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Abstract

This research examines the relationship between smoking during pregnancy (SDP) and risk for
reading related problems in siblings discordant for exposure to SDP. Data (A=173 families) were
drawn from the Missouri Mothers and Their Children study, a sample, identified using birth
records (years 1998-2005), in which mothers changed her smoking behavior between two
pregnancies (Child 1 [older sibling]: M=12.99; Child 2 [younger sibling]: /=10.19). A sibling
comparison approach was used, providing a robust test for the association between SDP and
reading related outcomes in school-aged children. Results suggested within-family (i.e.,
potentially causal) associations between SDP and reading and language/comprehension factor
scores, as well as between SDP and specific reading-related skills, including reading accuracy and
receptive language, with increased exposure to SDP associated with decreased performance. SDP
was not associated with spelling, reading rate, or receptive vocabulary. Initial within-family
associations between SDP and word-letter identification, phonetic/decoding skills, and reading
comprehension were fully attenuated following partial control for genetic and environmental
confounding of the associations. These findings indicate that exposure to SDP is associated with
poorer performance on some, but not all skills assessed.
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1. Introduction

Early reading problems may initiate a negative cascade of events that have broad
implications for healthy development. For example, when compared with their typically
developing and SES-matched counterparts, late talkers (i.e., toddlers with expressive
language delay) scored lower on assessments of vocabulary, grammar, verbal memory, and
reading comprehension in adolescence (Rescorla, 2005). Despite this, the prevalence of
problems in reading-related skills remains relatively high, with approximately 5-17% of
school aged children experiencing reading difficulties (Knopik, Neiderhiser, DeFries, &
Plomin, 2017). In light of the developmental significance of reading problems, there is a
need to better understand the sources of individual differences in these skills.

1.1 Etiology of Individual Differences in Reading-related Skills

Twin and other genetically-sensitive studies provide evidence for genetic and environmental
contributions to individual differences in normative variation in reading-related skills
(Astrom, Wadsworth, Olson, Willcutt, & DeFries, 2011; Byrne et al., 2013; Christopher et
al., 2013; Harlaar, Spinath, Dale, & Plomin, 2005; Keenan, Betjemann, Wadsworth, DeFries,
& Olson, 2006; Knopik et al., 2017; Little, Haughbrook, & Hart, 2017; Olson, Keenan,
Byrne, & Samuelsson, 2014), as well as Dyslexia (Pennington & Olson, 2008), a
dimensional disorder (Branum-Martin, Fletcher, & Stuebing, 2013; Spencer et al., 2014) that
is characterized by difficulties learning to read and write (Snowling, Hulme & Nation,
2020). Environmental influences on reading-related outcomes that have been examined to
date include, but are not limited to: the availability of educational resources within the home
and school, familial structure and other socio-economic factors, neighborhood influence,
quality and quantity of reading instruction in school, peer influences, bilingual reading, and
print exposure (Grigorenko, 2001; Little, Haughbrook, & Hart, 2017; Olson et al., 2014).
Further, children born to older mothers tend to perform better on reading assessments (e.g.,
Duncan, Lee, Rosales-Rueda, & Kalil, 2018). The focus on environmentally-based or -
mediated causal pathways to reading problems is sensible given that reading is a learned
skill that initially requires formal instruction (Olson et al., 2014); yet, research suggests that
reading-related outcomes may be vulnerable to insult from the prenatal, as well as postnatal
environment. For example, there is evidence that intrauterine exposure to maternal cigarette
smoking during pregnancy (SDP) may contribute to problems in reading-related skills in
SDP-exposed children (e.g., Eicher et al., 2013).

1.2 Maternal Smoking During Pregnancy and Offspring Development

Although national smoking rates have decreased, SDP remains pervasive. In their most
recent report, the Centers for Disease Control and Prevention reported that 7.6% of women
who gave birth in the United States reported SDP via the birth certificate (Drake, Dristol, &
Matthews, 2018). Rates differed substantially by state (ranging from less than 5% in Arizona
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to over 25% in West Virginia) and by age group. Specifically, rates were highest among
pregnant women aged 20-24 (10.7%), followed by women 15-19 (8.5%), and 25-29 years
old (8.2%; Drake et al., 2018). These rates are likely conservative given research suggesting
that birth record data tend to under-report the true nature of SDP (Feng et al., 2013; Knopik
et al., 2015). Associations between SDP and adverse birth and developmental outcomes are
well documented (Knopik, 2009; Knopik et al., 2015). For example, exposure to SDP is
associated with offspring behavior problems (D’Onofrio et al., 2008; Knopik et al., 2016a;
Martin, Dombrowski, Mullis, Wisenbaker, & Huttunen, 2006; Ruisch, Dietrich, Glennon,
Buitelaar, & Koekstra, 2018]), temperament (e.g., Martin et al., 2006), neurocognitive
problems (e.g., Clifford et al., 2012) and academic problems (Martin & Dombrowski, 2008;
Martin et al., 2006).

Prenatal SDP exposure may have teratological effects for altering fetal brain development or
other biological mechanisms that adversely impact reading-related abilities. For example,
SDP may insult brain regions that are known to be implicated in reading-related outcomes
(England et al., 2017; Knopik et al., 2015). Animal and human studies (Slikker, Xu, Levin,
& Slotkin, 2005) indicate that the mode of action of nicotine acts primarily through its
action on nicotinic cholinergic receptors (NAChRs). This results in a cascade of events,
encompassing brain structure alterations and cell death, and the consequences of this action
extends to negative child behavioral and neural outcomes that directly reflect the effects of
nicotine on the brain (Ernst, Moolchan, & Robinson, 2001). In humans, periods of high
nAChR density have been found in frontal cortex, hippocampus, cerebellum, and brainstem
during mid-gestation and neonatal periods. Differences in developmental profiles of receptor
binding between species and strains suggest that genetic factors regulate maturation of
nicotinic receptors and may explain interindividual differences in sensitivity to effects of
prenatal nicotine. Another possibility is that SDP exerts its effects on reading-related skills
through intermediary abilities such as audition. For example, children who are exposed to
SDP often present for auditory problems (e.g.., have higher rates of middle ear effusions,
process auditory information differently than nonexposed children; e.g., Kable, Coles,
Lynch, & Carroll, 2009). Therefore, it may be the case that SDP is casually linked to
auditory problems and that this mechanism explains the observed association between SDP
and reading-related outcomes.

