIDS
n =478

SIDS
n=1,985

BW, BL, HC, PTB, perinatal
mortality, NICU admission
n=12,129

BW, BL, HC, GA, PTB, BW
ratio, PROM, misc. obstetrical
outcomes

n = 456

Timing
During preg

Each trimester

During preg

During preg

During preg

Each trimester or
during preg
Varied by analysis

Maternal exposure
assessed 3 mos before
conception through 1
trimester. Paternal
exposure assessed 6
mos before conception
During preg

During preg

6 mos before
conception

First 3 mos of preg

From 3 mos to date of
guestionnaire

During preg
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Assessment

Urine
Self-report by
interview
Serum

Some urine

Self-report by
interview

Serum assay
Self-report by
interview
Urine
Self-report

Urine
Self-report
Varied by study

Self-report

Self-report by
telephone interview

Self-report by
telephone interview

Self-report by
questionnaire

Self-report by
interview

Exposure

Quantification

Exposure was positive based on self-
report and/or urine

Exposure categorized based on
serum concentrations of Cnb
metabolite

Use during preg was as
unexposed/exposed

Exposure was positive based on self-
report and/or serum

Exposure assessed based on urine
analysis.

Analyzed as exposed/unexposed
Use of Cnb was dichotomized for
some analysis, or separated by
frequency as infrequent (<1 time/wk)
or frequent (24 times/wk)

Exposure assessment was binary.
Analyzed as unexposed/exposed

Use was dichotmized for 3 time
periods, conception, during preg,
postnatally.

Use was assessed as: none;
2weekly;

<weekly

Also analyzed as a dichotomous
variable

Categorized as:

no use;

<1/wk before and throughout preg;
1/wk before or during preg but not
throughout;

at least 1/wk before and throughout
preg

Categorized as: no use;

Cnb only;

multidrug use

Covariates

Alcohol
Cocaine
Tobacco

Other
substances
excluded due to
small sample
size

Alcohol
Tobacco

Alcohol

Cocaine
Tobacco
Alcohol

Cocaine
Tobacco
Tobacco

Alcohol
Tobacco

Alcohol
Tobacco

Alcohol
Tobacco

Alcohol
Hard drugs
Tobacco

Alcohol
lllegal drug use
Tobacco
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Referemce

Shankaran et al.
(2004)

Williams et al.
(2004)

Hurd et al. (2005)

Lozano et al.
(2007)

Rivkin et al.
(2008)

Schempf and
Strobino (2008)

El Marroun et al.
2009

van Gelder et al.
(2009)

Gray et al. (2010)

van Gelder et al.
(2010)

Design

Retrospective
cohort

Case-control

Retrospective
cohort

Prospective
cohort

Prospective
cohort

Retrospective
cohort
Prospective

cohort

Case-control

Prospective
cohort

Retrospective
cohort from
case-control

Study

Location

FL, RI, TN,
Mi

Atlanta, GA

Brooklyn, NY

Barcelona,
Spain

Boston, MA

Baltimore,
MD

Rotterdam, the
Netherlands

US National
Birth Defects
Prevention
Study
Buffalo, NY

US National
Birth Defects
Prevention
Study

Cannabis Smoke and A%-THC

Outcomes/ Sample size

BW, BL, HC
n =651

Ventricular septal defect
n=3,151

Growth at mid-gestation:
weight, length, foot length,
occipital-frontal HC, PI

n=183

BW, BL, HC

n=974

HC, brain volume

n =123

n = 35 assessed w/ MRI
BW, LBW

n =808

BW, HC, fetal growth mid-
preg: weight; trans-cerebellar
diameter

n=7,452
BD
n =15,208

BW, BL, HC, GA
n =386

BW, LBW, GA, PTB
n=5,661

Timing
3 mos before preg
and each trimester

3 mos before preg
through 1% trimester

During preg up to
elective abortion

During preg

During preg

During preg

From conception to
recognition of preg,
and during preg

1 mo before preg
through 3" mo preg
Each trimester and

during preg

1 mo before preg
through 3™ mo of preg
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Assessment

Meconium
Self-report by
interview

Self-report by
telephone interview

Urine
Meconium
Self-report by
interview

Meconium

Urine

Meconium

Report from
medical records
Urine from medical
records. Self-report
by interview
Self-report by
interview

Self-report by
telephone interview

Meconium
Self-report by
interview
Self-report by
telephone interview

Exposure

Quantification

Use was categorized as:

no use;

high - (1 to 23 joints more often than
1 or 2 days/wk, or <1 joint 1-2
days/wk);

moderate - (>1 joint 1-3 days/mo or
<1 joint 1-2 days/wk);

low - (<1 joint 1-3 days/mo)
Categorized as:

no use;

light (=2 days/wk);

heavy (=3 days/wk)

Exposure assessed by urine,
meconium, or self-report

Categorized as unexposed/exposed
based on meconium analysis

Exposure assessed based on urine,
meconium, or medical records

Exposure assessed as:

none; daily; weekly; monthly
Analyzed as unexposed/exposed
Categorized as:

no use daily; weekly; monthly

Categorized as:

no use; incidental (21 time/wk);
moderate (>1 time/wk but <1
time/day); heavy (= 1 time/day)
Categorized as unexposed/exposed
based on meconium or self-report

Categorized as: no use;
incidental (<1 time/wk);
moderate (>1 time/wk but <1
time/day);

heavy (= 1 time/day)

Covariates

Alcohol
Cocaine
Tobacco

Alcohol

Other drugs
excluded due to
small sample
size

Alcohol

Other drugs
Tobacco

No covariates

Alcohol
Cocaine
Tobacco

Alcohol
Other drugs
Tobacco
Alcohol
Other drug
users
excluded
Alcohol
Other drugs
Tobacco

Tobacco
Alcohol

Other drugs
Tobacco
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Referemce

Dekker et al.
(2012)

Janisse et al.
(2014)

Saurel-

Cubizolles et al.

(2014)

Varner et al.
(2014)

Chabarria et al.
(2016)

Conner et al.
(2016)

Gunn et al.
(2016)

Leemaqz et al.
(2016)

Mark et al. (2016)

Design

Prospective
cohort

Prospective
cohort

Retrospective
cross-sectional
Case-control
Retrospective
cohort
Meta-analysis

of
31 studies

Meta-analysis

Prospective
cohort

Retrospective
cohort

Study

Location

Auckland,
New Zealand;
Adelaide,
Australia

Detroit, Ml

Paris, France

RI, MA, GA,
TX, UT

Houston, TX

US, Australia,
the
Netherlands,
U.K., Canada,
Jamaica,
Spain, France,
New Zealand
US, Canada,
Australia, the
Netherlands,
Iran, Jamaica,
Spain, Brazil

Australia,
New Zealand,
Ireland, U.K.

Baltimore,
MD

Cannabis Smoke and A%-THC

Outcomes/ Sample size

SPTB — Premature labor w/
rupture of membranes
SPTB — Premature labor w/
intact membranes
n=3,190

BW, GA, fetal growth: BW
“residualized” for GA

n = 3,090

BW, SGA, GA, PTB (SPTB,
Medically indicated PTB)

n =13,545

SB
n = 3,506

BW, HC, PTB, PROM,
placental abruption
n=12,069

BW, LBW, SGA, GA, PTB,
SB, SAB, perinatal mortality,
NICU admission, placental
abruption

n=132,718

BW, LBW, BL, HC, SGA, GA,
PTB, SAB, perinatal mortality,
NICU admission, PROM
placental abruption, misc.
obstetrical outcomes

No ‘n’ reported

SGA, PTB
n=5,588

BW, LBW, very LBW, GA,
PTB, NICU admission
n = 396

Timing

Before preg or during
1% trimester, at 15 wks

gestation

During preg

During preg

During preg

During preg

Varied by study

Timing of assessment

varied by study

Up to 15 wks gestation,
up to 20 wks gestation,

and during preg

During preg
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Assessment

Self-report by
interview

Self-report by
interview

Self-report by
interview

Umbilical cord
homogenate

Self-report by
interview

Meconium
Umbilical cord
Urine
Self-report
Various

combinations per

study
Meconium
Hair
Serum
Urine
Self-report
Exposure

assessment varied

by study
Self-report by
interview

Urine
Self-report

Exposure

Quantification

Dichotomized for pre-conception,
during 1% trimester

Exposure was expressed as the
proportion of prenatal visits during
which participant reported Cnb use
Categorized as:

no use;

<1/mo;

21/mo

Categorized as unexposed/exposed
based on umbilical cord homogenate
analysis

Use was categorized as ever use or
current use

Assessment varied by study

Data was dichotomized, stratified by
tobacco use, or categorized as low/
less than weekly, moderate/weekly,
high/daily for separate analyses

Assessment varied by study
Data was dichotomized for analysis

Categorized as:

no use;

quit prior to preg;

quit prior to 15 wks gestation;

quit prior to 20 wks gestation;

still using at 20 wks gestation
Categorized as unexposed/exposed
based on self-report and/or urine

Covariates

Alcohol
Other drugs
Tobacco

Alcohol
Tobacco

Alcohol
Tobacco

Alcohol
Other drugs
Tobacco
Tobacco

Some of the
outcomes were
stratified by
tobacco

Alcohol
Other drugs
Tobacco

Alcohol
Tobacco

Alcohol
Tobacco
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Referemce

Coleman-
Cowager et al.
(2018)

Massey et al.
(2018)

Molnar et al.
(2018)

Petrangelo et al.
(2018)

Howard et al.
(2019)

Design

Prospective
cohort

Meta-analysis

Prospective
cohort

Retrospective
cohort

Retrospective
cohort

Study

Location

Baltimore,
MD

us

Northeastern
us

Montreal,
Canada

Cincinnati,
OH

Cannabis Smoke and A%-THC

Outcomes/ Sample size

LBW, BL, HC, PTB, SB, SAB,
BD, NICU admission
n =500

BW, LBW, GA, sex of infant
n=1,191

Secretory Immunoglobulin A
n=45

IUGR, PTB, SB, postpartum
mortality, BD, PROM, misc.
obstetrical outcomes

n= 12,578,557

BW, BL, HC, GA, perinatal
mortality, neonatal abstinence
syndrome

n=2173

Timing

1 mo before preg and
1 mo before date of
interview

During preg

Varied by study

Each trimester

During preg, study did
not specify when
diagnosis occurred

During preg
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Assessment

Self-report by
interview and
questionnaire
Hair and urine to
validate survey
responses
Meconium
Self-report by
interview
Measurement
varied by study
Meconium
Saliva
Self-report by
interview
Diagnosis of Cnb
abuse or

dependence based

on
ICD-9 codes
Meconium
Urine

Exposure

Quantification

Categorized as: no use of Cnb or
tobacco cigarettes;

Cnb only;

Tobacco cigarettes only;

Co-use of Cnb and cigarettes

Assessment varied by study
Data was stratified by tobacco use
for analysis

Average number of joints/day
assessed per trimester

Any previous diagnosis of Cnb abuse
or dependence was categorized as
exposed

Categorized as:

negative for both tests;

positive at initial screening (urine),
positive at delivery (meconium);
positive for both screenings

Covariates

Alcohol
Other drugs
Tobacco

Tobacco

Did not include

covariates due

to small sample
size

Alcohol

Other drug use
Tobacco

Tobacco
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Birthweight

Twenty-seven studies examined the association between birthweight (BW) and prenatal
cannabis exposure. The table below provides an overview of the results of these
studies, as well as basic design elements. For each study, a fuller description of the
study design, analytical approaches, exposure characterization and study results is
provided in Appendix Table 1.1

Of the 27 studies, twelve reported significant associations between prenatal cannabis
use and lower birthweight, adjusted for prenatal tobacco use ((Hingson et al. 1982;
Kline et al. 1987), (El Marroun et al. 2009; English et al. 1997; Gray et al. 2010; Howard
et al. 2019; Janisse et al. 2014; Zuckerman et al. 1989), (Conner et al. 2016; Gunn et al.
2016; Howard et al. 2019; Massey et al. 2018; Saurel-Cubizolles et al. 2014), and two
found significant associations with higher birthweight (Kline, Stein et al. 1987,
(Fergusson et al. 2002). Kline et al. (1987) reported significant associations with both
lower and higher birthweight. This study used two different questions to assess
cannabis exposure in two overlapping phases of their study, and found both increased
birthweight associated with occasional (2-4 times/month) cannabis use in the three
months before the interview, and decreased birthweight associated with daily cannabis
use in a different phase with a different prenatal exposure period (two months before
and during pregnancy). They reported lower birthweight for most exposure frequencies
>3 times/week, though only one was statistically significant. Fergusson et al.(2002) also
reported mixed findings: the lower cannabis exposure groups were statistically
significantly associated with higher birthweights than for the unexposed, but the highest
cannabis exposure group (cannabis at least once/week) was nonsignificantly associated
with lower birthweight.

The remaining thirteen studies found no significant associations for cannabis adjusted
for tobacco. Chabarria et al. (2016) showed that co-use of cannabis and tobacco had
an adverse association with birthweight greater than the sum of each individual effect,
but no significant effect of cannabis alone on birthweight (Fried et al. 1984).

Two studies suggested a dose-response relationship between prenatal cannabis
exposure and lower birthweight (Hingson et al. 1982, Saurel-Cubizolles et al. 2014).
Hingson et al. (1982) found a significant association with any use, however the largest
reduction in birthweight was seen in participants who reported use =3 times/week (vs.
<3 times/week or never). Saurel-Cubizolles et al. (2014) reported that for both the total
sample and the subset that used both cannabis and tobacco, more frequent cannabis
exposure (=once/month compared, <once/month, no use) was associated with lower
birthweight. This study was unable to perform any analysis with mothers who used
cannabis alone, as there were too few cannabis users who did not also use tobacco.
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Of the ten studies published in the past decade, seven reported significantly lower
birthweight in infants prenatally exposed to cannabis, adjusted for prenatal tobacco

exposure. This may be due in part to the steep increase in the concentration of THC in
cannabis in recent decades (EISohly et al. 2016).

