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ABSTRACT

At the intersection of clinical neuroscience and communication sciences and disorders, this
dissertation provides a compilation of studies aimed at examining contextual influences on children’s
communication development and the implications of this work for children with neurodevelopmental
communication impairments. As discussed in Chapter 1, the present work is grounded in dynamic
systems theory of development and a distributed model of communication, which together emphasize
development as a context-dependent dynamic multilevel system that unfolds over time and is shaped
by a multitude of factors. Neurodevelopmental communication impairments such as speech sound
disorder, language disorder, and autism spectrum disorder affect approximately 1.5 — 16% of children,
and are associated with academic, socioemotional, and behavioral difficulties. The work in Chapter 2
directly examines a common form of environmental support for children with neurodevelopmental
communication impairments, speech-language therapy. More specifically, it assesses the effectiveness
of a multimodal, integrated speech-language intervention in facilitating multisyllabic productions in
six children 2-4 years of age with various neurodevelopmental disabilities. It uses single-case and
within-subject experimental designs to understand individual trajectories and shape clinical practice.
As a complement to the behavioral intervention, Chapter 3 of this thesis explores the novel use of
noninvasive biosensors to measure electrical conductance across the skin during speech-language and
occupational therapy as a potential support for communication in eight children, ages 2-11, with
neurodevelopmental disabilities. Skin conductance is mediated by sympathetic cholinergic sudomotor
nerve fibers and has been used extensively in the study of psychological states and processes. However,
traditionally its use has been limited to highly controlled laboratory settings, whereas the use of such
technology within the context of daily activities remains a major challenge. Next, as a means to
examine a broader range of environmental influences, Chapter 4 uses a longitudinal monozygotic (MZ)
twin difference method, a genetically sensitive design, to examine four candidate nonshared
environmental influences on children’s language development: birthweight, breastfeeding, and home
reading exposure and parenting (M age = 7). This study aims to identify nonshared environmental
effects on later language development, at mean ages 10 (r = 115 pairs) and 12 years (n = 108 pairs),
across two assessment contexts: standardized testing and narrative language sampling. Finally, Chapter
5 concludes this dissertation by highlighting the need to study a broader range of contextual factors
influencing communication development and its associated mechanisms, incorporate diverse and
complementary methodologies, and develop effective communication supports for children with

neurodevelopmental communication impairments.
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CHAPTER 1:

Introduction

1.1 Communication Development

Although highly complex, communication development appears seemingly effortless to many
children. Everyday exchanges such as specifying the source of a tooth ache or inquiring as to the
whereabouts of a favorite toy are often taken for granted. Communication development is key to
social interaction, later school readiness, emotional wellbeing, and overall participation in society
(Forget-Dubois et al., 2009; Qi & Kaiser, 2004; Redmond & Rice, 1998).

It is alleged that communication may begin in utero. Previous findings demonstrate fetuses
(37-38 weeks gestational age) are able to recognize familiar rhymes and voices, as measured by
differential heart rate changes (Decasper, Lecanuet, Busnel, Granier-Deferre, & Maugeais, 1994;
Kisilevsky et al., 2003). Anecdotally, fetuses have also been reported to respond to their mothers
touch and voice. Fetal-maternal communication is of course delicately and intrinsically intertwined
via their physiology. Postnatally, infants soon begin to communicate their affective states and
mothers are able to learn to perceive the differences between an I'm hungry cry and an I'm upset
cry (e.g., Zeskind & Marshall, 1988). During the first three months of life, infants will also
communicate by making pleasure sounds, smiling, and by their ability to perceive familiar voices
as soothing when in distress. By 12 months many babies have uttered their first word or sign,
understand simple directions, (e.g., come here), use gestures to communicate, engage in social-
sensory routines, and manifest an emerging understanding of joint attention (American Speech-
Language-Hearing Association [ASHA], n.d.).

Throughout the lifespan, communication is inherently multimodal, incorporating manual (e.g.,
gestures, sign), spoken, and written forms of communication (DeThorne & Miller, 2014; see
Goldin-Meadow, 2014 for a perspective on the manual modality). During in-person social
interactions we communicate both verbally and nonverbally. Although we may consciously attend
more to the words and/or signs used when communicating, research shows body language and tone
of voice are also key to communication (e.g., Mehrabian & Ferris, 1967; Mehrabian & Wiener,
1967). The multimodal nature of communication often becomes most transparent when specific
modalities are impaired. For children with limited speaking abilities, augmentative and alternative

communication (AAC) as a natural form of support is key to their development as competent



communicators. In fact, use of AAC has been shown to support diversity of communicative
functions (e.g. requesting, commenting) (e.g., Lilienfeld & Alant, 2005), speech and language
development (Millar, Light, & Schlosser, 2006; Shane et al., 2012), and decrease challenging
behaviors (Mirenda, 1997).