1.3 Maternal Smoking during Pregnancy and Child Reading-related Skills

Findings from studies of the association between SDP and reading-related outcomes are
mixed. There is evidence that increased exposure to SDP is associated with lower speech
and language abilities (e.g., Bauman et al., 2001; Eicher et al., 2013; Fried, Watkinson, &
Siegel, 1997; Makin, Fried, & Watkinson, 1991; McCartney et al., 1994), lower reading
(e.g., passage comprehension; Fried et al., 1997) and non-word reading scores (McCartney
et al., 1994), poorer reading achievement (Butler & Goldstein, 1973; Davie, Butler, &
Goldstein, 1972; Fogelman, 1980), and lower reading performance (Cho et al., 2013; Feng et
al., 2013). Research suggests that associations between SDP and delayed or decreased
reading skills (e.g., accuracy, comprehension) persist despite control for a range of
confounding influences, including phonology, attendance in prenatal education classes,
literacy-based interaction with the child, and maternal social class (Cho et al., 2013).
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However, for other reading-related outcomes, their associations with SDP do not withstand
covariate adjustment (Fergusson & Lloyd, 1991) and other reading outcomes (e.g., reading
comprehension) have been found not to be associated with SDP (Kafouri et al., 2009).

Quasi-experimental studies (e.g., sibling comparison studies) reveal that for many
neurodevelopmental outcomes, risk factors that co-occur with SDP better explain poorer
outcomes than a teratogenic effect of SDP itself (e.g., Micalizzi et al., 2017). For example,
women with reading problems may be more likely to exhibit SDP and may pass on
correlated genes and environments to the child that are associated with reading problems,
giving rise to a non-causal association between SDP and youth reading problems. Other
confounding influences should also be considered. For example, SDP-reading associations
may be confounded by other risk factors for poorer child outcomes (e.g., secondhand smoke
exposure). Alternatively, SDP may appear to have a causal influence on reading-related
outcomes but apparent associations may actually be due to associated genes and/or
behaviors (e.g., impulse control) that influence both reading and SDP.

To our knowledge, only one study systematically assessed familial and prenatal/postnatal
influences that co-occur with SDP in the study of reading-related outcomes (Peabody
Individual Achievement Test Reading and Reading Recognition subtests; Ellingson,
Goodnight, Van Hulle, Waldman, & D’Onofrio, 2014). Ellingson and colleagues examined
the relations between SDP and multiple outcomes and reported that, after accounting for
familial confounding, SDP was independently associated with decreases in reading
recognition at 4-5 years of age, and surprisingly, on its trajectory—that is, SDP was
associated with increased performance on reading recognition over time (Ellingson et al.,
2014). Sibling comparison studies of the association between SDP and child outcomes can
directly inform questions of the etiology (i.e., genetic and environmental influences) of
individual differences in children’s skills and provide a rigorous test of potentially causal
effects of SDP on these outcomes.

In sum, reading relies on many component skills that must function both independently and
in concert to support reading. To capture both the breadth and specificity of associations
with SDP, research should evaluate both higher order factors of reading-related skills, as
well as individual skills that support reading. It’s understood that there is likely more clinical
utility in understanding the association between SDP and individual tests, as knowledge of
SDP exposure could help identify those at risk for specific problems (e.g., Dyslexia
subtypes). This knowledge would allow for early identification and early treatment, which
yields the best prognosis. However, considering the role of SDP in shared variance among
reading measures is also useful from an etiological standpoint. The sources of individual
differences in reading skills are both genetic and environmental in origin and the presence
and robustness of the associations between SDP and reading-related outcomes to genetic and
environmental confounding remains unresolved. Further, both non-genetic studies and the
only quasi-experimental study to date yield mixed results with regard to associations
between SDP and reading outcomes. The sibling-comparison design utilized in the present
study enables a direct and rigorous test of the association between SDP and child reading
related skills while partially controlling for genetic and environmental variables that siblings
share (Ellingson et al., 2014; Knopik, 2009; Knopik, et al., 2016a). This novel approach has
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not yet been applied to reading-related measures that capture both higher-order factors and
component skills necessary for successful reading. As such, the goal of this study is to build
on previous work by using a sibling-comparison analysis of the associations between SDP
and reading-related outcomes.

1.4 Present Study

Given: (1) the paucity of studies that account for familial confounding; (2) the knowledge
from animal studies that SDP affects brain regions known to be involved in reading-related
skills; and (3) the preliminary findings from the one study to date that considers a quasi-
experimental approach to the SDP-reading relation, the present study attempts to add clarity
to existing research on the associations between SDP on reading-related outcomes by using
carefully chosen measures in a purposefully designed and deeply-phenotyped dataset. This
study also capitalizes on data regarding socio-economic characteristics (used as covariates in
the present study) which have been shown to be associated with SDP and child reading
outcomes (e.g., Little et al., 2017).

Based on the existing literature (e.g., Knopik et al., 2015), it was hypothesized that: (1) SDP
would be associated with poorer performance on both higher order reading-related factors,
as well as individual component reading-related skills—assessments that tap brain regions
shown in basic science studies to be affected by prenatal nicotine exposure; and (2) sibling
comparisons will show attenuated associations (i.e., partial or full attenuation of SDP
parameters) suggesting confounding due to influences that siblings share (e.g., genetic
effects). Embedded in hypothesis 2 is the investigation of the potentially causal effect of
SDP on reading-related outcomes. That is, SDP associations with reading related outcomes
that persist despite partial control for genetic and environmental confounding are suggestive
of causal effects of SDP on the reading-related outcome.