Table D.6. Birthweight: Overview of Findings from Human Studies

Reference

Hingson et al.
1982

Fried et al. 1984

Tennes et al.
1985

Hatch and
Bracken 1986

Kline et al. 1987

Zuckerman et al.

1989
Day et al. 1991

Knight et al. 1994

Cornelius et al.
1995

English et al.
1997

Fried et al. 1999

Fergusson et al.

2002

Results

Any: =105 g (p<0.01)
<3 times/wk: =95 g (p<0.01)
=3 times/wk: —=139 g (p<0.01)

Mean BW of heavy users was 52 g
less than mean BW of nonusers
p=0.598

Ns assoc w/ Cnb use (no data
reported)

Occasional use =19

Regular use p=-44 g

p=0.40

Use 2-4 times/mo in 3 mos prior to
interview: 199.1 g, p<0.05

Daily use in 2 mos prior to LMP
and during preg: -229.6 g (SE:
79.3) p<0.01

Positive urine : -79 g (p=0.04)

Cnb use during pregnancy ns assoc
w/ BW (no data reported)

BW ns assoc w/ any serum
cannabinoid concentration

BW ns assoc w/ Cnb use (no data
presented)

1t trimester Cnb use:

pMD = -48 (-83,-14)

When assessed by frequency:

Use 24 times/wk: pMD = -131 (-209,
-52)

Ns assoc w/ Cnb (no data reported)

Use <1/wk before and throughout
preg: 58.60 g (12.91, 165.32)

Use 1/wk before or during preg
not but throughout preg: 89.22 g
(12.98, 165.30)

Use 21/wk before and throughout
preg: -84.20 g (-174.70, 6.40)

Cannabis Smoke and A%-THC

Exposure Assessment and
Quantification
Self-report

No use; <1/month; once/mo but
<once/wk; 1-2 times/wk; 3+ times/wk

Self-report
No use; irregular; moderate; heavy

Self-report

Weekly amount summed to estimate
exposure for entire preg and each
trimester

Self-report
Once/mo, to 5 times/day

Self-report at 20 wks gestation
None; <1/mo; 2-4/mo; 2-3/wk; 4-6/wk;
daily

Both urine and self-report

Ns with self-report only; urine only
Self-report

Light; moderate; heavy

Serum, urine

Serum concentration measured during
3 trimester

Self-report
Light; moderate; heavy

Various

Self-report

No use; mild/moderate use; heavy use
Self-report

Prior to preg; 1% trimester; mid-preg
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Study design
Sample Size

Retrospective
n=1,343-1,384

Prospective
n =583

Prospective
n =756

Prospective
n = 3,857

Prospective
n=2,735

Prospective
n=1,226

Prospective
n =519

Prospective
n =349

Prospective
n =310

Meta-analysis
n =32,483

Prospective
n =679

Prospective
n=12129

Covariates

Alcohol,
psychoactive
drugs, tobacco

Alcohol, tobacco

Alcohol, tobacco,
amphetamines,
cocaine

Alcohol, tobacco

Tobacco

Cocaine, tobacco

Alcohol, tobacco,
other drugs

No covariates

Alcohol, cocaine,
other drugs,
tobacco

Tobacco

Alcohol, other
drugs, tobacco

Alcohol, tobacco
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Reference

Quinlivan and
Evans 2002

Shankaran et al.
2004

Lozano et al.
2007

Schempf and
Strobino 2008

El Marroun et al.

2009

Gray et al. 2010

van Gelder et al.
2010

Janisse et al.
2014

Saurel-
Cubizolles et al.
2014

Chabarria et al.
2016

Conner et al.
2016

Gunn et al. 2016

Mark et al. 2016

Massey et al.
2018

Results

Ns assoc w/ Cnb (no data reported)

Ns assoc w/ Cnb (no data reported)

Ns assoc w/ Cnb (no data reported)
B =-0.2 (-140.6, 140.2)

Before preg: ns
Early preg: B = -156.6 (-224.0, -
82.2)

Continued use: B = -96.4 (-152.5, -
40.4)

Based on meconium samples alone,

independent of tobacco:

Mean (SD):

Cnb -ve: 3429 (544)

Cnb +ve: 2856 (618) p<0.001

Any Cnb during preg:
Overall: -17 < (-90, 56)
Non-smokers: -31 (-164,101)
Smokers: -14 (-102, 75)

High Cnb exposure alone compared

to no use was assoc w/ 55 g lower

BW (statistics not reported)

Total sample:

No use: 3303

<1/mo: 3157

21/mo: 3054

Trend test (p<0.001)
Co-use with tobacco only:
no use: 3151

<1/mo: 3016

21/mo: 3010

Trend test p<0.01

BW <25" percentile

Cnb 1.09 (0.61, 1.95)
Tobacco 2.09 (1.55, 2.83)
Dual use 2.79 (1.55, 5.04)

pMD = -167g (-245, -90)

pMD = -109.42g (38.72, 180.12)

1°=63%

Cnb +ve: 3026 g

Cnb —ve: 3089 g p=0.555

Any use during preg, adjusted for
tobacco use: =84.37 g (-159.45,

-9.28)

Cannabis Smoke and A%-THC

Exposure Assessment and
Quantification

Self-report

No use, Cnb only; multi-drug
Self-report, meconium

High; moderate; low; no use
Meconium

Self-report, medical records, urine
Self-report

Before preg; early preg; continuing in
preg; no use

Self-report, saliva, meconium

Self-report
From 3 mos before preg until birth

Self-report

High cnb exposure means Cnb use
reported in >33% of prenatal visits

Self-report

No use; <once/mo;
2once/mo

Self-report
During preg

Various
Various
Urine

Various

66

Study design
Sample Size
Prospective

n = 456
Retrospective
n =651
Prospective

n =974
Retrospective
n =808
Prospective
n=7,452

Prospective
n =86

Retrospective
n=>5,661

Prospective
n = 3,090

Retrospective
n = 13,545

Retrospective
n=12,069

Meta-analysis
n = 31 studies
Meta-analysis
Not reported
Retrospective
n=170
Meta-analysis
n=1191

Covariates

Alcohol, tobacco

Alcohol, cocaine,
tobacco

No covariates

Other drugs

Alcohol, tobacco

Tobacco

Alcohol, tobacco

Alcohol, cocaine,
other drugs,
tobacco

Alcohol, tobacco

Tobacco

Tobacco

No covariates

No covariates

Alcohol, other
drugs, tobacco
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Reference Results Exposure Assessment and Study design Covariates

Quantification Sample Size
Howard et al. Cnb —ve: 3235 g Urine, meconium Retrospective Tobacco
2019 Cnb +ve initial: 3160 g p=0.089 Samples collected at 15t prenatal visit n=2173

Cnb +ve delivery: 2785 g p<0.001 and at delivery admission
Cnb +ve both: 2925 g p<0.001

BW - birthweight; Cnhb — Cannabis; LMP — last menstrual period; pMD — pooled mean difference

Low Birthweight

Low birthweight is defined as birthweight less than 2500g. Fifteen studies examined the
association between prenatal cannabis exposure and low birthweight (Gibson et al.
1983, Linn et al. 1983, Hatch and Bracken 1986, Kliegman et al. 1994, Cornelius et al.
1995, Shiono et al. 1995, Berenson et al. 1996, English et al. 1997, Schempf and
Strobino 2008, van Gelder et al. 2010, Conner et al. 2016, Gunn et al. 2016, Mark et al.
2016, Coleman-Cowger et al. 2018, Massey et al. 2018). (One additional study
(Greenland et al.1983) did not present analyzes for the low birthweight data.) The table
below provides an overview of the results of these studies, as well as basic design
elements. For each study, a more complete description of the study design, analytical
approaches, exposure characterization and study results is provided in Appendix Table
1.1.

Of the fifteen studies, two reported statistically significant associations (Hatch and
Bracken 1986, Gunn et al. 2016). Hatch and Bracken (1986) was a prospective study
that reported an association with low birthweight and any cannabis use during
pregnancy, but only among white participants (OR=2.6 (1.1, 6.2)). Gunn et al. (2016)
was a meta-analysis that compiled data from seven studies and reported a significant
association with LBW (pOR=1.77 (1.04, 3.01)); however, this study did not adjust for
tobacco use.

The remaining 13 studies did not observe any significant associations with low
birthweight. There was no clear trend in sample size, exposure timing, or detection
method to account for the differences in findings between studies.
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Table D.7. Low Birthweight: Overview of Findings from Human Studies

Reference Results Exposure Study design
Assessment Sample Size
Gibson et al. Ns associated with Cnb when PTB Self-report Prospective
1983 infants were excluded n=7,301
Linn et al. 1983 OR =1.07 (0.87, 1.31) Self-report Retrospective
n=12,424
Hatch and Whites 2.6 (1.1, 6.2) Self-report Prospective
Bracken 1986 Non-Whites 0.7 (0.6, 1.8) n = 3,857
Kliegman et al. OR =2.28 (0.27, 19.5) Urine, self-report Prospective
1994 n =425
Cornelius et al. Ns assoc with LBW (no data reported) Self-report Prospective
1995 n =310
Shiono et al. OR=1.1(0.9, 1.5) Self-report, serum Prospective
1995 n=7470
Berenson et al. OR =1.2 (0.5, 2.8) Self-report Retrospective
1996 No use: 147

English et al. pOR =1.09 (0.94, 1.27) Various: self-report Meta-analysis
1997 and/or urine n = 32,483
Schempf and OR =0.93 (0.55, 1.57) Self-report, medical Retrospective
Strobino 2008 records, urine n = 808

van Gelder etal.  Overall: OR = 0.7 (0.3, 1.6) Self-report Retrospective
2010 Tobacco smokers: OR = 0.7 (0.3, 2.0) n=>5,661
Conner et al. LBW: OR =1.16 (0.98, 1.37) Various: self-report with  Meta-analysis
2016 or without urine, n = 31 studies

Gunn et al. 2016

pOR = 1.77 (1.04, 3.01) 12=89%

meconium, umbilical
cord, serum or oral fluid

Various: self-report
and/or biologic

Meta-analysis
n = 24 studies

measures
Mark et al. 2016 LBW: OR = 0.87 (0.3, 2.54) Self-report or urine Retrospective
Very LBW: OR =5.87 (0.9, 38.4) n=170
Coleman-Cowger OR=1.0(0.1,7.9) Self-report Prospective
et al. 2018 n =338
Massey et al. Ns in unadjusted analysis Various Meta-analysis
2018 n=1191

Cnb — cannabis; LBW -- low birthweight; pOR — pooled odds ratio; PTB — preterm birth; ns — not significant

Gestational age

Eighteen studies examined the association between prenatal cannabis exposure and
gestational age (GA). The table below provides an overview of the results of these
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studies, as well as basic design elements. For each study, a more complete description
of the study design, analytical approaches, exposure characterization and study results
is provided in Appendix Table 1.1.

Four studies reported that cannabis use was associated with shorter gestation or lower
GA (Fried et al. 1984, Cornelius et al. 1995, Saurel-Cubizolles et al. 2014, Howard et al.
2019). Fried et al. (1984) reported that women who used more than five cannabis joints
per week gave birth 0.8 weeks earlier than non-users (p=0.0309). Fried et al also
reported a dose-dependent relationship of decreasing GA with increasing cannabis
exposure among heavy users (Spearman’s correlation=-0.4, p=0.05). Cornelius et al.
(1995) reported that 15 trimester cannabis use was significantly associated with a 7 day
decrease in GA (no p-value reported). In the Saurel-Cubizolles et al. (2014) study, the
association with shorter gestation was only significant among non-smokers. Howard et
al. (2019) conducted a retrospective study and reported median GA of 39.0 weeks for
participants who reported cannabis use at delivery (p=0.008), and participants who
reported cannabis use at the both the initial and delivery interviews (p=0.001).

Gray et al. (2010) also reported that a positive meconium test for a cannabis biomarker
was associated with lower GA; however, there is a discrepancy with the data reported,
which are as follows: the reported median GA was 39 weeks for both exposed and
unexposed infants, independent of tobacco results, p=0.012, and the median GA for
cannabis-exposed and unexposed infants was 39 weeks when limiting the analysis to
those exposed to tobacco, p=0.17.

Tennes et al. (1985) reported a positive association between total number of joints
smoked in pregnancy and GA ($=0.09, p=0.03). This analysis was adjusted for race,
weight gain, pregnancy complications, and Pl (cannabis use was not associated with
nicotine use in this study).

The remaining twelve studies did not report significant associations between GA and
prenatal cannabis use.