1.2 Neurodevelopmental Communication Impairments

The present research focuses primarily on pediatric neurodevelopmental communication
impairments, including speech sound disorder, language disorder, and autism spectrum disorder.
Such neurodevelopmental communication impairments may be relatively isolated, as in the case
of late-talking toddlers or specific language impairment, or be associated with other forms of
cognitive disability (e.g., Intellectual disability). Approximately 1 in 6 children have a
neurodevelopmental disability (Boyle et al., 2011), and the prevalence of specific
neurodevelopmental communication delays or impairments has been reported as high as 25%
(Law, Boyle, Harris, Harkness, & Nye, 2000): the median prevalence of speech-sound delay or
disorder ranges from 2-15% in children ages 5-7, with prevalence decreasing with age (Law et al.,
2000; McKinnon, McLeod, & Reilly, 2007; Shriberg, Tomblin, & McSweeny, 1999); the median
prevalence of receptive and/or expressive language delay or disorder ranges from 3-16% in
children ages 2-7, with prevalence decreasing with age (Beitchman, Nair, Clegg, & Patel, 1986;
Law et al., 2000; Tomblin et al., 1997); and prevalence of autism in 8-year old children is
approximately 1.5% (Christensen et al., 2016). Moreover, males are reportedly more likely than
females to have a neurodevelopmental communication impairment across a range of specific
diagnoses (Christensen et al., 2016; Law et al., 2000; Shriberg et al., 1999; cf. Beitchman et al.,
1986). The etiology of neurodevelopmental communication impairments can be associated with
specific genetic conditions (e.g., Fragile X syndrome, Rett syndrome) or environmental factors
(e.g. prenatal cytomegalovirus infection, fetal alcohol exposure) but is often considered

multifactorial (Kraft & DeThorne, 2014; Rogers, Nulty, Aparicio Betancourt, & DeThorne, 2015).

1.3 Contextual Factors Influencing Communication Development
Examining the contextual factors influencing communication development will provide us
with a better understanding of the causal influences on communication development and the

supports needed for children with neurodevelopmental disabilities. More specifically, the present



work focuses on the overarching question of what contextual factors shape children’s
communication development and understanding the process by which they do so. This inquiry has
been grounded in the dynamic systems theory of development (Lerner, 2006; Oyama, Griffiths, &
Gray, 2001; Smith & Thelen, 2003; Thelen, 2005; Thelen & Smith, 2006) in partnership with a
distributed model of communication (DeThorne & Miller, 2014; Hengst, 2015), which together
have led me to conceptualize communication as a) embedded within a dynamic multilevel system,

b) unfolding over time, and c) as context dependent.

1.3.1 Communication development within a dynamic multilevel system. Communication
development occurs within a dynamic multilevel system (e.g., from molecular to cultural),
influenced by multiple causal factors. For example, initial synaptic contacts are thought to be
genetically determined, but the environment in which the child develops will play a major role in
stabilizing these contacts in order to form the neural networks that support specific functions such
as communication. Early neuronal networks are undoubtedly shaped by individual genetic
differences (e.g., Fragile X syndrome), as well as environmental factors such as explicit trauma
(e.g., periventricular white matter lesion) and the nature of early caregiver communication
practices. At a cultural-historical level, histories of immigration and discrimination have shaped
everything from epigenetic influences on health to community attitudes regarding language and
dialect differences. Multiple factors across different levels will continuously interact with one
another to influence communication development.

Chapter 2 of the present dissertation specifically explores one form of common environmental
support for children with neurodevelopmental communication impairments, speech-language
therapy. Specifically, this study capitalized on the multimodal nature of communication on the
development of children’s multisyllabic speech productions using a within-participant design. The
variety of strategies used, including play-based strategies, and the incorporation of VocSyl, a novel
computerized software program, targeted multiple facets of the children’s communication system.
Through the use of within-participant methods, this study controlled for many potential influences
on child language use (e.g., genetic predisposition, pre-and perinatal factors, parenting) while
measuring the effect of intervention aside from maturation.