2. Materials and Methods

2.1 Participants and Procedure

Data for the current study were drawn from the larger Missouri Mothers and Their Children
study (MO-MATCH; Knopik et al., 2015). Families in which mothers apparently changed
smoking behavior between two pregnancies (i.e., increased or decreased smoking across
pregnancies or smoked during one pregnancy and did not smoke during the other pregnancy)
were identified using birth records (years 1998-2005) obtained from the Missouri
Department of Health and Senior Services Bureau of Health Informatics (A>4000
identified). Mothers were contacted to complete a screening interview (A=1520) in which
we determined eligibility to participate in the current study. The objective of this interview
was to corroborate the information listed in the birth records about her smoking behavior
across two pregnancies. Consistent with reports regarding accuracy and reliability of birth
record data (e.g., Bradford et al., 2007; Stout et al., 2017), 27% agreed with the birth record
and were deemed eligible for recruitment into the current study (Knopik et al., 2016b). As
was expected based on review of the birth records, most women changed their smoking
behavior across pregnancies (i.e., increased or decreased her smoking behavior from child 1
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to child 2). However, when interviewed (see below), 19 women indicated smoking the same
magnitude across pregnancies. These women were retained in all analyses.

Exclusion criteria included: (1) mothers’ failure to understand the elements of informed
consent; (2) English not being the primary language spoken in the home; (3) children’s
history of head trauma, neurological disorders or uncorrected visual or auditory acuity
deficits; and (4) mothers’ use of nicotine substitutes in the ‘non-smoking’ pregnancy (i.e.,
the pregnancy in which they indicated not smoking or smoking less than the comparison
pregnancy). The study was approved by the Institutional Review Boards of Purdue
University, Rhode Island Hospital, Washington University and the State of Missouri
Department of Health and Senior Services.

After consent (AV=173 families), mothers (Mzge at assessmen=39-83, SD=5.62) completed a
diagnostic interview about their pregnancies (including life events surrounding pregnancy),
diagnostic interviews about each child (including mental health and behavioral history), and
both parents (when possible; fathers 77=96 [ Mge ar assessmen=44.04, SD=6.34]) provided
information on their own mental health history. Families in which fathers participated were
not different from families in which fathers did not participate on any focal variable (Knopik
et al., 2015). A project coordinator and four research assistants with backgrounds in
psychiatric nursing, psychology, behavioral science, or related fields were trained to
administer laboratory assessments by a pediatric clinical neuropsychologist.

Parents were primarily White (96%, 7=250). Most mothers and fathers completed at least
some college education (77.2% and 65%, respectively) and 83.3% were married at the time
of Child 1’s [older sibling] birth and 81.7% at Child 2’s [younger sibling] birth. Few
families received food stamps at the time of birth of Child 1 (9.74%) and Child 2 (13.73%).
Assessments of both children occurred simultaneously in the laboratory when youth were
age 7-16 years (Child 1 M,,=12.99, SD=1.94, 53% male; Child 2 Mg =10.19, SD=1.80,
51% male). Mothers (64%) typically smoked (or smoked more) during the first pregnancy
(see Knopik et al., 2015 for further detail on the sample).

2.2 Measures

2.2.1 SDP.—Maternal report of SDP was obtained using a modified version of the
Missouri Assessment of Genetics Interview for Children (MAGIC)-Parent on Child (Todd,
Joyner, Heath, Neuman, & Reich, 2003). The following items were used to create an SDP
severity score (described below) that encompassed information about Any SDP (0=No,
1=Yes) across each pregnancy as a whole, as well as specific to each trimester, and overal/
SDP quantity assessed via mothers’ estimate of the number of cigarettes smoked in each
trimester. Here, we focus on maternal report of SDP severity because prior reports suggest
that: (1) maternal report of SDP (absence/presence and quantity/severity) has more
predictive validity than paternal and birth record reported SDP (Knopik, Marceau, Palmer,
Smith, & Heath, 2016b); (2) the severity of SDP including SDP later in pregnancy imparts
additional risk above and beyond the absence/presence of SDP (e.g., Estabrook et al., 2015);
and (3) in order to be consistent with prior work (e.g., Knopik et al., 2016a; Knopik et al.,
2016b). A single SDP severity score ranging from 1-7 was created for each child based on
the following information?:
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1. : did not smoke during pregnancy

: smoked during first trimester only, 1-10 cigarettes per day

: smoked during first trimester only, 11-19 cigarettes per day

: smoked during first trimester only, 20+ cigarettes per day

: smoked beyond first trimester, 1-10 cigarettes per day (max of all trimesters)

: smoked beyond first trimester, 11-19 cigarettes per day (max of all trimesters)

N o g ~ w DN

: smoked beyond first trimester, 20+ cigarettes per day (max of all trimesters)

2.2.2 Reading Abilities.—Subscales from the Woodcock-Johnson 111 Tests of
Achievement (WJ-I11; Woodcock, McGrew, & Mather, 2001) were administered. Children’s
word identification skills were assessed via the word-/letter identification subscale, which
requires students to identify individual letters, and then read words of increasing difficulty in
isolation. Children’s abilities to apply phonetic/decoding skills to unfamiliar words was
assessed via the word attack subscale. Initial items require the child to produce sounds for
single letters, and subsequent items require children to pronounce nonsense words of
increasing complexity. Thus, word-letter identification, and word attack assess basic reading
in isolation/out of context. Children’s abilities to correctly write orally presented words was
assessed via the spelling subscale. Standardized scores were used for all subscales.

Reading accuracy, rate, and comprehension were assessed with the Gray Oral Reading Test,
4 Edition (GORT-4; Bryant, Shih, & Bryant, 2009). For the GORT, the child reads aloud
increasingly complex passages and then, immediately following, answers questions about
the text. The research assistant tracked reading accuracy and reading rate during the task.
Accuracy assesses the numbers of errors and miscues. Rate assesses the speed of reading.
Thus, accuracy and rate assessed applied reading skills in context. Reading comprehension
was also assessed; after the participant read a passage, the research assistant asked a range of
multiple-choice questions pertaining to the text, which were later scored. Standardized
scores were used for all subscales.

Three common reading composite scores were also derived based on the assessment
manuals. The basic reading skills cluster score was calculated by summing the standard
scores from the Woodcock-Johnson word-fetter identification and word attack subtests
(Mather & Woodcock, 2001). Fluency is the sum of GORT accuracy and rate. The ora/
reading quotient (ORQ) was derived by summing the scaled scores for GORT fluency (i.e.,
rate and accuracy) and GORT reading comprehension and converting that sum score into the
ORQ (based on Appendix C, Table C.1; Bryant, Shih, & Bryant, 2009). The ORQ provides
an overall index of the child’s ability to read orally. Findings for these reading composite
scores are reported in supplemental materials.