Table D.8. Gestational Age: Overview of Findings from Human Studies

Reference Results Exposure Assessment Study design,
Sample Size

Hingson et al. No association Self-report Retrospective

1982 n = 1365

Fried et al. 1984  GA assoc w/ Cnb use, p=0.008 Self-report Prospective

GA of heavy users 0.8 wk shorter No use; irregular; moderate; heavy n =583
than non-users p=0.0309

Among heavy users, dose-

dependent relationship btwn

shorter GA and amount of Cnb

smoked, Spearman’s correlation=-

0.4, p=0.05
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Reference

Tennes et al.
1985

Hatch and
Bracken 1986

Zuckerman et
al. 1989

Day et al. 1991

Knight et al.
1994

Cornelius et al.
1995

Quinlivan and
Evans 2002

Gray et al. 2010

van Gelder et al.
2010

Janisse et al.
2014

Saurel-
Cubizolles et al.
2014

Conner et al.
2016

Gunn et al. 2016

Mark et al. 2016

Results

GA positively assoc w/ total Cnb
use during preg
3=0.09 p=0.03

No assoc in unadjusted analysis

No association, no data reported

No significant findings for GA

Ns assoc at any serum Cnb
concentration

1st trimester Cnb use ss assoc w/
decrease of 7 days GA, no p
value reported

Ns assoc, no data reported

Based on meconium, median GA
Cnb +ve: 39 wks

Cnb —ve: 39 wks, independent of
tobacco smoking status, p=0.01;

Among tobacco +ve infants only:

Cnb +ve: 39 wks

Cnb —ve: 39 wks , p=0.17

Ns assoc, no data reported

Ns assoc, no data reported

Trend for lower GA w/ increased
consumption in

non-smokers (p<0.01)
smokers (p<0.10)

Based on pooled unadjusted
estimates:

MD: -0.1 wks (-0.5, 0.3)

Pooled MD = -0.20
(-0.62, 0.22) 12=33%

Unadjusted means:
Cnb +ve=38 wks 2 days
Cnb —ve=28 wks 6 days p=0.139

Cannabis Smoke and A%-THC

Exposure Assessment

Self-report

Weekly amount summed to estimate
exposure for entire preg and each
trimester

Self-report
Once/mo, to 5 times/day

Urine, self-report
Negative; self-report only; urine only

Self-report

Serum, urine
Serum concentration measured
during 3 trimester

Self-report
Light; moderate; heavy

Self-report
No use; Cnb only; multi-drug

Self-report, saliva, meconium

Self-report
From 3 mos before preg until birth

Self-report
Cnb use quantified as proportion of
prenatal visits women reported use

Self-report
No use; <once/mo; 20Once/mo

Various

Various

Urine
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Study design,
Sample Size

Prospective
n =756

Prospective
n = 3,857

Prospective
n=1,226
Prospective
n=>519

Prospective
n =349

Prospective
n =310

Prospective
n =456

Prospective
n =86

Retrospective
n=5661

Prospective
n = 3,090

Retrospective
n = 13,545

Meta-analysis
n = 31 studies

Meta-analysis
Not reported

Retrospective
n=170
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Reference Results Exposure Assessment Study design,

Sample Size
Massey et al. B=0.14 (-0.13, 0.41) Various Meta-analysis
2018 p=0.30 n=1191
Howard et al. Cnb +ve at delivery: Urine, meconium Retrospective
2019 Median = 39.0 wks p=0.008 n=2,173
o . Samples collected at 1%t prenatal
Cnb +ve at initial screening & . . S
. i visit and at delivery admission
delivery:

Median = 39.0 wks p=0.001

Cnb — cannabis; GA — gestational age; MD — mean difference; ns — not statistically significant; PTB — preterm birth;
ss — statistically significant

Preterm birth

Nineteen studies examined the association between prenatal cannabis exposure and
preterm birth (PTB). The table below provides an overview of the results of these
studies, as well as basic design elements. For each study, a more complete description
of the study design, analytical approaches, exposure characterization and study results
is provided in Appendix Table 1.1.

Six studies found statistically significant associations with PTB. Three of these studies
were prospective (Gibson et al. 1983, Dekker et al. 2012, Leemagz et al. 2016), two
were retrospective (Saurel-Cubizolles et al. 2014, Petrangelo et al. 2018), and one was
a meta-analysis (Conner et al. 2016).

Gibson et al (1983) reported that the increased risk of PTB was attributable to those
who used cannabis at least once per week. Dekker et al. (2012) conducted a cohort
study specifically to examine risk factors for PTB with or without rupture of membrane,
and reported that prenatal cannabis use was significantly associated with increased risk
for spontaneous PTB with intact membranes, OR=2.34 (1.22, 4.52), but not with PTB
with premature rupture of membranes. Dekker et al. did not adjust for prenatal tobacco
smoke exposure because it was not an independent risk factor in their data.

Saurel-Cubizolles et al. (2014) reported that among tobacco users, women who used
cannabis one or more times per month were at increased risk of PTB, OR=2.68 (1.16,
6.20). Monthly cannabis use was also associated with PTB in the full sample, OR=2.22
(1.04, 4.74), but this analysis did not account for tobacco use.

Conner et al. (2016) reported significant associations between PTB and prenatal
cannabis use in their meta-analysis only for “moderate”/weekly and “heavy”/daily
cannabis use, OR=2.04 (1.32, 3.17) and OR=1.73 (1.09, 2.73), respectively.

Leemaqz et al. (2016) categorized cannabis users by the timing of use and found that
only participants still using cannabis at 20 weeks’ gestation had significantly increased
risk of PTB compared to non-users, OR=5.44 (2.44, 12.11). Like Dekker et al. (2012),
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Leemagz found that although cigarette smoking was associated with PTB, it was not an
independent risk factor for PTB in their study and did not require statistical adjustment.

Petrangelo et al. (2018) reported a significant association with PTB, OR=1.40 (1.36,
1.43) in their very large US cohort, despite low prevalence of cannabis exposure based
on a restrictive exposure definition (cannabis dependence or abuse in the medical

record).

Two studies reported borderline significant associations between prenatal cannabis
exposure and PTB (Hatch and Bracken 1986, Shiono et al. 1995). Hatch and Bracken
(1986) identified a marginally significant increased risk of PTB only among white
women. Shiono et al. (1995) assessed cannabis exposure by self-report and serum
screening. When Shiono et al. performed analyses based on serum screening, they
observed a slight, marginally significant increase in risk of PTB. The authors note that
individuals identified as users by serum samples are more likely to be heavy users, as

the window for detection by biological assay is small.

Four of the six studies reporting associations with PTB analyzed more than one level of
prenatal cannabis exposure, rather than cannabis use as a binary variable (Gibson et
al. 1983, Saurel-Cubizolles et al. 2014, Conner et al. 2016, Leemaqz et al. 2016).
Additionally, although Petrangelo et al. (2018) did not quantify cannabis exposure, the
exposure definition likely included mainly very heavy cannabis use. Of the 13 studies
that did not report significant associations, only one included cannabis exposure in
analyses as more than a binary variable (Fergusson et al. 2002).

Table D.9. Preterm Birth: Overview of Findings from Human Studies

Reference

Gibson et al.
1983

Linn et al. 1983

Tennes et al.
1985

Hatch and
Bracken 1986

Day et al. 1991

Kliegman et al.
1994

Results

Proportion of PTB
Nonuser 5.6%
<once/wk 5.1%
>once/wk 25% p=0.002

OR = 1.02 (0.87,1.27)

PTB prevalence

0/31 =23 times/wk users of cannabis 7% of
nonusers

No associations reported

Among regular use:
All races: 1.5 (0.9, 2.5)
Whites 1.9 (1.0, 3.9)

Ns differences in adjusted analysis, no data
reported

OR=1.89 (0.34, 10.50)
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Exposure Assessment

Self-Report
Nonuser; <once/wk;
>once/wk

Self-report
Occasional; weekly; daily

Self-report

Weekly amount summed to
estimate exposure for entire
preg and each trimester

Self-report
Once/mo to 5 times/day

Self-report
Light; moderate; heavy

Urine, self-report
Positive by either measure

OEHHA

Study design
Sample Size

Prospective
n=7,301

Retrospective
n=12424

Prospective
n =756

Prospective
n = 3,857

Prospective
n=519

Prospective
n =425
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Reference

Shiono et al.
1995

Fergusson et al.
2002

Quinlivan and
Evans 2002

van Gelder et al.
2010

Dekker et al.
2012

Saurel-
Cubizolles et al.
2014

Chabarria et al.
2016

Conner et al.
2016

Gunn et al. 2016

Leemagqz et al.
2016

Mark et al. 2016

Coleman-Cowger

et al. 2018

Results

Overall sample: OR=1.1 (0.8, 1.3)
Based on serum only: OR=1.3 (1.0, 1.7)
Based on self-report: OR=1.1 (0.9,1.6)

Ns association any measure of Cnb use, no
data reported

Ns association, no data reported

Overall: 1.0 (0.6,1.9)
Nonsmokers: 0.6 (0.1,1.9)
Smokers: 1.2 (0.7, 2.1)

SPTB-Intact membrane: OR =2.34 (1.22,
4.52)
SPTB-PPROM (ns) no data

Total sample:
<1/mo 1.62 (0.78, 3.40)
>1/mo: 2.22 (1.04, 4.74)

Cnb+Tobacco smokers:
<1/mo 1.86, (0.64, 5.44)
>1/mo: 2.68 (1.16, 6.20)

No tobacco:
<1/mo: 1.24 (0.44, 3.49)
>1/mo: no data

Cnb: 0.84 (0.35, 3.87)
Tobacco: 1.63 (1.12, 2.38)
Tobacco & Cnb: 2.56 (1.33, 4.94)

Comparisons to no use:
Low use (5 studies): OR=1.09 (0.91, 1.32)

Moderate use (5 studies) OR=2.04 (1.32, 3.17)

High use: (2 studies) OR=1.73 (1.09,2.73)
Cnb only: 1.25 (0.63, 2.50)

Cnb + tobacco: 1.85 (1.21, 2.81)

Pooled adjusted RR=1.08 (0.82, 1.43) (4
studies)

pOR=1.29 (0.80, 2.08)

Quit prior to preg: OR=2.23 (0.84, 5.86)
Quit prior to 15 wks: OR=1.32 (0.55,3.17)
Quit prior to 20 wks: OR=2.76 (0.59, 13.01)
Still using at 20 wks: OR=5.44 (2.44, 12.11)

UNADJUSTED
17.7% CNB +ve v. 12.0% Cnb —ve; p=0.325

Cnb only: 2.2 (0.8, 5.6)
Co-use:1.7 (0.5, 5.8)
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Exposure Assessment

Self-report, serum

Self-report
Prior to preg; 1% trimester;
mid-preg

Self-report
No use; Cnb only; multi-drug

Self-report
From 3 mos before preg until
birth

Self-report
Preconception; 1%t trimester;
15 wks

Self-report
No use;

< Once/mo
= Once/mo

Self-report

During preg

Various

Various

Self-report

Pre-preg; quit by 15 wks; quit
by 20 wks; use at 20 wks

Urine

Self-report

Total days past month use

Study design
Sample Size

Prospective
n=7,470

Prospective
n =12,129

Prospective
n = 456

Retrospective
n=5,661

Prospective
n=3,234

Retrospective
n = 13,545

Retrospective
n=12,069

Meta-analysis
n = 31 studies

Meta-analysis
Not reported

Prospective
n = 5588

Retrospective
n=170

Prospective
n =338
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Reference Results Exposure Assessment  Study design

Sample Size
Petrangelo et al. OR=1.40 (1.36, 1.43) Diagnosis of dependence or Retrospective
2018 abuse n=12578,557

Cnb — cannabis; pOR — pooled odds ratio; PPROM — preterm premature rupture of membranes

Pre- and Postnatal Mortality

Eleven studies examined associations between prenatal cannabis use and spontaneous
abortion (SAB), stillbirth (SB), perinatal mortality, and sudden infant death syndrome
(SIDS). These included two prospective cohort studies, three retrospective cohort
studies, four case-control studies, and two meta-analyses. Six studies reported only
unadjusted results for mortality outcomes, and one study examined paternal cannabis
use.

Linn et al. (1983) recruited women who were delivering in 1977-1980 for a retrospective
cohort study of various birth outcomes (Linn et al. 1983). Adjusted ORs for SB were not
reported because there were too few SBs.

One case-control study examined cannabis use and SAB (Kline et al. 1991). Kline et al
karyotyped 960 cases of SAB before 28 weeks to investigate whether there was a
relationship between cannabis use during the perifertilization period (2 months before to
one month after the last menstrual period) and chromosomally normal and abnormal
fetuses (Kline et al. 1991). Cannabis use was analyzed as a continuous and
dichotomous variable; however, the proportion of cannabis users in this sample was
8%, and 42% of users reported using cannabis less than once per week. Cannabis use
was not associated with SAB. There were no differences among trisomy, monosomy X,
triploidy, or other chromosomally aberrant losses and chromosomally normal losses
related to cannabis use.

Fergusson et al. (2002) examined various birth outcomes in a prospective cohort study.
Women with singleton pregnancies were included after 18 weeks’ gestation (Fergusson
et al. 2002). Perinatal death, defined as fetal death at 20 weeks or later or death less
than seven days after birth, was not associated with cannabis use.

Varner et al. (2014; summarized in a brief narrative instead of a table) conducted a
case-control study that examined the risk of SB associated with cannabis use, which
was quantified by umbilical cord homogenate levels of THCA (Varner et al. 2014).
Varner et al. reported a significantly increased risk of SB among cannabis users: OR =
2.34, (1.13, 4.81), p = 0.021; however, “adjusting for cotinine level reduced the stillbirth
[OR] for THCA by greater than 10%”. The OR after adjusting for cigarette smoking was
not reported.
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Conner et al. (2016) conducted a meta-analysis of 31 studies to evaluate maternal
cannabis use and adverse neonatal outcomes (Conner et al. 2016). Conner et al
reported unadjusted pooled ORs: SB OR=1.74 (1.03, 2.93), SAB OR=1.10 (0.84, 1.44),
and perinatal death RR=1.09 (0.62, 1.91); each estimate was based on two studies.

Gunn et al. (2016) conducted a systematic review and meta-analysis using 24 studies to
examine effects of prenatal cannabis exposure (Gunn et al. 2016). Gunn et al. did not
control for potential confounding variables such as tobacco or alcohol use, noting that
as many cannabis users are also tobacco or alcohol users, determining a cannabis-only
effect was not possible with the available literature. Gunn et al. reported no significant
associations between prenatal cannabis exposure and SAB or perinatal mortality.

Coleman-Cowger et al. (2018) conducted a prospective cohort study of numerous birth
outcomes (Coleman-Cowger et al. 2018). Although the frequency of cannabis and
other substance use was assessed, the final analysis compared non-users, cannabis-
only users, tobacco-only users, and co-users, confirmed with urine and hair sample
testing. Prenatal cannabis use compared to no substance use was associated with SB
and SAB combined, OR =12.1 (1.03, 141.8); however, there were only 6 cases. The
OR for cannabis and tobacco co-use was 10.1 (0.8, 130.7); an OR for cannabis
adjusted for tobacco use was not reported.