Whereas Chapter 2 relied exclusively on behavioral measures associated with intervention
outcomes, Chapter 3 highlights data from two proof of concept intervention studies that

specifically integrated a physiological measure of arousal, skin conductance, as a relevant outcome



measure related to behavioral intervention (Aparicio Betancourt, DeThorne, Karahalios, & Kim,
2017). This interdisciplinary work across neuroscience, speech and hearing science, and computer
science represents the first published manuscript to share data on in situ skin conductance
assessment during intervention in children with communication impairments and consequently
focuses on guidelines for future research. Given that many children with neurodevelopmental
communication disabilities process sensory information differently and may have difficulty
expressing their experience, there is long-term potential for skin conductance to be used as a form
of environmental support to facilitate communication between child and caregiver.

Finally, Chapter 4 builds explicitly on my prior work on environmental effects (Harlaar,
DeThorne, Mahurin-Smith, Aparicio Betancourt, & Petrill, 2016; Rogers et al., 2015) by
examining potential nonshared environmental influences on language development, specifically
peri-, early post-natal, and socio-linguistic factors, while controlling for genetics through use of a

monozygotic twin difference design.

1.3.2 Communication development unfolds over time. Communication can also be
perceived as a system with nested processes that unfold over many timescales (e.g., from
milliseconds to centuries). Communication development is thus composed of many individual
elements that are continuously exposed to complex environmental influences; no single element
has causal priority in explaining behavior or its changes (Thelen & Smith, 2006). Development is
shaped by the dynamic and complex interplay between various causal influences over time.
Whereas neural excitation occurs in a matter of milliseconds, emergence of many speech-language
milestones take months or years to emerge. In addition, distributed theories of communication
stress that patterns of interaction emerge over time as individuals interact with each other and their
specific contexts (DeThorne & Miller, 2014; Hengst, 2015).

The complex interplay between environmental and genetic factors over time has been
conceptualized through gene-environment correlations, gene-environment interactions (GxE), and
epigenetics. Gene-environment correlations describe how genetic and environmental influences
are often interdependent (Scarr & McCartney, 1983). For example, a child genetically predisposed
to be loquacious is likely to elicit more verbal interactions, which in turn may offer more practice
and exposure to language-rich interactions, an effect referred to as evocative gene-environment
correlation. In addition, genetic differences can moderate environmental effects. For example,

breastfeeding appears to confer benefits in IQ for some children but not others, depending in part



on allelic variation (Caspi et al., 2007). Finally, epigenetics refers to processes that induce changes
in gene expression without altering the genotype. Epigenetic regulation of genes, via e.g. histone
modification, has been shown to lead, in some cases, to profound changes in phenotype. For
example, although the epigenomes of monozygotic twins are originally indistinguishable, their
environments become increasingly differentiated as they age and so do their epigenomes (Fraga et
al., 2005). The interaction of multiple influences at any point in time may alter gene expression
and provides a possible explanation for high discordance rates between monozygotic twins.
Environmental influences such as diet and parental interactions have been associated with
modulation of gene expression (Verduci et al.,, 2014; Weaver et al., 2004). To illustrate,
epigenomic alterations at a glucocorticoid receptor gene promoter in the hippocampus as a result
of maternal nurturing of rat pups have been reported, in which high vs. low nurturing of the pups
during their first week after birth resulted in calm vs. anxious rats (Weaver et al., 2004). Depending
on context, either behavioral phenotype may be deemed advantageous. Over time, all of our
experiences will shape us and our interaction with the environment; they may also shape our
children and our children’s children.

Although the interplay between genetic and environmental influences on language is in its
infancy (Dale, Tosto, Hayiou-Thomas, & Plomin, 2015; Rogers et al., 2015), studying
communication development over time is a hallmark of behavioral research, though rarely within
a genetically-sensitive design. The single-case multiple probe across behaviors experimental
design presented in Chapter 2 offers the strength of comparing behaviors (in this case treated v.
untreated speech targets) within the same children, therefore eliminating genetic variance as a
confound. The data reported within Chapter 3 is also based on two studies utilizing single-case
design, and time-series analyses. Both chapters focus on intense data collection procedures,
collected across 15 to 41 weeks of intervention, with careful experimental control for influences
like maturation and spurious environmental effects. Finally, chapter 4 explicitly capitalizes on a
rich longitudinal data set of 216 - 230 identical twins from the Western Reserve Reading and Math
Project (Petrill, Deater-Deckard, Thompson, DeThorne, & Schatschneider, 2006) that provides a
unique genetically sensitive design and considers language outcomes at two separate time points

two years apart.