1Sensitivity analyses were conducted to evaluate the correspondence across various operationalizations of SDP exposure. Correlations
across quantifications were high and are reported in footnote 1 of Knopik et al (2016a). We re-ran all of the models using the four new
scores described in Knopik et al. Our findings appear robust to different methods of assessing SDP; results are available upon request.
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2.2.3 Receptive Vocabulary and Language.—Receptive vocabulary was assessed
via the Peabody Picture Vocabulary Test —Third Edition (PPVT-111; Dunn & Dunn, 1997).
The participant was required to point to a named picture when given several possible
options. Receptive language was assessed via the Clinical Evaluation of Language
Fundamentals CELF-4; (Semel, Wiig, & Secord, 1995), where youth choose two related
words and describe their relation. Standardized scores on the PPVT and CELF were used.
We are not able to calculate sample alphas because our database only included raw and
scaled scores for the reading assessments. However, all measures reported above have
excellent psychometric properties; coefficient alphas range from .91-.98. More detailed
information is reported in Table 4 of Knopik et al. (2015).

2.2.4 Covariates.—Maternal and family characteristics that could confound the
association of SDP and neuropsychological functioning included maternal report of her
marital status, age, and education at birth of each child, child birth order, child sex, and
second-hand smoke exposure during pregnancy (by the father). Birth order was significantly
negatively correlated with age in this sample (r= -.87), which leads to a multicollinearity
problem when modeling these data. Birth order was included as a covariate rather than age
given that: (1) mothers usually smoked in the first pregnancy (64%); and (2) age is
accounted for in the standardization of the measures.

Child and mother 1Q at the time of assessment were also controlled for in all analyses. For
child 1Q, a sum of scaled scores was created for the following WISC IV-Integrated
(Wechsler, 2003; Wechsler et al., 2004) subtests: Similarities, Vocabulary, Matrix Reasoning,
Symbol Search, and Arithmetic. For parent 1Q, a sum of scaled WAIS-I11 (Wechsler, 1997)
scores was created for: Vocabulary, Block Design, Matrix Reasoning, Digit Span, and
Information. This approach to calculating an estimated full-scale 1Q (FSIQ) follows
protocols presented in the WISC-1V and WAIS-111 administration manuals (Wechsler, 2003;
Wechsler et al., 2004; Wechsler, 1997) as well as that originally proposed by Tellegen and
Briggs (1967). The combination of these 5 subtests for the WISC-1V and the WAIS-111 have
demonstrated reliability coefficients of .95 and .96 for child and parent scores, respectively,
as well as validity coefficients of .95 and .93 (Wechsler, 2003; Wechsler et al., 2004;
Wechsler, 1997).

Finally, for each child outcome, a measure indexing the same skill in the mother was
included in the model. That is, parallel maternal scores to the focal child outcome under
study were used as covariates in each model. The maternal covariates utilized for each
model are outlined as follows: for child WJ-111 subscales, the maternal scores on the same
subscales were included as covariates (e.g., mother spelling was covaried when child
spelling was the dependent variable). For the GORT subscales, the corresponding mother
scores from the Comprehension subtests of the Nelson-Denny Reading Test, a widely-used
measure of adult reading comprehension (Brown, Fishco, & Hanna, 1993) that requires
participants to read passages and respond to multiple choice questions that assess
comprehension were included as covariates. For the CELF and PPVT, mothers’ scores on
the WAIS-I11 vocabulary subtest was used as a covariate. Because only approximately half
of fathers completed the study, only maternal covariates were included in the models
reported in this paper. Inclusion of father covariates was explored in sensitivity analyses.
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2.3 Statistical Analysis

There is theoretical and epidemiological utility in evaluating the association between SDP
and higher-order factors of reading-related skills, as well as clinical utility in the study of the
association between SDP and component reading-related skills. For this reason, we first
evaluated the factor structure of the child reading-related skills measures using a rigorous
exploratory/confirmatory factor analytic approach. We then ran the series of hierarchical
linear models HLM; (described below) using the extracted factor scores. Subsequently, we
fit the series of HLM for each component reading-related skill.

2.3.1 Exploratory and Confirmatory Factor Analysis.—One child from each
family was randomly assigned to one of two groups and an independent-samples t-test was
conducted to ensure that SDP exposure was not biased to one group. An exploratory factor
analysis (EFA) was then conducted using half of the sample to evaluate the factor structure
of the measures of child reading-related skills. The criteria used to determine the number of
factors to extract included evaluation of the scree plot, Eigenvalues (i.e., >1), total percent
variance explained, as well as an evaluation of the conceptual meaningfulness of the factors
extracted. The results from the EFA were then confirmed in a confirmatory factor analysis
(CFA) using the second half of the child sample, and again in a CFA using the full sample.
Factor scores were extracted and utilized as dependent variables in the HLM.

2.3.2 Hierarchical Linear Models.—To probe the associations between SDP and the
reading-related skills, we first fit the series of models for each of the factor scores, and then
fit models examining each of the measures of component skills (i.e., word-letter
identification, phonetic/decoding skills, spelling, accuracy, rate, comprehension, receptive
vocabulary, and receptive language). Our sibling comparison approach included a series of
HLM to account for non-independence of data, as well as to assess the within- and between-
family associations of SDP and reading-related skills, identical to the approach detailed in
Knopik et al., 2016a, 2016b. In order to test hypothesis 1 (i.e., that increased exposure to
SDP would be associated with lower component reading and receptive language skills),
standard models (i.e., those that do not leverage the sibling comparison aspect of the data)
were conducted.