Petrangelo et al. (2018) performed a 15-year retrospective cohort study with 12.5 million
births, using the ICD-9 codes of US nationwide hospital records (Petrangelo et al.
2018). They found the risk of stillbirth was significantly greater among cannabis users:
OR=1.50 (1.39, 1.62), p<0.0001. Although the exposure window or quantity could not
be determined, the ICD-9 classification of “cannabis abuse” or “cannabis dependence”
may have caused pregnancies of only the heaviest cannabis users to be considered
exposed.

Howard et al. (2019) conducted a retrospective cohort study with participants delivering
in 2013-2014 in a tertiary care setting where the standard of care was for all patients to
have a urine drug screen at presentation for prenatal care and at admission for delivery
(Howard et al. 2019). Participants were excluded if one of the urine drug screens was
not available, or if one indicated drugs other than cannabis. Only unadjusted results
were reported for some outcomes, including perinatal mortality. Women who tested
positive for cannabis at both the initial screen and at delivery had higher odds of
perinatal mortality compared to nonusers, unadjusted OR=5.1 (1.98, 13.16). This
study’s strengths include exposure assessment and a recent cohort with (likely) more
potent cannabis exposure than in earlier studies.

Two studies examined prenatal cannabis exposure as a risk factor for SIDS. Scragg et
al. (2001) conducted a case-control study in New Zealand, recruiting participants in
1987-1990 (Scragg et al. 2001). A case was defined as death between 28 days and
one year of age. There were 393 cases and 1592 controls from the same hospitals as
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cases. Mothers were interviewed about prenatal cannabis and postnatal cannabis and
other substance use. SIDS was non-significantly associated with prenatal cannabis
use, OR=1.30 (0.69, 1.87) adjusting for tobacco use, ethnicity, SES, marital status, age
at first pregnancy, and infant age. When all potential confounders were included, the
association diminished slightly: OR=1.18 (0.76, 1.85). The OR for prenatal cannabis
use may be confounded by maternal postnatal cannabis use, which was a slightly
stronger predictor of SIDS, and other smoke exposure.

Klonoff-Cohen and Lam-Kruglick (2001) conducted a case-control study to investigate
whether maternal and paternal drug use during conception, pregnancy, and postnatally
increase the risk of SIDS (defined as death between one week and one year of age)
(Klonoff-Cohen and Lam-Kruglick 2001). The sample included 239 SIDS cases and
239 control infants who were born in 1989-1992 in the same hospitals and matched to
cases by birth date, sex, and race. Parents were interviewed about use of cigarettes,
alcohol, and recreational and other drugs during the conception period (time between
last menstrual period and confirmation of pregnancy), pregnancy, and after delivery.
Maternal cannabis use during either the conception period or pregnancy, adjusted for
prenatal tobacco use, was not associated with SIDS. However, SIDS was associated
with paternal cannabis use during the conception period, OR=2.2 (1.2, 4.2), and
pregnhancy, OR=2.0 (1.0, 4.1), adjusted for paternal postnatal tobacco smoking and
alcohol use during conception. There were no interactions among paternal drug use,
smoking, and drinking, and maternal and paternal recreational drug use.

Head Circumference

Seventeen studies (Tennes et al. 1985, Zuckerman et al. 1989, Day et al. 1991, Knight
et al. 1994, Cornelius et al. 1995, Berenson et al. 1996, Fergusson et al. 2002,
Quinlivan and Evans 2002, Shankaran et al. 2004, Lozano et al. 2007, Rivkin et al.
2008, El Marroun et al. 2009, Gray et al. 2010, Chabarria et al. 2016, Gunn et al. 2016,
Coleman-Cowger et al. 2018, Howard et al. 2019) examined the association between
prenatal cannabis exposure and head circumference. The table below provides an
overview of the results of these studies, as well as basic design elements. For each
study, a fuller description of the study design, analytical approaches, exposure
characterization and study results is provided in Appendix Table 1.1

Of the 17 studies, two prospective studies found statistically significant associations (El
Marroun et al. 2009, Gray et al. 2010). Coleman-Cowger et al. (2018) also found a
significant association, but only when cannabis was co-used with tobacco (OR =5.7
(1.1, 28.9)).

El Marroun et al. (2009) examined fetuses in early and late pregnancy using ultrasound.
The study showed that exposure to cannabis prior to pregnancy or in early pregnancy
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was associated with reduced head circumference growth of 0.1 (0.2, 0.02) mm/wk, for
either time period of exposure.

Gray et al. (2010) assessed prenatal cannabis exposure with meconium samples. The
study showed that prenatal cannabis use reduced mean head circumference by 1.4 cm
(p=0.003), independent of tobacco smoking status. This association remained
significant when analyzed for women who co-used tobacco and cannabis during
pregnancy.

The remaining 14 studies did not show a significant association with prenatal cannabis
exposure and head circumference. Of these 14 studies, 10 were prospective (Tennes et
al. 1985, Zuckerman et al. 1989, Day et al. 1991, Knight et al. 1994, Cornelius et al.
1995, Fergusson et al. 2002, Quinlivan and Evans 2002, Lozano et al. 2007, Rivkin et
al. 2008, Coleman-Cowger et al. 2018), four were retrospective (Berenson et al. 1996,
Shankaran et al. 2004, Chabarria et al. 2016, Howard et al. 2019), and one was a meta-
analysis (Gunn et al. 2016).

All but three (Knight et al. 1994, Lozano et al. 2007, Gunn et al. 2016) of the studies
adjusted for tobacco use. There was no consistent trend in sample size among studies
that found significance; El Marroun et al. (2009) had 7,452 participants, and Gray et al.
(2010) had 86 patrticipants. Though Gunn et al. (2010) used meconium to assess
exposure, which may be a more reliable measure than other exposure metrics, three
other studies (Shankaran et al. 2004, Lozano et al. 2007, Howard et al. 2019) also used
meconium and did not show a significant association.

Table D.10. Head Circumference: Overview of Findings from Human Studies

ReferenceStudy Results Exposure Assessment Sample SizeCnb Covariates
Design and Quantification only
Tennes et al. 1985 Cnb use ns assoc w/ Self-report n =756 Alcohol

HC (no data reported)

Prospective Weekly amount summed to  Cnb users: 258 Tobacco

estimate exposure for

. 31 reported use =3 Amphetamines
entire preg and each .
. times/week .
trimester Cocaine
Zuckerman et al. Cnb use ns assoc w/ Urine, self-report. n=1226 Cocaine
1989 HC (no data reported) Urine: 202 Tobacco

Prospective Self-report only: 129

Negative; self-report only; Negative: 895

urine only
Day et al. 1991 Cnb use ns assoc w/ Self-report n=>519 Alcohol
. HC (no data reported .
Prospective ( P ) Light; moderate; heavy Tobacco

Other drugs
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ReferenceStudy
Design

Knight et al. 1994

Prospective

Cornelius et al.
1995

Prospective
Berenson et al.
1996
Retrospective

Fergusson et al.
2002

Prospective

Quinlivan and
Evans 2002

Prospective

Shankaran et al.
2004

Retrospective

Lozano et al. 2007
Prospective
Rivkin et al. 2008

Prospective

El Marroun et al.
2009

Prospective

Gray et al. 2010

Prospective

Results

Cnb ns assoc w/ any
serum concentration of
cannabinoids

Cnb use ns assoc w/
HC (no data reported)

Small HC: OR = 0.8
(0.3,1.8)

Cnb use ns assoc w/
HC (no data reported)

Cnb use ss assoc w/
0.4 reduction in HC
(test for trend p=0.08)

High Cnb use ns assoc
w/ decrease in HC

Moderate, low, and
decreasing use ns
assoc with increase in
HC

Cnb use ns assoc w/ HC
(no data reported)

Cnb use ns assoc w/ a
decrease in HC (no
data reported)

HC of fetuses exposed
to Cnb before preg and
in early preg grew 0.1
(0.2,0.02) and 0.1 ( .2,
0.02) mm/wk less,
respectively, than
fetuses of nonusers

Mean HC, independent
of tobacco status,
based on meconium:

Cnb -ve: 34.4 cm

Cannabis Smoke and A%-THC

Exposure Assessment
and Quantification

Serum, urine

Serum concentration
measured during 3
trimester

Self-report

Light; moderate; heavy

Self-report, urine

Self-report

Prior to preg; 1% trimester;
mid-preg

Self-report

No use, Cnb only; multi-
drug

Self-report, meconium

High; moderate; low; no
use

Meconium

Self-report

Self-report

Before preg; early preg;
continuing in preg; no use

Self-report, saliva,
meconium

78

Sample SizeCnb
only

n =349

n =310

n =36 Cnb only

n =12,129

6 mos before preg:
585
1t trimester: 311

Mid-preg: 250
n = 456

Cnb only: 62
n =651
n=974

Cnb: 52
n=35
n=7,452

n =86

Covariates

No covariates

Alcohol
Cocaine
Other drugs
Tobacco

Alcohol

Tobacco

Alcohol

Tobacco

Alcohol

Tobacco

Alcohol

Cocaine
Tobacco

No covariates

Alcohol
Cocaine
Tobacco

Alcohol

Tobacco

Tobacco
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ReferenceStudy Results Exposure Assessment Sample SizeCnb Covariates
Design and Quantification only
Cnb +ve: 33.0 cm
(p=0.003)
Results remained ss
among tobacco +ve
mothers
Chabarria et al. HC <25 percentile: Self-report n=12,069 Tobacco
2016 .
Cnbonly: OR=1.44 During preg Cnb only: 58
Retrospective (0.82, 2.53) Tobacco & Cnb: 48
Tobacco only: OR =
1.67 (1.20, 2.33)
Dual use: OR = 2.34
(1.27, 4.31)
Gunn et al. 2016 pMD = -0.31 (-0.74, Various Not reported No covariates
2— 0,
Meta-analysis 0.13) 1*=97%
Coleman-Cowger Low HC: Self-report n =338 Alcohol
|. 201
etal. 2018 Cnb-only: OR =2 <1 day/wk; 1-2 days/wk; 3- Other drugs
Prospective 6 days/wk; dail Tobacco
P 0 (0.4, 10.6) ysiwi; darly
Co-use w/ tobacco: OR
=5.7 (1.1, 28.9)
Howard et al. 2019  Cnb use ns assoc w/ Urine, meconium n=2173 Tobacco

. H
Retrospective c Samples collected at 1%
prenatal visit and at

delivery admission

Cnb —ve: 13.4cm
Cnb +ve: 13.2 cm

Birth Length

Fourteen studies examined the association between prenatal cannabis exposure and
birth length. The table below provides an overview of the results of these studies, as
well as basic design elements. For each study, a fuller description of the study design,
analytical approaches, exposure characterization and study results is provided in
Appendix Table 1.1.

Of the 14 studies, five studies found statistically significant negative associations
(Tennes et al. 1985, Zuckerman et al. 1989, Day et al. 1991, Gray et al. 2010, Howard
et al. 2019), while one study found a significant positive association (Fergusson et al.
2002). The remaining eight studies did not find any significant associations with birth
length (Knight et al. 1994, Cornelius et al. 1995, Fried et al. 1999, Quinlivan and Evans
2002, Shankaran et al. 2004, Lozano et al. 2007, Gunn et al. 2016, Coleman-Cowger et
al. 2018).
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Four of five studies with significant negative associations were prospective (Tennes et
al. 1985, Zuckerman et al. 1989, Day et al. 1991, Gray et al. 2010). Tennes et al.
(1985) assessed exposure for each trimester via self-report and reported that first
trimester cannabis use, but not second or third trimester use, was associated with -
0.07cm (p=0.001) average birth length. Zuckerman et al. (1989) reported a decrement
in birth length of 0.52 cm (p=0.02) associated with prenatal cannabis exposure,
identified via maternal urine sample. Day et al. (1991) reported that cannabis use
during the first two months of pregnancy was associated with reduced birth length but
did not present any adjusted data. Gray et al. (2010) assessed prenatal cannabis
exposure with meconium samples and reported that, independent of tobacco exposure,
cannabis use was associated with a reduction in mean birth length by 2 cm (p=0.01).
This association remained significant when analyzed for participants who co-used
tobacco and cannabis during pregnancy.

Howard et al. (2019) was a retrospective study that identified prenatal cannabis use with
urine and meconium. The study reported that participants with positive urine or
meconium samples at the initial screening and at delivery had infants with significantly
reduced birth length, but did not report any data.

Fergusson et al. (2002) examined the association with birth length via self-report prior to
pregnancy, during the first trimester, and mid-pregnancy. The study reported that
cannabis use more than once per week during but not throughout pregnancy was
associated with significantly increased birth length, but did not report any data.

The remaining eight studies did not find a significant association between prenatal
cannabis exposure and birth length. Six of these studies were prospective (Knight et al.
1994, Cornelius et al. 1995, Fried et al. 1999, Quinlivan and Evans 2002, Lozano et al.
2007, Coleman-Cowger et al. 2018), one was retrospective (Shakaran et al. 2004), and
one was a meta-analysis (Gunn et al. 2016).