1.3.3 Communication is context dependent. The final principle emphasized in the present

work is that communication is context dependent, functioning within a myriad of environmental



constraints and supports. Specifically, communication is conceptualized as distributed across
modalities, partners, and embedded within specific activities, situated within specific settings, and
within a specific cultural-historical context (DeThorne & Miller, 2014; Hengst, 2015). Ultimately,
one’s ability to engage in successful communication exchanges is context-dependent. For example,
how one interacts with the environment and communicates with others will depend on who you
are communicating with, and the supports in place that allow you to communicate in the first place.
Caregivers of many of the children we worked with would often translate their children’s use of
words and/or gestures embedded within specific activities, highlighting how communication is
distributed across partners and shaped over time. Caregivers would describe how the child was
referring to a specific experience or motivating us to engage in a social interaction they particularly
enjoyed. Without support from a familiar communication partner, we would not have been able to
understand the full extent of the child’s message. For example, when first introducing the
biosensors, which are watch-like bands with embedded electrodes, to measure skin conductance
in one of the children during speech-language therapy (Ch 3), the child immediately responded by
saying papa wa. The child’s mom explained that he was referring to a particular social routine
associated with his father’s watch. Familiarity between communication partners breeds
understanding and successful communication is dependent on context and shared history built over
time.

A common theme across the studies presented here is understanding what contextual factors
shape and support communication development. The intervention study presented in Chapter 2
focuses on the development of communication practices through shared activities and multimodal
supports. Specifically, the same therapists developed routines with each child around child-
centered play with a familiar set of objects. In addition, although the dependent variable was
speech production, the intervention supported overall communication through use of all modalities
and alternative and augmentative communication supports, including specific signs (e.g., open,
more) and access to a mid-tech speech-generating device (i.e., GoTalk 20+). Chapter 3 explicitly
explores novel use of technology (i.e., biosensors) as a contextual support for communication
across children with neurodevelopmental communication impairments and their communication
partners. Specifically, this chapter offers guidelines as well as potential challenges associated with
the use of this technology within such contexts. Finally, Chapter 4, explicitly uses a genetically-

sensitive design (i.e., MZ-difference method) to assess the extent to which specific perinatal, early



postnatal, social, and linguistic contexts are associated with differences in children’s language
outcomes. In addition, it examines language outcomes within two different assessment contexts
(narrative language sampling and standardized testing), acknowledging the potential influence of
context on a child’s performance reported in prior work (DeThorne et al., 2008; Harlaar et al.,
2016).
kkosk

In summary, communication develops within a dynamic multilevel system over time. As
summarized by Thelen (2005), "every act in every moment is the emergent product of context and
history, and no component has causal priority" (p. 271). It is influenced by the continuous
interaction of various contextual factors including communication partners, modalities, specific
activities, and more generally by the interplay between environmental and genetic influences.
Altogether, the present work highlights the need for the development of effective communication
supports for children with neurodevelopmental communication impairments, and the need to
widen the lens through which we view contextual factors influencing communication

development.
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CHAPTER 2:

Multimodal Speech-Language Intervention in Children with Neurodevelopmental

Communication Impairments: A Within-Participant Study

Abstract

The present study contributes to the science of the individual by utilizing within-participant
data to examine the effectiveness of a multimodal, integrated speech-language intervention. It
offers a direct follow-up to experimental group data presented in DeThorne, Aparicio Betancourt,
Karahalios, Halle, and Bogue (2015), and provides a unique opportunity to examine the benefits
and limitations of analyzing individual outcomes relative to group outcomes within the same data
set. Specifically, this study focused on six children (2-4 years) with neurodevelopmental
communication impairments at the single-word stage of development. The multimodal
intervention aimed to facilitate multisyllabic speech targets using a combination of motor practice,
via use of the computerized feedback software VocSyl, and developmental play. Thirty
multisyllabic speech targets were selected for each child, 15 of which were treated, and 15 served
as control targets. Consistent with single-case multiple probe across behaviors experimental
design, the 15 treatment targets were introduced five at a time, as a means to compare change in
treated relative to untreated targets. Converging forms of within-participant evidence provided
support for a positive treatment effect. Specifically, all six children performed better on treatment
targets relative to control targets at post-treatment and maintenance, and data from parent report
indicated gains in expressive multisyllabic vocabulary inventories following intervention.
However, single-case experimental data was able to establish a clear functional relationship
between the intervention and increased multisyllabic targets production in only half of the
participants (3/6). This study provides converging support for a multimodal, integrated speech-
language intervention focused on facilitating multisyllabic productions, and highlights the
particular benefits and challenges of focusing on individual outcomes for the study of children’s

speech-language development.
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2.1 Introduction