The standard model compared children whose mothers smoked (or smoked more) during
pregnancy to those whose mothers who did not smoke (or smoked less) on reading-related
skills, controlling for covariates. This model examines SDP-reading associations in the
entire sample and is representative of how SDP effects and associated familial confounds are
typically modeled in non-sibling-based samples, without capitalizing on the family structure
(or sibling comparison aspect) of the data, but adjusting for the non-independent
observations of siblings nested within families. The standard model was run without (e.g.,
Zero-order) and with (e.g., Covariate Adjusted) covariates. The standard models provide a
direct test of hypothesis 1. The standard model is specified by Equation 1 (using reading as a
proxy for the factor scores as well as all specific reading-related component scores tested):
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Reading;; = fy; + ﬁli(SDP,-j) + po;.. Bgi(covariates) + e;;
Boi = o0 + Uo; @
Bri=r10+u;

where reading;j was individual i's reading score, nested in family j. The SDP parameter
(using the child-specific SDP values described above) was modeled at level 1 (the child
level). Thus, readings was modeled as a function of child-specific coefficients Bo; (intercept
level of the reading score), 1 (association of SDP severity and the reading score), and ejj a
series of residuals (one per child in each family). Additionally, child sex (By;), child birth
order (Bsj), mother education (B4;j), maternal age (Bs;), marital status (Bg;), prenatal second-
hand smoke exposure (by fathers) (B7i), and the corresponding maternal covariate (Bg;j) were
included as covariates. Random effects were not included on the level 1 covariates. Child-
specific coefficients Bpj and B1; were, in turn, modeled where oo and y1g were sample
means for the intercept and SDP association with the reading score, respectively. ug; was the
variation in intercepts between families, and uq; was the individual child-level variation
within families for SDP.

To test hypothesis 2 (i.e., that the SDP parameters included in the standard models would be
fully or partially attenuated due to familial confounding), the sibling-comparison model
parsed apart the extent to which SDP operates at a within-family (i.e., contributing to
differences in reading-related skills in one sibling versus another, within families) and/or
between-family level (i.e., contributing to differences in overall, average levels of siblings’
reading-related skills across families). Two variables were used to capture SDP severity in
the sibling-comparison models. First, family-average SDP severity for each family was the
average score for SDP severity (across both siblings). Family average SDP severity is
included as a covariate to control for the between-family association between SDP severity
and reading skills (i.e. the overall associations between SDP and related familial factors on
reading skills, comparing across families). Second, child-specific SDP severity relative to
family average for each child was the resulting value when the family average SDPwas
subtracted from each child-specific SDP severity score (i.e., the SDP severity scores used in
the standard models)z. This within-family centering resulted in a score of zero if mothers
smoked the exact same amount for both pregnancies, a positive score for the sibling for
whom mothers smoked, or smoked more, and a negative score for the sibling for whom
mothers did not smoke, or smoked less. The association between the child-specific SDP
severity relative to family average and reading-related skills assesses a the potentially causal
within-family effect of SDP (comparing across siblings within a family, a test of any unique
association between SDP and child specific outcomes over and above familial and genetic
factors that siblings share). Family average and child-specific relative to family average
scores were created and included as covariates that varied across children for inclusion in the
sibling-comparison models. The child-specific relative to family average SDP severity score
was entered as a level 1 predictor, whereas the family average SDP severity score was

2\We calculated a separate variable, within-mother differential smoking severity across pregnancies (i.e., the absolute value of the child
1 SDP severity score minus child 2 SDP severity score) to provide additional information about differential smoke exposure. This
variable is distinct from the child-specific SDP severity score used in analyses. The descriptive statistics for this variable are provided
in supplemental materials.
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entered as a level 2 predictor (specified in Equation 2; using reading as a proxy for the factor
scores as well as all specific reading-related component scores tested):

Reading;; = Po; + ﬂ],-(Child — specific SDPij) + Bo;.. Bgi(covariates) + e;;
Boi = voo0 + vo1(family average SDP;) + uy; 0)
Pri = r10 + u1

Again, reading;j was modeled as a function of person-specific coefficients Bo; (intercept level
of reading score), B1; (linear relationship of SDP severity, this time using the child-specific
relative to the family average SDP severity score, and the reading score), and ejj a series of
residuals. Person-specific coefficients Boj and B1j were, in turn, modeled where -y and y1g
were sample means for the intercept and SDP severity association with reading score,
respectively. Additionally, yg; was included to capture the level 2 (family level) parameter
of family average SDP severity on the reading score. As in Model 1, up; was the variation in
intercepts between families, and uq; was the individual child-level variation within families
for the child-specific relative to family average SDP severity parameter. The covariates were
included in the same way as described in Model 1, with the exception that covariates that
differed non-systematically for siblings 1 and 2 (mother age at childbirth, education,
secondhand smoke exposure, child sex) were separated into child-specific relative to family
average and family average components in the same way that SDP was (described above).
Thus, both the within- and between-family effects of covariates were controlled (with
separate variables). Within-family covariates were also centered within-family. Marital
status did not differ for any participants, and thus was not separated into within- and
between-family components.

2.3.3 Covariates for the Factor Score Models.—As discussed above, parallel
maternal variables were covaried in the HLMs for specific reading-component skills. For the
models in which the child factor scores were the dependent variables, the parallel mother
variables were standardized and aggregate averages were calculated to covary in the HLM.
We were not able to utilize the same EFA/CFA approach in mothers due to sample size
limitations (i.e., the sample of mothers is half of the sample of children) and because we did
not have parallel mother variables for all child variables (e.g., WAIS vocabulary was a
covariate for both child receptive language and child receptive vocabulary). As a sensitivity
check for our use of the aggregate mother variables as covariates, we conducted a Principal
Component Analysis (PCA) using the mother reading-related variables. The PCA revealed
that a single component solution best described the data. These first principal component
scores for mothers were extracted and covaried in the HLMs. The pattern of findings using
this PCA covariate approach was identical to those presented here using the more
conceptually relevant standardized aggregate approach (results available upon request).

3. Results

Means and standard deviations for study variables are presented in Table 1. A summary of
the main findings (beta-weights from the SDP variables for all outcomes from the zero-order
and covariate adjusted sibling-comparison models) is provided in Table 2. More detailed
tables providing the full context of models (all parameter estimates, including covariates,
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variance estimates, and model fit statistics from the covariate-adjusted standard and sibling-
comparison models) are presented in supplemental materials.