All but three of the 14 studies (Knight et al. 1994, Lozano et al. 2007, Gunn et al. 2016)
adjusted for prenatal tobacco use. There were a wide range of sample sizes, and no
clear trend among studies that found significance. There was no study design or
exposure detection method that was more likely to report significant results.
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Table D.11. Birth Length: Overview of Findings from Human Studies

Reference

Study Design
Tennes et al. 1985

Prospective

Zuckerman et al.
1989

Prospective

Day et al. 1991

Prospective

Knight et al. 1994

Prospective

Cornelius et al. 1995

Prospective

Fried et al. 1999

Prospective

Fergusson et al.
2002

Prospective

Quinlivan and
Evans 2002

Prospective

Shankaran et al.
2004

Retrospective

Lozano et al. 2007

Prospective
Gray et al. 2010

Prospective

Results

1st trimester use ss assoc with -
0.07 cm (p=0.001)
ns in 2" and 3" trimester

Positive urine assay:
-0.52 cm (p=0.02)

Use in first 2 mos preg ss assoc w/
BL (no data presented)

Means:

Non-user = 49.4 cm

15t trimester = 48.9 cm (p<0.04)

Cnb ns assoc w/ any serum
concentration of cannabinoids

Cnb ns assoc w/ BL (no data
reported)

No adjusted data reported, ns
differences between Cnb use
categories

Use <1/wk before or during, but not
throughout preg ss assoc w/
increased BL (no data reported)

Cnb use ns assoc w/ BL (nho data
reported)

High and moderate Cnb use ns
assoc w/ BL

Low and decreaseing Cnb use
assoc w/ ns increase in BL

Cnb use ns assoc w/ BL (ho data
reported)

Mean BL independent of tobacco
status, based on meconium:

Cnb -ve: 50.8cm

Cnb +ve: 48.8 cm (p=0.01)

Cannabis Smoke and A%-THC

Exposure Assessment
and Quantification

Self-report

Weekly amount summed to
estimate exposure for
entire preg and each
trimester

Urine, self-report.
Negative; self-report only;
urine only

Self-report
Light; moderate; heavy

Serum, urine

Serum concentration
measured during 3"
trimester

Self-report

Light; moderate; heavy

Self-report
No use; mild/moderate use;
heavy use

Self-report
Prior to preg; 15t trimester;
mid-preg

Self-report
No use, Cnb only; multi-
drug

Self-report, meconium
High; moderate; low; no
use

Meconium

Self-report, saliva,
meconium

81

Sample Size
Cnb only

n =756

Cnb users: 258

31 reported use =3
times/week

n=1226

Urine: 202
Self-report only: 129
Negative: 895

n=>519
n =349
n =310

n =679 at birth

n =12,129

6 mos before preg:
585

1st trimester: 311

Mid-preg: 250
n =456

nb only: 62

n =651

n =974

Cnb: 52

n =86

Covariates

Alcohol
Tobacco
Amphet-
amines
Cocaine

Cocaine
Tobacco

Alcohol
Tobacco
Other drugs

No covariates

Alcohol
Cocaine
Other drugs
Tobacco

Alcohol
Other drugs
Tobacco

Alcohol
Tobacco

Alcohol

Tobacco

Alcohol
Cocaine
Tobacco

No covariates

Tobacco
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Reference

Study Design

Results

Results remained ss among
tobacco +ve mothers

Exposure Assessment
and Quantification

Sample Size

Cnb only

Covariates

Gunn et al. 2016 pMD = -0.10 (-0.65, 0.45) 12=59% Various Not reported No covariates

Meta-analysis

Coleman-Cowger et  Low BL: Self-report n =338 Alcohol

al. 2018 Cnb-only: OR =2.0 (0.3, 7.9) <1 day/wk; 1-2 days/wk; 3- Other drugs

Prospective Co-use w/ tobacco: OR =1.4 (0.1, 6 days/wk; daily Tobacco
14.2)

Howard et al. 2019 Cnb use reported both at initial Urine, meconium n=2173 Tobacco

Retrospective

interview and at delivery ss assoc

Samples collected at 15t

with reduced BL p<0.001 prenatal visit and at

delivery admission

Birth defects

Thirteen epidemiologic studies — six prospective cohort (Gibson et al. 1983, Tennes et
al. 1985, Zuckerman et al. 1989, Day et al. 1991, Cornelius et al. 1995, Coleman-
Cowger et al. 2018), four retrospective cohort (Hingson et al. 1982, Linn et al. 1983,
Astley et al. 1992, Petrangelo et al. 2018), and three case-control (Ewing et al. 1997,
Willimas et al. 2004, van Gelder et al. 2009) studies evaluated associations between
prenatal cannabis exposure and birth defects. For each study, a full description of the
study design, analytical approaches, exposure characterization and study results is
provided in Appendix Table 1.1.

The exposures evaluated were maternal and paternal prenatal cannabis use, cannabis
smoke specifically, and cannabis and tobacco co-use, and authors described their
outcomes of interest as major malformations (including congenital heart disease, spina
bifida, and hypospadias), minor malformations (including undescended testis,
hemangiomata and lymphangiomata), ventricular septal defects (VSD), fetal alcohol
syndrome (FAS)-like features, or unspecified birth defects.

Eight studies found no significant associations between cannabis use and birth defects
(Linn et al. 1983, Gibson et al. 1983, Tennes et al. 1985, Zuckerman et al. 1989, Day et
al. 1991, Astlye et al. 1992, Cornelius et al. 1995, Petrangelo et al. 2018). Linn et al.
(1983) reported that major malformations were more prevalent among cannabis users,
but the OR of 1.36 (0.97, 1.91) was not significant. In Gibson et al. (1983), only 36
(0.5%) of participants used cannabis more than once per week. Cornelius et al. (1995)
found that first trimester cannabis use by white women under 16 years of age was
associated with marginally significantly increased risk of minor physical anomalies: OR
3.2 (1.0, 10.2). Petrangelo et al. (2018) reported no association with birth defects:
OR=1.00 (0.88, 1.13). Although Petrangelo et al. (2018) had an extremely large
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sample, cannabis exposure assessment was based on diagnosis of cannabis abuse or
dependence in the medical record, the prevalence of which was 0.5%.

Williams et al. (2004) conducted a case-control study focused specifically on maternal
lifestyle risk factors for isolated, simple VSD and found a positive association with self-
reported frequency of cannabis use in the periconceptional period (three months prior to
pregnancy through the first trimester): ordinal OR=1.90 (1.29, 2.81) for light use (<2
days/wk) compared to no use, and heavy use (=3 days/wk) compared to light use,
suggesting greater risk at higher exposures. Maternal heavy alcohol use and cigarette
use were not associated with VSD, but children of mothers who reported heavy alcohol
use and cannabis use were at increased risk of VSD: OR=7.51 (2.40, 23.55). The
sample was relatively small, with 20 of 122 cases and 118 of 3,009 controls exposed to
cannabis. Ewing et al. (1997) reported an increased risk of isolated membranous VSD
with paternal cannabis use in the six months before conception: OR=1.36 (1.05, 1.76),
adjusted for paternal cocaine/age interaction, maternal age, maternal cocaine use,
infant sex, and race. Maternal cannabis use and use of cigarettes and alcohol by either
parent were not significantly associated with VSD.

Van Gelder et al. (2009) also used a case-control design to examine the effects of
maternal illicit drug use on 20 types of birth defects, and reported a positive association
between anencephaly and cannabis use in the first month of pregnancy: OR=2.5 (1.3,
4.9). Gastroschisis was also associated with cannabis use in unadjusted models, but
the association was not statistically significant in adjusted models: OR=1.3 (0.9, 1.8).
This study had a large sample (n=15,208, including 420 exposed cases) and examined
self-reported cannabis exposures in etiologically relevant periods, but made multiple
comparisons. Coleman-Cowger et al. (2018) found a significant association between
birth defects and co-use of cannabis and tobacco compared to no-use: OR=3.1 (1.2,
8.3), but no significant association with cannabis-only exposure: OR=1.2 (0.5, 2.9), or
tobacco-only exposure: OR=1.9 (0.7, 5.3).

Two studies examined FAS-like features. Hingson et al. (1982) reported that women
who smoked cannabis during pregnancy “were five times more likely than nonusers
(2.0, 12.7) to deliver a child with [FAS-like] features (p<.001)”, whereas drinking =2
drinks daily was associated with non-significantly decreased risk compared with
nondrinkers. Astley et al. (1992) reported no associations between cannabis use and
FAS-like features in their small (n=80) study.

Of the nine studies whose exposure periods included the 1960s, 1970s, and 1980s,
when Cnb was much less potent than in more recent decades (El Sohly 1984, EISohly
et al. 2016), only Ewing et al. (1997) reported statistically significant associations with
birth defects (VSD). The studies reporting statistically significant associations between
Cnb and birth defects focused on birth defects rather than multiple types of birth
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outcomes, and assessed exposure during early pregnancy ((Williams et al. 2004), (van
Gelder et al. 2009)) and spermatogenesis (Ewing et al. 1997).

NICU Admission

Six studies examined the association between prenatal cannabis use and NICU
admission. For each study, a description of the study design, analytical approaches,
exposure characterization and study results is provided in Appendix Table 1.1.

Although NICU admission was a secondary outcome in many studies that primarily
focused on other birth outcomes, such as preterm birth or birth weight, only one
reported a significant association (Gunn et al. 2016). Gunn et al. (2016) performed a
meta-analysis that reported a pooled OR of 2.02 (95% CI 1.27, 3.21) for infants
exposed to cannabis in utero. This finding was calculated by random-effects modelling
since heterogeneity was not significant (p<0.10, but 1°<50%). Three of the four studies
included in Gunn et al. (2016) were not included in the present document due to a small
sample of cannabis users (Gargari et al. 2012) or binary exposure assessment (Bonello
et al. 2014 and Hayatbakhsh et al. 2012). The fourth study found a non-significant
association between prenatal cannabis exposure and NICU admission (Berenson et al.,
1996). Inthe meta-analyses Gunn et al. did not adjust for tobacco use or other potential
confounders. Another meta-analysis (Connor et al. 2016), included 5 studies examining
NICU admission, and reported an increased pooled unadjusted estimate (RR = 1.41
(95% CI 0.99, 20). However, adjusted estimates were not available.

The four other studies that did not find significant results included two retrospective
cohorts (Mark et al., 2016; Berenson et al.), two prospective cohorts (Fergusson et al.,
2002; Coleman-Cowger et al., 2018). All cohort studies assessed cannabis use by self-
report, but some studies additionally collected urine or hair samples for toxicological
screening (Mark et al., 2016 and Coleman-Cowger et al., 2018). Fergusson et al.
(2002), and Coleman-Cowger et al. (2018) gathered information on the frequency of
maternal cannabis use, but only Fergusson analyzed these categories in an adjusted
model.

Overall, the five non-significant studies used a higher standard of exposure assessment
than the study that reported a significant association between prenatal cannabis
exposure and NICU admission.

NICU/Special Care Admission

Six studies examined the association between prenatal cannabis use and NICU
admission. Although NICU admission was a secondary outcome in many studies that
primarily focused on other birth outcomes, such as preterm birth or birth weight, only
one reported a significant association (Gunn et al. 2016). Gunn et al. (2016) performed
a meta-analysis that reported a pooled OR of 2.02 (95% CI 1.27, 3.21) for infants
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exposed to cannabis in utero. This finding was calculated by random-effects modelling
since heterogeneity was not significant (p<0.10, but 1°<50%). Three of the four studies
included in Gunn et al. (2016) were not included in the present document due to a small
sample of cannabis users (Gargari et al. 2012) or binary exposure assessment (Bonello
et al. 2014 and Hayatbakhsh et al. 2012). The fourth study found a non-significant
association between prenatal cannabis exposure and NICU admission (Berenson et al.,
1996). In the meta-analyses Gunn et al. did not adjust for tobacco use or other potential
confounders. Another meta-analysis (Connor et al. 2016) included five studies
examining NICU admission, and reported a non-significantly increased pooled
unadjusted estimate (RR = 1.41 (95% CI 0.99, 20). However, adjusted estimates were
not available.

The four other studies that did not find significant results were performed in two
retrospective cohorts (Mark et al., 2016; Berenson et al. 1996) and two prospective
cohorts (Fergusson et al., 2002; Coleman-Cowger et al., 2018). All cohort studies
assessed cannabis use by self-report, and two studies additionally collected urine or
hair samples for toxicological screening (Mark et al., 2016 and Coleman-Cowger et al.,
2018). Fergusson et al. (2002) and Coleman-Cowger et al. (2018) gathered information
on the frequency of maternal cannabis use, but only Fergusson analyzed these
categories in an adjusted model. Only one study did not consider prenatal tobacco use
as a potential confounder (Mark et al. 2016).

Postnatal Growth

Seven epidemiologic studies evaluated the effects of prenatal cannabis exposure on
postnatal growth. All seven were prospective cohort studies and examined the
association of cannabis exposure throughout pregnancy and postnatal growth. Growth
measures included height, weight, head circumference, body mass index (BMI),
ponderal index (PI), skinfold thickness, and weight-for-height Z score. Age at follow-up
ranged from one to sixteen years. All studies based exposure on self-report.

In a prospective study of birth outcomes, Tennes et al. (1985) conducted a sub-analysis
of 129 1-yr-old children of randomly selected women who had been heavy, moderate, or
non-users of cannabis during pregnancy. Weight and height at one year were not
different among children of heavy, moderate, and non- cannabis users. The sample
represented a lower to lower-middle SES population.

Fried and O’Connell (1987) examined associations between heavy cannabis use (=5
joints/week) and height and weight at 12 and 24 months of age in the OPPS cohort.
Only outcomes at 24 months were statistically significant and are reported here.
Cannabis use in the year before pregnancy was associated with an increase in weight
of 530.17 g (p < 0.01). Heavy cannabis use during the first trimester was associated
with an increase of 539.16 g (p = 0.02), and throughout pregnancy with an increase of
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596.69 g (p = 0.01). Third trimester heavy cannabis use was associated with an
increase of 623.16 g (p = 0.02). Heavy cannabis use throughout pregnancy was
associated with a 1.1 cm increase in height (p = 0.05.).

In another OPPS study, Fried et al. (1999) reported an association between heavy
prenatal cannabis use (at least 6 joints per week) and reduced head circumference at 9-
12 years (p < 0.05), but no association with weight at 12 or 48 months. The authors
mention the potential influence of maternal caloric intake on child caloric intake, as the
marijuana users in their study consumed more calories and protein overall, which could
impact lifestyle choices of their children to do the same. This could lead to an increase
in weight in the children, though no significant association was found with prenatal
exposure in their study.

In the third OPPS study, Fried et al. (2001) examined growth measurements in 152
adolescents at 13-16 years. There were no differences in weight, height, or Pl. Heavy
use was marginally associated with head circumference (p=0.08), but this relationship
was weaker when prenatal alcohol and nicotine exposure were considered (p=0.11).