3.1 Exploratory and Confirmatory Factor Analyses

The magnitude of prenatal smoke exposure was not significantly different between the two
halves of the sample (4340] = .12, p=.90) indicating that the random assignment of one
child to each half of the sample was successful (i.e., the groups were not biased with regard
to SDP). Model fit and parameter estimates for the split-half EFA and CFA are presented in
Supplemental Table 1. EFA with promax rotation utilizing data from half of the sample (n=
168) revealed that a correlated 2-factor solution best fit the data (model fit statistics: chi-
square[x 2] = 53.75 (df = 13), p<.001; RMSEA = 0.14). Rate, accuracy, world-letter
identification, phonetic/decoding, and spelling loaded in the first factor (“reading”).
Receptive vocabulary, receptive language, and comprehension loaded on the second factor
(“language/comprehension”). The 2-factor solution was confirmed with a CFA using oblique
rotation in the second half of the sample (7= 165; model fit statistics: x2 = 94.93(df = 19), p
<.001; RMSEA = .16 [.13-.19]; CFI = .906), and again with the full sample &= 333; model
fit statistics: x2 = 131.739(df = 19), p < .001; RMSEA = .13 [.11-.16]; CFI = .930. Based on
confirmation of a correlated 2-factor solution in the CFA, factor scores from this solution
were extracted to be utilized as dependent variables in the HLMs.

3.2 Models Evaluating Associations between SDP and the Reading and Language/
Comprehension Factor scores

Consistent with hypothesis 1, in the standard models without covariates, SDP was associated
with both the reading factor score (6= -0.06, SE=.02, p< .01; Supplemental Table 2) and
the language/comprehension factor score (6= -.06, SE=.02, p<.01; Supplemental Table
3). The associations between SDP and the reading factor score (6= -.05, SE=.02, p< .05)
and the language/comprehension factor score (6= -.04, SE=.02, p < .05) withstood
covariate adjustment. In the sibling comparison models, there were significant within-family
associations between SDP and the reading factor score (6= -.05, SE= .02, p<.05) and SDP
and the language/comprehension factor score (6= -.06, SE=.02, p< .01). Both the
association between SDP and the reading factor score (6= -.06, SE= .03, p<.05) and SDP
and the language/comprehension factor score (6= -.06, SE= .02, p < .01) withstood
covariate adjustment.

3.3 Models Evaluating Associations between SDP and Component Reading Skills

Consistent with hypothesis 1, in the standard models without covariates, SDP predicted
poorer word-letter identification (b= —-.78, SE = .25, p<.01; supplemental Table 4,
phonetic/decoding skills (6= —-.95, SE = .24, p< .001; supplemental Table 5), accuracy (6=
-.14, SE = .07, p< .05; supplemental Table 6), comprehension (b= -.19, SE= .07, p< .01,
supplemental Table 7), and receptive language (6= -.16, SE= .05, p < .01; supplemental
Table 8). SDP was not associated with spelling (6= -.37, SE = .20, p=.20; supplemental
Table 9), rate (b= -.11, SE= .07 p=.11; supplemental Table 10), or receptive vocabulary (6
=-.15, SE= .28, p=.60; supplemental Table 11). Only the associations between SDP and
phonetic/decoding skills (6= -.82, SE= .28, p<. 01) and SDP and accuracy (6= -.18,

SE= .08, p<. 05) survived covariate adjustment in the standard model with covariates
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Consistent with hypothesis 2, most significant parameters from the standard models were
fully or partially attenuated in the sibling comparison models. In the sibling comparison
model without covariates, there were significant within-family associations between SDP
and: word-letter identification (b= -.74, SE = .27 p< .01), phonetic/decoding skills (6=
-.90, SE = .26 p<.001), comprehension (b= -.21, SE= .08, p<. 05) and receptive language
(b=-.17, SE = .06 p< .01). Only the within-family association between SDP and receptive
language (6 =-.16, SE = .07 p < .05) survived covariate adjustment. The within-family
association between SDP and accuracy became significant when covariates were included in
the model (b= -.24, SE = .02 p<.05).

3.3 Sensitivity Analyses

Two sets of sensitivity analyses were conducted to verify the robustness of the findings
reported above. First, we explored the role of alcohol use. Alcohol use was uncommon in
this sample; mothers drank twice per month or greater in only 13 of 344 pregnancies.
Nonetheless, as a sensitivity check, all analyses were re-rerun excluding these pregnancies
and the pattern of findings did not change. Second, we evaluated if the inclusion of father
covariates would impact the results. Because fathers participated in only approximately half
of the families, the findings reported herein are from models that include the corresponding
mother covariates (e.g., mother reading accuracy was included as a covariate when assessing
child reading accuracy as the primary outcome). To evaluate if findings were corroborated in
the subset of families (/7=96) in which both mothers and fathers participated, all models that
include covariates were re-run including both mother and father covariates (see
Supplemental Tables). In the sibling comparison model including both mother and father
covariates, the within-family association with SDP was fully attenuated when father
covariates were included for the reading and language/comprehension factor scores, reading
accuracy, and receptive language. When father covariates were included, there were
significant within-family associations between SDP and phonetic/decoding skills.

4. Discussion

The goal of this study was to leverage the sibling-comparison design to conduct a
genetically-sensitive study of the association between SDP and reading-related skills. The
sibling-comparison approach partially controls for both measured and unmeasured genetic
and environmental influences, enabling a methodologically rigorous evaluation. The findings
revealed a within-family association between SDP and both the reading and language/
comprehension factor scores, as well as between SDP and reading accuracy and SDP and
receptive language, suggesting potentially causal effects of SDP. However, for other
phenotypes, within-family effects were ruled out; initial within-family associations between
SDP and word-letter identification, phonetic/decoding and reading comprehension were
fully attenuated following covariate adjustment. SDP was not associated with spelling, oral
reading rate, or receptive vocabulary.

4.1 SDP and Reading-related Outcomes

The current findings provide some clarity to studies of the association between SDP and
reading-related outcomes. Existing findings are mixed, but phenotypic (i.e., non-genetic)
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studies of SDP and reading-related outcomes have found associations between increased
exposure to SDP and decreased reading skills/performance. However, as has been observed
for other neurocognitive outcomes in SDP-exposed youth (e.g., inhibitory control; Micalizzi
etal., 2017), concluding ostensibly direct effects of SDP on reading outcomes in these prior
studies may be incorrect given the lack of control for genetic and other unmeasured
environmental confounding. That is, children of mothers who smoke may present with
reading problems either because reading problems are caused by SDP, or because SDP
exposure and reading problems are both caused by common familial (genetic and
environmental) influences. This notion is supported by decades of twin studies
demonstrating that there is genetic transmission of risk for reading problems (Little et al.,
2017). However, this has not been comprehensively addressed empirically using quasi-
experimental designs that can be applied to evaluate familial confounding.