Three studies from the MHPCD cohort evaluated postnatal growth. All of these studies
took into consideration current maternal exposure to cannabis, tobacco, or alcohol use,
in addition to prenatal exposures to tobacco and alcohol. Day et al. (1992) and Day et
al. (1994a) assessed weight, height, and head circumference at three and six years,
respectively, and reported no associations with prenatal cannabis exposure.

The third MHPCD study, by Cornelius et al. (2002), reported a decrease in height of 1.1
inches at six years with any prenatal cannabis exposure in the second trimester (p <
0.01). Prenatal cannabis use was not associated with weight, skinfold thickness, head
circumference, BMI, PI, or weight-for-height Z score at 6 years. The authors note that
the association between height and prenatal cannabis exposure is not consistent with
other studies, but do not address possible reasons for the inconsistency with the
MHPCD or other studies. The number of mothers who used cannabis in the second
trimester was 13 (total n=345).

In the OPPS cohort, heavy prenatal cannabis use was associated with heavier and
taller children at 24 months ((Fried and O'Connell 1987), reduced head circumference at
9-12 years ((Fried et al. 1999), and a non-significant reduction in head circumference
(Fried et al. 2001) at 13-16 years; differences in body size did not persist. The OPPS
cohort is predominately middle SES, low-risk cohort. Results from the MHPCD cohort,
a high-risk cohort of adolescent mothers, are not consistent with the OPPS findings, or
within studies from the same cohort. Two of the three MHPCD studies reported no
differences in weight, height, and head circumference at three and six years. The third
study also reported no differences in weight, head circumference, and measures of
adiposity and proportionality, but diverged from the previous studies in reporting
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significantly shorter stature for six-year-old children with prenatal 2" trimester cannabis

exposure.

Neurodevelopment

Studies Available and Tests Used to Assess Neurodevelopment

Studies

A number of epidemiololgical studies have been investigated the effect of cannabis
exposure during pregnancy on neurodevelopmental outcomes in offspring. Table D.12
some of the endpoints covered by studies in the first year of life and Table D.13,
showing the range of endpoints covered by the individual studies. Table D.14 provides
more detailed information of each study concerning study design and exposure,
organized by the cohorts described above, as well as other researchers. For each study
Appendix Table 1.1 provides a much fuller description of study design and results.

Table D.12 Overview of Epidemiological Studies of Neurodevelopmental Outcomes in

Infancy
INFANCY BNBAS
Fried 1980 X

(OPPS cohort)

Fried 1982 X
(OPPS cohort)

Tennes et al. 1985 X

Fried and Makin 1987 X
(OPPS Cohort)

Fried et al. 1987
(OPPS cohort)

Hayes et al. 1988 X
Scher et al. 1988
(MHPCD cohort)

Richardson et al. 1989 X
(MHPCD cohort)

Parker et al. 1990
Scher et al. 1998
(MHPCD Cohort)

De Moraes Barros et
al. 2006

Cannabis Smoke and A%-THC

NNNS CNS MATURATION OTHER

Visual response,
habituation, tremors,
startles

Visual stimuli
responsiveness, tremors,
startles, habituation

Infant muscle tone
Startles, response to light,
habituation, tremors,
irritability
Infant state, resting
posture, movements,

reflexes at 9 and 30 days
(Prechtl)

Disturbance in neonatal
sleep cycling

Jitteriness in infants

Visually evoked potentials
at 1,4,8, and 18 mos

13 subsets of NNNS
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INFANCY BNBAS NNNS CNS MATURATION OTHER

Stroud et al. 2018 Self-regulation, handling,
lethargy, attention of
NNNS

Italicized studies are summarized in paragraphs
BNBAS- Brazelton Neonatal Behavioral Assessment Scale; NNNS — NICU Network Neurobehavioral Scale, MHPCD

-Maternal Health
Practices and Child Development Project cohort; OPPS - Ottawa cohort referred to as the Ottawa Prenatal

Prospective Study
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Table D.13. Human Studies of Neurodevelopmental Outcomes in Childhood or Adulthood After in Utero or Perinatal

Cannabis or A%-THC

ATTENTION

EARLY CHILDHOOD
(1-5 YRS)

Fried and Watkinson
1988 (OPPS)

Fried and Watkinson
1990 (OPPS)

Day et al. 1994
(MHPCD)

Dahl et al. 1995
(MHPCD)
Richardson et al.
1995

(MHPCD)

Chandler et al. 1996
(MHPCD)

Faden and Graubard
2000

Noland et al. 2005 Selective attention

at4yrs

El Marroun et al. 2011 Attention problems
(Generation R) at 18 mos

Chakraborty et al.
2015

Eiden et al. 2018a
Eiden et al. 2018b

Godleski et al. 2018

INTELLIGENCE

Mental & language
development at 1
and 2 yrs
Cognitive
functioning at 3
and 4 yrs
Cognitive develop-
ment (intelligence)
at 3yrs

Cognitive function
at 8 and 18 mos

Cannabis Smoke and A%-THC

NEURO-
IMAGING

CNS VISUAL-SPATIAL BEHAVIOR PSYCHIATRIC SUBSTANCE OTHER
MATURATION PROCESSING SYMPTOMS
Motor
development at 2
yrs
Sleep disruption at
3yrs
Motor function at 8
and 18 mos
Gross motor
development at 3
yrs
Behavioral
problems at 3 yrs
Aggressive Anxiety and/or
behavior at 18 depression
mos symptoms at 18
mos
Global motion
perception 4.5 yrs
Emotional
regulation (resp
sinus arrhythmia)
Child behavior
problems at 2-3
yrs
Externalizing
behavior problems
in toddlers
89 OEHHA October 2019



CHILDHOOD
(6-12 YRS)
Tansley et al. 1986
(OPPS Cohort)

O’Connell and Fried
1991 (OPPS Cohort)

Fried et al. 1992a
(OPPS)

Fried et al. 1992b
(OPPS)

Fried et al. 1997
(OPPS)

Fried et al. 1998
(OPPS)

Leech et al. 1999
(MHPCD)

Fried and Watkinson

2000 (OPPS)

Goldschmidt et al.
2000

(MHPCD)
Richardson et al.
2002

(MHPCD)

Goldschmidt et al.
2004

(MHPCD)

Gray et al. 2005
(MHPCD)

Leech et al. 2006
(MHPCD)

ATTENTION INTELLIGENCE

Distractibility at 6-9 Comprehension,
yrs intelligence at 6-9
yrs
Attentional
behavior including
impulsivity at 6 yrs
Cognitive and
receptive language
development at 5
and 6 yrs
Reading and
language at 9-12
yrs
Cognitive and Cognitive and
executive function executive function

including attention including
at 9-12 yrs intelligence at 9-12
yrs

Attention and
impulsivity at 6 yrs

Intelligence at 9-12
yrs

Attention problems
at 10 yrs

Attention and
general mental
efficiency including
impulsivity at 10
yrs

Intelligence and
memory at 10 yrs

Academic
achievement at 10
yrs

Cannabis Smoke and A%-THC

NEURO-
IMAGING

CNS
MATURATION

Left and right eye,
and binocular
stimulation

90

VISUAL-SPATIAL
PROCESSING

Visual-spatial

perception at 6-9 behavior problems

yrs

Visual-spatial
performance at 9-
12 yrs

BEHAVIOR

Parent ratings of

at 6-9 yrs

PSYCHIATRIC
SYMPTOMS

Depressive
symptoms at 10
yrs
Depression and
anxiety at 10 yrs

SUBSTANCE
USE

OTHER
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ATTENTION INTELLIGENCE
Goldschmidt et al. Intelligence at 6
2008 yrs
(MHPCD)

Zammit et al. 2009

Stone et al. 2010

Day et al. 2011
(MHPCD)

Attention at 10 yrs

Goldschmidt et al.
2012

(MHPCD) yrs
El Marroun et al. 2016

(Generation R)

Bolhuis et al. 2018

(Generation R)

Attention at 10 yrs School

El Marroun et al. 2018
(Generation R)

ADOLESCENCE (13-
18 YRS)

Fried and Watkinson Attention at 13-16
2001 (OPPS) years

Fried et al. 2003

(OPPS)

Cognitive
functioning at 13-
16 yrs
Day et al. 2006

(MHPCD)

Porath and Fried 2005
(OPPS)

Rivkin et al. 2008

Willford et al. 2010a
(MHPCD)

Day et al. 2014
(MHPCD)

Cannabis Smoke and A%-THC

achievement at 14

NEURO-
IMAGING

Brain volume at 6-

8 yrs

Brain volume at
10-14 yrs

CNS
MATURATION

91

VISUAL-SPATIAL

PROCESSING

Processing speed,

visual-motor
coordination,

interhemispheric
transfer at 16 yrs

BEHAVIOR

Delinquent

behavior at 14 yrs

Behavior and
emotional
functioning at 7-9
yrs

PSYCHIATRIC
SYMPTOMS

Psychotic
symptoms at 12
yrs

Depressive
symptoms at 10
yrs
Depressive
symptoms at 10
yrs

Psychotic-like

experiences at 10

yrs

SUBSTANCE
USE

Substance use

Cnb use at 14 yrs

Cigarette and Cnb
use btwn 16-22 yrs

Early age of Cnb

use (< 15 yrs)

OTHER

Sleep problems at
12 yrs
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Frank et al. 2014

Mathews et al. 2014

De Genna et al. 2015
(MHPCD)

Liebschutz et al. 2015

Cornelius et al. 2016
(MHPCD)

Rose-Jacobs et al.
2017

ADULTHOOD
(>18 YEARS)
Smith et al. 2004
(OPPS)

Smith et al. 2006
(OPPS)

Willford et al. 2010b
(MHPCD)

Sonon et al. 2015
(MHPCD)
Goldschmidt et al.
2016

(MHPCD)

Smith et al. 2016
(OPPS)

Sonon et al. 2016
(MHPCD)

ATTENTION

Ability to shift
attention between
different tasks

Response
inhibition in young
adults

INTELLIGENCE NEURO-
IMAGING

Intelligence

Caudate volume
asymmetry at 18-
22 yrs

Visual-spatial
processing btwn
18-22 yrs

Cannabis Smoke and A%-THC

CNS VISUAL-SPATIAL BEHAVIOR PSYCHIATRIC SUBSTANCE OTHER
MATURATION PROCESSING SYMPTOMS USE
Problematic
substance use at
12-18 yrs
Tourette
syndrome or
chronic tic
disorder at 13-14
yrs
Early vaginal

intercourse (<14
yrs), early oral sex
(<14 yrs)
Behavioral
resilience, lack of
early substance
use or delinquency
Alcohol use at 16

yrs

Visual spatial
working memory in
young adults

Frequency of Cnb
use at 22 yrs

Adult roles at 22 Early Cnb
yrs, lifetime initiation, behavior
conduct disorder at 3yrs
at 16 yrs

Depressive Early Cnb initiation
symptoms at early = (as a mediator)

age (as a Cnb use disorder

mediator) in young adulthood
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ATTENTION INTELLIGENCE NEURO- CNS VISUAL-SPATIAL BEHAVIOR PSYCHIATRIC SUBSTANCE OTHER

IMAGING MATURATION PROCESSING SYMPTOMS USE
De Genna et al. Adult electronic
2018a cigarette use
(MHPCD)
De Genna et al. Adult co-use of
2018b tobacco and Cnb
(MHPCD)
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Table D.14. Neurodevelopment: Summary of Selected Study Design and Exposure Elements by Age

Study Exposure
Author, Year Design Location Outcomes/ Timing Assessment Quantification Covariates
Cohort Sample size
Infancy
Fried 1980 Prospective  Ottawa, Visual response, habituation, tremors, 1 yr prior to preg Self-report Categorized as: no use or irregular (<1 Alcohol
OPPS Canada startles, auditory responses, self- and each trimester joint/wk or secondhand Cnb exposure); Tobacco
quieting, responsiveness (BNBAS) moderate (2-5 joints/wk);
n=2389 heavy (>5 joints/wk)
Fried 1982 Prospective  Ottawa, Visual stimuli responsiveness, tremors, 1 yr prior to preg Self-report See Fried 1980 Alcohol
OPPS Canada startles, habituation, self-quieting, and each trimester Tobacco
responsiveness, general activity,
alertness (BNBAS, BSID)
n=7
Tennes et al. 1985 Prospective  Denver, CO  Neurodevelopment (BNBAS), muscle  During preg Self-report Categorized as: no use; Alcohol
tone and each trimester light (one time only—once/wk); Amphetamines
n =756 moderate (>once/wk, <daily); Cocaine
heavy (2daily) Tobacco
Fried and Makin Prospective  Ottawa, Startles, response to light, habituation, During preg Self-report Assessed joints/wk Alcohol
1987 Canada tremors, irritability (BNBAS) Exposure analyzed as a binary variable =~ Tobacco
OPPS n =250
Fried et al. 1987 Prospective  Ottawa, Infant state, resting posture, 1 yr before preg Self-report by Categorized as no/passive exposure or  Alcohol
OPPS Canada movements, and reflexes at 9 and 30  and each trimester  interview infrequent use (=1 joint/wk) and regular ~ Tobacco
days (Prechtl) use (>1 joint/wk)
n =254
Hayes et al. 1988  Prospective  Jamaica Neurodevelopment (BNBAS) During preg Self-report by Categorized as: no use; Study noted use of
n=56 interview irregular; alcohol and tobacco
Direct observation moderate; was infrequent in
heavy population
Exposure assessed as binary for BNBAS
analysis
Scher et al. 1988 Prospective  Pittsburgh, Disturbance in neonatal sleep cycling 1 yr prior to preg Self-report Average joints/day Alcohol
MHPCD PA n=55 and each trimester Categorized as users if used Cnb at least Tobacco
once/day, otherwise non-users
Richardson et al Prospective  Pittsburgh, Neurodevelopment (BNBAS) Each trimester Self-report by Average joints/day for each trimester Alcohol
1989 PA interview Categorized as no use; Tobacco
MHPCD <1/mo; Other illicit drugs
1-3/mo;
1-6/wk;
>/day
Parker et al. 1990  Prospective  Boston, MA  Jitteriness During preg Urine Exposure assessed as binary based on  No adjusted analysis
n=1,054 Self-report self-report and urine separately
Scher et al. 1998 Prospective  Pittsburgh, Visually evoked potentials at 1, 4, 1 yr prior to preg Self-report Categorized as no use; Alcohol
MHPCD PA 8, and 18 mos and each trimester light (>0-3 joints/wk; Other drugs
n=74 Tobacco
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Neurodevelopment: Summary of Selected Study Design and Exposure Elements by Age (Cont'd.)