To our knowledge only one study has examined the association between SDP and child
reading skills using a quasi-experimental design (Ellingson et al., 2014). There was a
significant within-family association between SDP and the intercept and trajectory of
reading recognition in 4- to 5-year-old children as measured by the Peabody Individual
Achievement Test, suggesting a potentially causal effect of SDP but in the opposite direction
than would be hypothesized (i.e., SDP led to better reading scores over time). In the current
study, there was an initial association observed among within-family SDP and word-letter
identification, but this association was fully attenuated following control for confounding
influences. These conflicting findings may be due to the fact that the Woodcock Johnson
subtests are more valid tests of reading problems than the Peabody Individual Achievement
Test (Caskey, 1985) and because there is low overlap among the tests in diagnosing
comprehension difficulties (Keenan & Meenan, 2014). Another explanation may be
developmental; the children in Ellingson et al., 2014 were younger than the children
included in the present study and SDP may be differentially associated with reading
outcomes across age.

Research suggests that genetic influences on print exposure (a variable considered by some
to be a purely environmental measure) are correlated with genetic influences on reading
fluency, suggesting that observed genetic effects on individual differences in child reading
skills may, in part, reflect gene-environment correlations (i.e., literacy environments reflect
genetic variation that are associated with individual differences in reading skills [Harlaar,
Deater-Deckard, Thompson, DeThorne, & Petrill, 2011]). Reading-related problems are, in
part, genetically influenced, therefore, prenatal exposure to SDP may interact with genetic
predisposition for reading problems by way of gene-environment interplay (Cho et al.,
2013). The sibling comparison design can be used to strengthen causal inferences regarding
environmental risks by ruling out specific forms of confounding, including confounding by
gene-environment correlation (D'Onofrio, Class, Lahey, & Larsson, 2014; D'Onofrio, Lahey,
Turkheimer, & Lichtenstein, 2013; Kendler, 2017). Results from the present study suggest
that increased SDP exposure is a potentially causal environmental risk leading to decreased
performance in oral reading accuracy and receptive language, as well as on the reading and
language/comprehension factor scores, after methodological control of influences that
siblings share, including gene-environment confounding. While the initial within-family
association between of SDP and reading accuracy was not significant in the sibling
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comparison model without covariates, the within-family association became significant only
after covariates were included in the model. While this is suggestive of a potentially causal
effect, replication is needed.

Reading is a complex behavior comprised of multiple component skills. Our pattern of
results exemplifies this complexity in that there were not consistent patterns observed in the
relationship between SDP and each of the component measures of reading-related skills.
SDP was associated with both the reading and language/comprehension factor scores,
indicating that the variance that is common to these groups of measures was associated with
SDP exposure in the expected direction, such that increased exposure was associated with
decreased performance. One potential explanation as to why we see significant associations
between some but not all measures may be due to the brain regions involved in these skills.
Research has identified specific brain regions involved in speech production and language
comprehension and additional evidence that these same regions are also impacted by
exposure to SDP. For example, there is a cerebellar deficit in Dyslexia (Nicolson et al., 2001;
Norton et al., 2014) which suggests that differences in locus of cerebellar impairment may
account for subtypes of Dyslexia and possibly other developmental disorders, which would
also have implications for different types of treatments. Notably, exposure to SDP is linked
to decreased cerebellar volumes in offspring (Ekblad et al., 2010) and therefore knowing
SDP exposure could help identify those at risk for Dyslexia subtypes, an in turn, would
allow for early identification and early treatment, which yields the best prognosis. As such, it
is reasonable, if not expected, that we would see different patterns of findings with regard to
associations between SDP and component reading skills.

Environmental explanations for associations between SDP and reading should be considered
in conjunction with biologically based explanations. Reading skills are not perfectly
genetically correlated (e.g., Petrill, Deater-Deckard, Thompson, De Thorne, &
Schatschneider, 2006), and there are common and unique environmental influences found
for reading skills (e.g., Olson et al., 2011). While the sibling-comparison design utilized here
controls for environmental influences that children share, there are likely environmental
factors that vary across pregnancies (e.g., stressors). These aspects of the environment may
influence or be influenced by SDP, and these factors may also be related to reading. Future
research may consider investigating these pregnancy-specific environmental factors to
facilitate a more complete understanding of the role that exposure to SDP plays in child
reading problems.

Another consideration is that SDP may be associated with reading and language outcomes
via problems with auditory functioning. Previous research indicates that SDP is associated
with auditory problems (e.g., Kable et al., 2009) and audition is integral to reading and
language abilities (e.g., Key et al., 2007). Auditory problems were an exclusion criterion for
participation in Mo-MATCH. Therefore, it does not appear to be the case that significant
associations with SDP were due to auditory problems in this sample.

4.2 Implications for Reading Disorders and Practical Application

Knowledge that SDP is linked to a host of reading-related deficits (albeit, of small effect
size) may be relevant for neuropsychologists, evaluators, and interventionists during the
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diagnostic process. Diagnosing reading disorders is a complex process that requires not only
a thorough evaluation of the student’s reading skills (broadly defined), but also requires an
evaluation of their intellectual ability, a review of their educational history and exposure to
reading intervention, and an understanding of possible family contributors. Knowledge of a
history of SDP or other parental substance use may be a potential indicator of an amalgam
of risks that can be used to help with identifying which struggling readers (even those as
young as preschool, kindergarten, first grade) should receive early intervention services to
thwart the emergence of more severe Dyslexic or other reading-related symptoms.

4.4 Limitations

The following limitations should be noted. First, although retrospective report of SDP
appears to be reliable and accurate in this and other samples (Estabrook et al., 2015; Knopik
et al., 2016a; Knopik et al., 2016b), these results hinge on maternal retrospective report to
accurately reflect the amount of SDP exposure. Second, a lower proportion of minority
families participated in the study than would be expected by the composition of the
catchment area. This is particularly relevant to the study of reading skills, as children who
attend less effective schools (often in higher poverty areas) are more likely to experience
reading difficulties resulting from the lack of proper instruction. Children who are both
exposed to SDP and receive lower quality education may be at particularly high risk for
reading problems. A related point is that only 27% of mothers agreed with the birth record
report of SDP and were deemed eligible for recruitment into this study. Birth records are
known for accuracy issues (e.g., Salemi et al., 2017), thus we conducted additional
verification of smoking behaviors during pregnancy (see Knopik et al., 2016b). Nonetheless,
predicating recruitment on agreement with the birth record may have resulted in a non-
representative sample or presented sample bias in SDP relative to the population.

Third, the methodological decision to assess a community sample permitted us to capture
associations between SDP and the full range of reading abilities. However, we did not obtain
full diagnostic information about reading and language diagnoses. Future research may
prioritize recruitment of children with the most extreme presentations of reading and
language problems. Fourth, these data are drawn from a larger study of the association
between SDP exposure and child behavioral and neurocognitive outcomes; to reduce
participant burden we did not administer the full WJ-I11 which prevented us from exploring
all available composites. Fifth, although measured statistical confounds were carefully
selected due to their hypothesized relations with reading outcomes and/or SDP, it was not
possible to measure all possible variables that differ across siblings that may influence the
sibling comparison. Finally, we report the findings from the mother covariate only models to
capitalize on power by not restricting inclusion to only families in which fathers were
involved. Future studies should aim to identify and measure relevant father-specific
confounds that may play a role in child reading skills.

4.5 Conclusion

Despite these limitations, the current findings provide specificity to existing research
seeking to clarify the relationship between SDP and child reading-related skills by providing
rigorous tests of the associations between SDP on these outcomes. There were within-family
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associations (i.e., potentially causal effects) between SDP and reading and language/
comprehension factor scores, as well as SDP and reading accuracy and receptive language,
but these results should be replicated. These findings add to the accumulating evidence for
familial confounding of the association between SDP and many neurocognitive phenotypes,
yet they also provide evidence for associations between SDP and poorer performance on
some reading related outcomes that persist despite partial control for genetic and
environmental confounding. SDP may be one indicator of an amalgam of risks for reading-
related problems and should be assessed in diagnostic evaluation for reading related
problems. Additionally, these findings indicate that future research should identify and target
factors motivating smoking behavior change across pregnancies to potentially reduce poorer
outcomes in SDP-exposed children.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Smoking during pregnancy (SDP) was associated with some, but not all
aspects of reading.

. There is familial confounding of the association between SDP and some
aspects of reading.

. SDP may be one indicator of an amalgam of risks for reading-related
problems.

. SDP should be assessed in diagnostic evaluation for reading-related problems.
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Table 1.

Sample Characteristics

N Mean SD N Mean SD

Study Variables SDP+1 SDP-
SDP severity 150 4.85 1.60 150 1.20 0.57
Reading
Word-letter identification 144  101.01 11.75 146 10411 1142
Phonetic/decoding skills 144 100.84 10.90 146 10425 10.05
Spelling 144 103.62 1454 145 10450 1354
Accuracy 143 8.78 311 144 9.19 3.23
Comprehension 143 10.04 266 144 10.94 3.24
Rate 143 9.84 311 144 10.17 2.99
Language
Receptive vocabulary 144 106.34 13.06 147 106.88 12.79
Receptive language 144 10.30 254 146 10.92 2.59
Child-specific covariates SDP+ SDP-
Maternal age at birth 143 27.34 538 143 29.12 5.89

Maternal education (in years) at birth 143 13.39 215 143 13.64 1.94
Second-hand smoke exposure by fathers 145 1.81 144 144 111 1.42

Family-level covariates Mother Father2
Reading
Word letter identification 167 10278 7.89 96 101.25 9.73
Phonetic/decoding 167  102.02 8.76 96 100.94  10.73
Spelling 167 10662 810 96 10141 11.12
Reading rate 167 199.28 1751 96 192.27  23.62
Comprehension 167 21387 23.04 96 199.33  27.56
Language
WAIS Vocabulary 167 10.74 2.68 96 9.81 3.08

lMeans for study variables and child-specific covariates are presented for families in which the magnitude of smoke exposure differed across
pregnancies. SDP+ refers to children that had (more) SDP exposure, while SDP- refers to children that had (less) SDP exposure. Data from 19
families that had equivalent SDP exposure were excluded from the SDP+ and SDP- calculations.

2 . . . I .
Because fewer fathers completed the assessment, only maternal covariates were included in the models reported in this paper. Father covariates
were explored in sensitivity analyses and the results are reported in supplemental tables and summarized in the main text.
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Summary of effects from sibling-comparison models

Table 2.

Zero-order Covariate Adjusted
Outcome Within-family =~ Between-family ~ Within-family = Between-family
B (SE) B (SE) B (SE) B (SE)
Factor Scores
Reading ~05%(02) -.09 (.06) ~.06*(.03) -.04 (.05)
Language/Comprehension -.06 **('02) -.02 (.06) -.06 **(_02) -.02 (.04)
Component Skills
Reading
Word letter 074 (27) -0.93(.72) -0.49 (.34) -0.71 (:62)
identification
Phonetic/decoding -0.90 " (.26) -1.23(.62) -0.64 (.35) -1.09(.55)
Spelling -0.29 (.30) -1.25(.92) -0.52 (.36) -0.59 (.81)
Accuracy -0.11 (.08) -0.31(.19) -0.24(.10) -0.14 (.18)
Comprehension -0.217(.08) <0.001 (.17) -0.11 (.10) 0.03 (.16)
Rate -0.09 (.07) -0.19 (.19) -0.08 (.09) -0.06 (.17)
Language
Receptive vocabulary -0.29 (.30) 0.77 (.83) -0.42 (.33) 0.43 (.55)
Receptive language 017 **(.06) -0.12 (.17) ~0.16 *(_07) -0.10 (.12)

Note.
Ak
p<.001
Ak
p<.01

*
1<.05

Page 24

Bolded estimates are significant within-family parameters, indicating potentially casual associations between SDP and each of these outcomes.

Covariates included in the covariate adjusted models were maternal age, education, marital status, SES, birth order, child sex, secondhand smoke
exposure by fathers, maternal and child 1Q.

Individual models controlled for the parallel mother variable (e.g., we controlled for mother spelling when child spelling was the focal outcome).

See Supplemental Tables for full model results including covariate estimates.
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