Study Exposure
Author, Year Design Location Outcomes/ Timing Assessment Quantification Covariates
Cohort Sample size
moderate (4-6 joints/wk);
heavy (21 joint/day)
De Moraes Barros  Prospective  Sao Paulo, Neurodevelopment (NNNS) During preg Self-report Exposure assessment binary based on Alcohol
et al. 2006 Brazil n =561 Maternal hair biological assay Other drugs
Meconium Tobacco
Stroud et al. 2018  Prospective  Providence, Self-regulation, handling, lethargy, Each trimester Self-report Exposure assessed as days of use Tobacco
cohort RI attention (NNNS) Analyzed as binary bariable Other substance use
n=111
Early childhood
(-5 yrs)
Fried and Watkinson Prospective  Ottawa, Mental and language development at 1 During preg Self-report Joints/wk Alcohol
1988 Canada and 2 yrs, motor development at 2 yrs Categorized as no use or heavy use (>5 Tobacco
OPPS n=217 at 1 yr; 157 at 2 yrs joints/wk)
Fried and Watkinson Prospective  Ottawa, Cognitive functioning at 3 and 4 yrs During preg Self-report Categorized as infrequent/ no use (<1 Alcohol
1990 Canada (motor, language, memory) joint/wk); Tobacco
OPPS n=130at 3yrs; 123 at 4 yrs moderate, (>1 joint/wk - <6 joints/wk);
heavy (26 joints/wk)
Day et al. 1994b Prospective  Pittsburgh, Cognitive development and intelligence Each trimester Self-report Average joints/day Alcohol
MHPCD PA at 3yrs Other drugs
n =655 Tobacco
Dahl et al. 1995 Prospective  Pittsburgh, Sleep disruption at 3 yrs Each trimester Self-report Exposure assessed during 1% trimester  Alcohol
MHPCD PA n=238 Exposed if <1 joint/mo, otherwise Other drugs
unexposed Tobacco
Richardson et al. Prospective  Pittsburgh, Motor function at 8 and 18 mos Each trimester Self-report Average joints/day Alcohol
1995 PA n =569 at 18 mos Categorized as: no use; Other drugs
MHPCD Light (O<joints/day to <0.4 joints/day) Tobacco
moderate(<0.4 joints/day to 1 joint/day);  Current maternal
heavy (=1 joint/day) substance use
Exposure analyzed as binary variable for
each trimester
Chandler et al. 1996 Prospective  Pittsburgh, Cognitive function at 8 and 18 mo; 1 yr prior to preg Self-report Average joints/day Alcohol
MHPCD PA Gross motor development at 3 yrs and each trimester Categorized as no use; Other drugs
n =650 light/moderate (0-1 joint/day) Tobacco
heavy (=1 joint/day)
Exposure analyzed as binary variable for
each trimester
Faden and Graubard us Behavioral problems at 3 yrs Before and during  Self-report No drug use (0)
2000 preg < 1 use/month (0.5)
1 use/month (1)
2-3 uses/month (2.5)
1-2 ues/week (6)
>3 ues/week (14)
Noland et al. 2005 Prospective  Cleveland, Selective attention at 4 yrs Each trimester Meconium Classified as exposed if positive self- Cocaine
OH n =330 Infant and maternal report, urine, or meconium Current substance

Also classified by average joint/day

use

Cannabis Smoke and A%-THC
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Neurodevelopment: Summary of Selected Study Design and Exposure Elements by Age (Cont'd.)

Study Exposure
Author, Year Design Location Outcomes/ Timing Assessment Quantification Covariates
Cohort Sample size
urine
Self-report
El Marroun et al. Prospective  Rotterdam,  Attention problems, aggressive 3 mos prior to preg  Self-report Categorized as: never use; Alcohol
2011 the behavior, and anxiety and/or and during preg use before preg; Other drugs
Generation R Netherlands  depression symptoms at 18 mos use up to knowledge of preg; Tobacco
n=4,077 continued use through preg
Quantified as daily, weekly, or monthly
Chakraborty et al.  Prospective  Auckland, Global motion perception at 4.5 yrs During preg Self-report Categorized as light (<1 joint/occasion);  Alcohol
2015 New Zealand n =165 Meconium moderate (1-2 joints/occasion); Other drug use
heavy (>2 joints/ occasion)
Eiden et al. 2018a  Prospective  Buffalo, NY  Emotional regulation in toddlers based Each trimester Self-report Average joints/day
on respiratory sinus arrhythmia During preg Maternal and infant Exposure analyzed as binary variable
n =247 saliva
Meconium
Eiden et 2018b Prospective  Buffalo, NY  Child behavior problems at 2-3 yrs Each trimester Meconium Average joints/day
n =232 at 2 yrs; 206 at 3 yrs During preg Maternal saliva Exposure analyzed as binary variable
Self-report by interview based on self-report, meconium, or saliva
Godleski et al. 2018 Prospective  Pittsburgh, Externalizing behavior problems in During preg Meconium Exposure assessed as binary variable
PA toddlers Saliva based on self-report or biological assay
Self-report by interview
Childhood
(6-12 yrs)
Tansley et al. 1986 Prospective  Ottawa, Left and right eye stimulation, During preg Urine toxicology Exposure analyzed as binary variable Alcohol
OPPS Canada binocular stimulation btwn 3-10 yrs Self-report based on urine or self-report Tobacco
(CNS Maturation)
n=101
O’Connell and Fried Prospective  Ottawa, Distractibility, comprehension, During preg Self-report Cnb use measured in joints/wk Miscellaneous
1991 Canada intelligence, visual-spatial perception, Use > 1 joint/wk considered regular use  variables listed in
OPPS behavior problems at 6-9 yrs summary
n =56
Fried et al. 1992a  Prospective  Ottawa, Attentional behavior including During preg Self-report Categorized as: no/ infrequent use; Alcohol
OPPS Canada impulsivity at 6 yrs moderate use (>1 joint/wk, <6 joints/wk); Tobacco
n =126 heavy use (26 joints/wk)
Fried et al. 1992b  Prospective  Ottawa, Cognitive and receptive language During preg Self-report See Fried et al. 1992a Cnb not included in
OPPS Canada development at 5 and 6 yrs multivariable analysis
n=135at5yrs; 137 at 6 yrs
Fried et al. 1997 Prospective  Ottawa, Reading and language at 9-12 yrs During preg Self-report See Fried et al. 1992a Alcohol
OPPS Canada n=131 Other drugs
Tobacco
Fried et al. 1998 Prospective  Ottawa, Cognitive and executive function During preg Self-report See Fried et al. 1992a Alcohol
OPPS Canada including attention and intelligence Other drugs
at 9-12 yrs Tobacco
n=131 Current maternal Cnb
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Neurodevelopment: Summary of Selected Study Design and Exposure Elements by Age (Cont'd.)

Study Exposure
Author, Year Design Location Outcomes/ Timing Assessment Quantification Covariates
Cohort Sample size
Leech et al. 1999 Prospective  Pittsburgh, Attention and impulsivity at 6 yrs Each trimester Self-report Average joints/day Alcohol
MHPCD PA n =608 Analyzed as binary variable for each Cocaine
trimester Tobacco
Current maternal Cnb
Fried and Watkinson Prospective  Ottawa, Intelligence and visual-spatial During preg Self-report See Fried et al. 1992a Other drugs
2000 Canada performance at 9-12 yrs Tobacco
OPPS n =146 Postnatal passive
smoke exposure
Goldschmidt etal.  Prospective  Pittsburgh, Attention problems at 10 yrs Each trimester Self-report Average joints/day Alcohol
2000 PA n = 635 with mothers’ report; 575 with Categorized as no use; Cocaine
MHPCD teachers’ report light/moderate (0-0.89 joints/day); Tobacco
heavy (>0.89 joints;day) Current substance
Exposure assessed as binary by trimester use
for some analysis, and by category for
others
Richardson et al. Prospective  Pittsburgh, PA Neurophysiological outcomes including Each trimester Self-report See Richardson et al 1995 Alcohol
2002 attention and intelligence at 10 yrs Tobacco
MHPCD n =593 Current substance use
Goldschmidt etal.  Prospective  Pittsburgh, Academic achievement at 10 yrs Each trimester and  Self-report Categorized by ADJ as: no use; Other prenatal
2004 PA n =606 during preg light/moderate (< joint/day); substance use
MHPCD heavy (=1 joint/day)
Exposure analyzed as binary per trimester
Gray et al. 2005 Prospective  Pittsburgh, Depressive symptoms at 10 yrs Each trimester Self-report See Richardson et al 1995 Current maternal
MHPCD PA substance use
Leech et al. 2006 Prospective  Pittsburgh, Depression and anxiety at 10 yrs During preg Self-report Average joints/day Tobacco
MHPCD cohort PA n =636 Categorized as users (22 joints/mo), and
non-users (<2 joints/mo)
Goldschmidt etal.  Prospective  Pittsburgh, Intelligence at 6 yrs Each trimester Self-report Average joints/day Alcohol
2008 PA n =648 Categorized as: no use; Other drugs
MHPCD light/moderate (<1 joint/day); Tobacco
heavy (21 joint/day) Current substance
exposure
Zammit et al. 2009  Prospective  Avon, UK Psychotic symptoms at 12 yrs During preg and Self-report Categorized by frequency as no use,
n =150 each trimester <weekly, 2weekly
Stone et al. 2010 Prospective  RI, FL, M, Sleep problems at 12 yrs During preg Self-report by Number of joints during pregnancy
TN n =808 interview
Day et al. 2011 Prospective  Pittsburgh, Attention and depressive symptoms at During preg Self-report by Average joints/day First trimester alcohol
MHPCD PA 10 yrs, delinquent behavior at 14 yrs interview Exposure analyzed as binary variable and tobacco use
n =525
Goldschmidtetal.  Prospective  Pittsburgh, Attention and depressive symptoms at Each trimester Self-report by Average joints/day Alcohol
2012 PA 10 yrs, school achievement at 14 yrs, interview Categorized as: no use; Other drugs
MHPCD adolescent substance use heavy (=1 joint/day) Tobacco

n =524

non-heavy (<1 joint/day)

Current maternal use
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Neurodevelopment: Summary of Selected Study Design and Exposure Elements by Age (Cont'd.)

Study Exposure
Author, Year Design Location Outcomes/ Timing Assessment Quantification Covariates
Cohort Sample size
El Marroun et al. Prospective  Rotterdam, Brain volume at 6-8 yrs During preg Urine Exposure assessed as binary based on  Alcohol
2016 the n =263 Self-report self-report or urine
Generation R Netherlands
Bolhuis et al. 2018 Prospective  Rotterdam, Psychotic-like experiences at 10 yrs During preg Self-report Categorized as: no use; Alcohol
Generation R the n=7,393 Urine before preg: Tobacco
Netherlands during preg
El Marroun et al. Prospective  Rotterdam, Behavior and emotional functioning at  Before or during Self-report Categorized as: no use; Alcohol
2018 the 7-9 yrs preg Urine before preg Tobacco
Generation R Netherlands n =5,903 during preg
Adolescence
(13-18 yrs)
Fried and Watkinson Prospective  Ottawa, Attention at 13-16 yrs During preg Self-report See Fried et al. 1992a Alcohol
2001 Canada n =152 Tobacco
OPPS Current maternal drugs
Fried et al. 2003 Prospective  Ottawa, Cognitive functioning at 13-16 yrs During preg Self-report Categorized as: no / moderate use (<6 Alcohol
OPPS Canada n =145 joints/wk); Other drugs
heavy use (26 joints/wk) Tobacco
Current maternal Cnb
Day et al. 2006 Prospective  Pittsburgh, Cnb use at 14 yrs During preg and Self-report Average joints/day Family history of
MHPCD PA n =563 each trimester alcohol or drug
problems
Porath and Fried Prospective  Ottawa, Cigarette and Cnb use btwn 16-22 yrs  During preg Self-report Exposure analyzed as binary for analysis Alcohol
2005 Canada n =152 Tobacco
OPPS
Rivkin et al. 2008 Prospective  Boston, MA  Brain volume at 10-14 yrs During preg Self-report Use during preg was binary based on Alcohol
cohort n=35 Meconium self-report or meconium Cocaine
Tobacco
Willford et al. 2010a Prospective  Pittsburgh, Processing speed, visual-motor Each trimester Self-report by Average joints/day Alcohol
MHPCD PA coordination, interhemispheric interview Categorized as: no use; Tobacco
transfer at 16 yrs lightmoderate (<1 joint/day); Current maternal
n =320 heavy (=1 joint/day) substance use
Day et al. 2015 Prospective  Pittsburgh, Early age of Cnb use (<15 yrs) During preg Self-report by Assessed and analyzed as ADJ Alcohol
MHPCD PA n =596 interview Tobacco
Frank et al. 2014 Prospective  Boston, MA  Problematic substance use 12-18 yrs  During preg Self-report Categorized by frequency as no use, Alcohol
n =157 Urine heavy use (positive meconium or urine Tobacco
Meconium assay during gestation or delivery, or >8
days self-reported use during preg), or
light use (positive by self-report or urine,
but not meeting criteria for heavy use)
Mathews et al. 2014 Prospective  Avon, UK Tourette syndrome or chronic tic Prior to preg, 1% Self-report by Exposure assessment was binary Alcohol in last 2

disorder at 13-14 yrs trimester, and last 2 questionnaire mos preg
n=6,090 mos preg Tobacco in last 2
mos preg
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Neurodevelopment: Summary of Selected Study Design and Exposure Elements by Age (Cont'd.)

Study Exposure
Author, Year Design Location Outcomes/ Timing Assessment Quantification Covariates
Cohort Sample size
De Genna et al. Prospective  Pittsburgh, Early vaginal intercourse, early oral During preg Self-report by Exposure assessed as ADJ, dichotomized
2015 PA sex (<14 yrs) guestionnaire for analysis
MHPCD n=324
Liebschutz et al. Prospective  Boston, MA  Behavioral resilience: no early During preg Self-report Exposure analyzed as binary variable
2015 substance use <14 yrs, no risky sexual Urine based on self-report, urine, or meconium
behavior, no delinquency; n =136 Meconium
Cornelius et al. 2016 Prospective  Pittsburgh, PA Alcohol use at 16 yrs 2" trimester only Self-report Average joints/day
MHPCD n =917
Rose-Jacobs et al. Prospective  Boston, MA  Ability to shift attention between tasks, During preg Self-report Exposure based on urine, meconium, or  Other prenatal
2017 intelligence in high school students Urine maternal self-report substance exposure
n=131 Meconium
Adulthood
(>18 yrs)
Smith et al. 2004 Prospective  Ottawa, Response inhibition in young adults During preg Self-report Cnb measured in average weekly joints  Alcohol
OPPS Canada n=31 Considered exposed if used >1 joint/'wk  Tobacco
Current maternal
substance use
Smith et al. 2006 Prospective  Ottawa, Visual spatial working memory During preg Self-report See Smith et al. 2004 Alcohol, Tobacco
OPPS Canada in young adults Current maternal
n=31 substance use
Willford et al. 2010b Prospective  Pittsburgh, Caudate volume asymmetry at Prior to preg and Self-report Average joints/day Alcohol
MHPCD PA 18-22 yrs 1% trimester Categorized as: no use; Tobacco
n=45 moderate (0-1 joint/day);
heavy (Zjoint/day)
Sonon et al. 2015  Prospective  Pittsburgh, Frequency of Cnb use at 22 yrs Each trimester Self-report by Average joints/day, categorized by Alcohol
MHPCD PA n=763 interview frequency as light to moderate (<1
joint/wk), and heavy (=1 joint/week)
Goldschmidt etal.  Prospective  Pittsburgh, Adult roles at 22 yrs, lifetime conduct ~ Each trimester Self-report by See Richardson et al. 1989 Alcohol
2016 PA disorder at 16 yrs interview Tobacco
MHPCD n = 608
Smith et al. 2016 Prospective  Ottawa, Visual-spatial processing btwn During preg Self-report See Smith et al. 2004 Alcohol
OPPS Canada 18-22 yrs Tobacco
n=31
Sonon etal. 2016  Prospective  Pittsburgh, Depressive symptoms at an early age, During preg Self-report Average joints/day Alcohol in the 1
MHPCD PA early age of Cnb initiation, Cnb use Exposure assessed as binary variable trimester
disorder in young adulthood
n =590
De Genna et al. Prospective  Pittsburgh, Adult electronic cigarette use During preg Self-report Average joints/day Alcohol
2018a PA n =427 Exposure assessed as binary variable
MHPCD
De Genna et al. Prospective  Pittsburgh, Adult co-use of tobacco and Cnb During preg Self-report Average joints/day Alcohol, Substance
2018b PA Exposure assessed as binary variable use disorders
MHPCD
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Tests used to assess neurodevelopmental effects in cannabis epidemiological studies

Epidemiological studies of neurodevelopment relied on a variety of tests. This section,
adapted from Fried et al. (1998), gives brief explanations of the various tests used,
organized alphabetically by the name of the test.

Abstract Designs: The subject is directed to touch 1 out of 12 abstract designs on the first 12 pages and a
different design on each successive page without touching any design multiple times. Both latency and
errors are collected as measures (Fried et al. 2003).

Auditory Working Memory: This test measures the participant’s ability to retain information in short-term
memory while processing incoming information and retrieving information from long-term storage. “The
participant was instructed to read aloud blocks of 2, 3, 4, or 5 sentences and asked to fill in a missing
word at the end of each sentence within a block.” The participant then had to remember the missing
words within each block. (Fried et al. 1998).

2-Back Test: This test requires participants to press a button every time an “O” is presented in the same
position that it was in 2 presentations before (Smith et al. 2006).

Bayley Scales of Infant Development (BSID): This test consists of three scales including: the mental
developmental index, the psychomotor developmental index, and the infant behavior record. The
mental developmental index assesses sensory perceptual abilities, the psychomotor developmental
index assesses gross and fine motor movement, and finally the infant behavior record evaluates the
infant’s attitudes, interests and temperament (Fried and Watkinson 1988).

Bogus Pipeline Method: Participants were led to believe that interviewers would confirm their substance
use reports with biological testing, although not true (Day et al. 1985).

Brazelton Neonatal Behavioral Assessment Scale (BNBAS): This assessment evaluates the infant’s
responsiveness to the interaction with the examiner, their capacity for self-organization, and individual
differences in neonatal behavior. The tester observes and scores various infant responses including:
response decrement to visual, auditory, and tactile stimuli; irritability, self-quieting, and consolability;
visual and auditory responsiveness to inanimate and animate stimuli, motor maturity; and primitive
reflexes (Richardson et al. 1989).

Category Test: This test measures concept formation requiring non-verbal abstract reasoning and mental
flexibility. The test involves a projector presenting 208 images consisting of 7 subsets. The participant
is given a console with 4 colored buttons. The participant is “required to abstract principles in each
subtest based on variables of size, shape, number and position of objects and press the appropriate
response button.” A bell was used to provide immediate positive feedback and a buzzer provided
immediate negative feedback. The total number of errors is often the reported measure (Fried et al.
1998).

Child Behavior Checklist: This is a standardized maternal report of children’s problem behaviors. The
checklist includes a variety of syndrome scales such as Anxious/Depressed, Attention Problems and
Aggressive Behavior etc. Each item is rated on a scale ranging from 0 (not true), 1 (somewhat or
sometimes true), and 2 (very true or often true). The questions specifically ask about behavior of the
child in the past two months (El Marroun et al. 2011).

Children’s Depression Inventory (CDI): This test measures general psychopathology and distress
(Goldschmidt et al. 2012).

Conners Parent Questionnaire: This test is a measure of a child’s behavior based upon parental

assessment. The test evaluates 48 behavioral items which are given scores of “not at all”, “just a little”,
“pretty much”, or “very much”. The test yields 6 z scores on the following: Conduct Problems, Learning
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Problems, Psychosomatic Problems, Impulsivity-Hyperactivity, Anxiety, and Hyperactivity Index
(O’Connell and Fried 1991).

Continuous Performance Test (CPT): This test assesses impulsivity, sustained attention, and general
mental efficiency. The participant is presented with a series of colored letters and the participant
responds to a target stimulus when it is preceded by a specific letter. The nature of the symbols can
vary based upon the edition of CPT used, for example it may present varying shapes instead of letters.
Errors of omission and commission are typically collected. Many variations of this test exist
(Richardson et al. 2002 and Leech et al. 1999).

Fluency Test: This test measures oral fluency in the participant. The participant was expected to produce
as many words as possible beginning with a specific consonant sound within 60 seconds (Fried et al.
1998).

fMRI: This noninvasive neuroimaging technique provides a measure of neural activity while a participant is
performing a task. As neural activity occurs, the regional cerebral blood flow increases while the
deoxyhemoglobin contribution decreases resulting in a measurable change in magnetic signal (Smith
et al. 2006).

Go/No-Go: This test is used to assess response inhibition. A participant is required to initiate a motor
response (i.e. press a button) when exposed to a particular stimulus and withhold a response when
shown a different stimulus (No Go) (Smith et al. 2004).

Gordon Delay Task: This test measures impulsivity and is a specific kind of CPT. The participant is given a
one-button solid state console and a six second differential reinforcement of low rate responding
schedule. The participant receives points on a screen, “reinforcements”, when a button press occurs
six seconds after a previous button press. The total number of responses, the number of correct
responses, and the efficiency ratio are typically reported (Fried et al. 1998).

Gordon Vigilance Task: This test measures sustained attention and is a specific kind of CPT. The same
apparatus used in a “Gordon Delay Task” are used here. A series of single-digit numbers are shown
for 200 milliseconds every 1 second over the course of 9 minutes. The participant is required to press
a response button when a target stimulus appears. The total correct responses and number of
commission errors are typically reported. (Fried et al. 1998)

The Home Environment Questionnaire (HEQ): This questionnaire evaluates the environment a child is
raised in and includes 10 scales: Achievement, Aggression-External, Aggression in the Home,
Aggression Total, Supervision, Change, Affiliation, Separation, Sociability, and Socioeconomic Status
(Fried et al. 1998).

The HOME Inventory: This test collects information by observation of the child’s home environment and by
questions addressed to the mother. The test assesses six categories: emotional and verbal
responsivity of the mother, avoidance of restriction and punishment, organization of the environment,
provision of appropriate play materials, maternal involvement and opportunities for variety in daily
routine (Fried and Watkinson 1988).

Knox Cube Test: The participant is given a row of four cubes affixed on a strip of wood. The participant “is
required to imitate prearranged sequences of increasing length and complexity as touched at a rate of
1/s” (Fried et al. 2003).

Match to Centre: The participant is required to press a button each time an O is presented in the middle of
the screen (as opposed to any other position on the screen) (Smith et al. 2006).

McCarthy Scales of Children’s Abilities: This test contains six scales: verbal, perceptual, quantitative,
memory, motor, and a general cognitive composite scale that combines verbal, perceptual and
guantitative into one (Fried and Watkinson 1990).
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Missing Numbers_The participant must state which number is missing when numbers from 1-10 are read in
random sequence with one number omitted (Fried et al. 2003).

The NEO Five Factor Inventory: This test is used to assess the mother's personality. It provides measures
of Neuroticism, Extraversion, Openness, Agreeableness, and Conscientiousness (Fried et al. 1998).

Neonatal Intensive Care Unit Network Neurobehavioral Scale (NNNS): This test “evaluates neurologic
integrity, behavioral function, and the presence of stress and abstinence signs from the neonate...”
The NNNS includes “13 variables including habituation, attention, arousal, regulation, handling, quality
of movement, excitability, lethargy, nonoptimal reflexes, asymmetry, hypertonicity, hypotonicity, and
stress/abstinence signals” (De Moraes Barros 2006).

Peabody Individual Achievement Test (PIAT): Spelling Recognition Subtest- the participant is orally
presented a word and is required to visually select the correct spelling of a word out of several slightly
different written variations (Fried et al. 2003).

Peabody Picture Vocabulary Test: This test measures receptive vocabulary (Fried and Watkinson 1990). It
assesses auditory comprehension of picture names (Fried and Watkinson 1997).

Pegboard Test: This test measures speed and accuracy of the participant’s eye-hand coordination. The
participant is instructed to place keyhole-shaped metal pegs into rows of matching holes in a board as
quickly as possible (Fried and Watkinson 1990).

Picture Deletion Task: This is a visual search task in which the participant is instructed to find target
pictures among foils. The numbers of each might vary per study. For example, in Noland et al. 2005
the participants were directed to find 30 target pictures among 90 foils. Both the target pictures and
foils are presented at once on two pieces of paper (Noland et al. 2005).

The Reynell Developmental Language Scales: This test measures comprehension and expression (Fried
and Watkinson 1988).

Sentence Memory Test: The participant must repeat 25 sentences of increasing length and complexity
(Fried et al. 2003).

Stanford-Binet Intelligence Scale (SBIS): A measure of cognitive development and intelligence. The test
contains four subtests including: verbal reasoning, quantitative reasoning, abstract/visual reasoning,
and short-term memory. The verbal and quantitative reasoning subareas indicate crystallized
intelligence or scholastic abilities because they represent skills learned via education and acquired
knowledge. Otherwise, the abstract/visual reasoning subtest assesses the fluid-analytic ability and
requires more cognitive skills to solve nonverbal tasks (Goldschmidt et al. 2008).

Stroop Test: The participant is required to read the words “red”, “green”, and “blue” printed repeatedly in
black ink. They are then required to name the colors of stimuli “XXXX” written repeatedly in red, green,
or blue ink. Finally, they are required to name the colors in which the words “red”, “green”, and “blue”
are written repeatedly as the color of the words do not match the color they are printed in (Fried et al.

2003).

The Swanson, Noland, and Pelham (SNAP) attention subscale consists of 5 questions based on the DSM-
Il definition of attention deficit disorder. Answers range from never to all the time and assesses
symptoms such as “easily distracted” or “failing to finish things” (Goldschmidt et al. 2012).

Tactile Form Recognition Task: The participant is required to identify flat plastic shapes placed in their hand
while they cannot see it. The child identifies the shape by matching it to one of four different stimulus
shapes that they are shown (Fried and Watkinson 1990).

Tactual Performance Task: The participant must place wooden blocks of varying shapes into their slot on a
foam board while blindfolded. This task is done first with the dominant hand, then with the non-
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dominant hand, and finally with both hands. The length of time taken to complete the task is the main
measure of performance (Fried et al. 1998).

Test of Visual Perceptual Skills: This test evaluates a participant’s capabilities in several categories
including:

¢ Visual discrimination- the participant must select an exact match from an array of similar forms

¢ Visual memory- the participant must remember the characteristics of a stimulus by finding it in an
array of similar stimuli. This is a test of immediate recall.

o Visual-Spatial relationships- the participant must select the identical form among many similar
forms. The original form will be in a different orientation.

¢ Visual form constancy- the participant must again find a particular stimulus identical to what had
been presented previously. The stimulus will be smaller, larger, rotated, and/or hidden

¢ Visual sequential memory- the participant must remember for immediate recall sets of forms
among different arrays of similar sets of forms

¢ Visual figure-ground- the participant must find a form hidden in a conglomerated ground of matter

e Visual closure- the participant must be able to 