The purpose of the present study was to examine the effectiveness of a multimodal speech-
language intervention using within-participant methodology. The intervention focused explicitly
on children’s ability to combine syllables, either as word combinations (e.g., rocking chair) or as
a multisyllabic word (e.g., butterfly). The ability to produce multisyllabic words and phrases
represents an important developmental milestone, typically reached around 18-24 months of age,
that integrates the motor processes of speech sound production with the semantic and grammatical
aspects of language. Many children with neurodevelopmental communication impairments,
including autism, demonstrate difficulties in both speech and language domains, including delays
in the development of multisyllabic productions (Highman, Hennessey, Sherwood, & Leitdo,
2008; Law, Boyle, Harris, Harkness, & Nye, 2000; Preston & Edwards, 2007; Tager-Flusberg et
al., 2009). Despite the prevalence of children with concomitant speech and language needs,
interventions explicitly aimed at facilitating multisyllabic production are scarce and often focus on
one domain without explicitly addressing the other.

Language-based approaches to facilitating multisyllabic productions focus on using
developmental play routines such as social-interaction games and communication temptations to
model multisyllabic words and phrases (Woods & Wetherby, 2003; see also Harjusola-Webb &
Robbins, 2012). Increased salience of the targets is accomplished through providing a high
frequency of verbal models (e.g.,Yosick, Muskat, Bowen, Delfs, & Shillingsburg, 2016), often
produced with exaggerated prosody and supplemented with visual referents such as objects or
gestures (Girolametto, Pearce, & Weitzman, 1995, 1996; Robertson & Weismer, 1999). When
models are provided through augmentative and alternative communication systems (AAC), the
practice is commonly referred to as aided language stimulation (Binger & Light, 2007; Tacono,
Mirenda, & Beukelman, 1993; Romski & Sevcik, 2003). Models, whether spoken or aided, are
sometimes paired with attempts to elicit production through strategies such as forced choice (e.g.,
“Do you want the elephant or the tiger?”’) and carrier phrases (e.g., “You want the ...?”).
Language-based approaches, though useful in facilitating word use, often do not provide explicit
support for motor speech impairments.

In contrast to developmental language-based approaches, speech-based interventions have
centered largely on direct imitation of multisyllabic productions in drill-like routines, often

modeling targets with slower rate and exaggerated intonation (cf. Wan et al., 2011). Augmented
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feedback is also often provided via tactile and visual cues of key articulation movements or
phonological features (Strand & Debertine, 2000; Strand, Stoeckel, & Baas, 2006; Velleman,
2002). An articulation cue is one that provides information related to the manner, place, or voicing
of a particular speech sound. For instance, if a child produced the word vacuum as vavuum a
clinician might tap a finger on the child’s throat to highlight that the middle /k/ sound is made by
raising the back of the tongue to make contact with the soft palate. Phonological cues used to
facilitate multisyllabic productions provide multimodal information regarding syllable number.
For example, a clinician might clap along with each syllable as a word or phrase is being produced.
Both traditional static tools (e.g., pacing board; DeThorne, Aparicio Betancourt, Karahalios, Halle,
& Bogue, 2015; Kumin, Councill, & Goodman, 1995; Velleman, 1994) and more recently dynamic
online feedback tools (e.g., VocSyl; DeThorne et al., 2015) have also been used for making the
construct of the syllable more salient. Despite the utility of speech-based approaches in supporting
underlying motor speech skills, such approaches often do not support successful communication
more broadly. In addition, the potential benefit of AAC use on the motoric development of speech
production remains relatively unexamined (cf., DeThorne, Johnson, Walder, & Mahurin-Smith,
2009; Romski et al., 2010, Schlosser & Wendt, 2008).

Although the ability to combine words and syllables represents an important developmental
milestone that is delayed or impaired in a variety of clinically-identified populations, evidence to
support integrated speech-language treatment practices in this area is relatively sparse. To address
this gap, DeThorne and colleagues (2015) utilized a mixed method design to evaluate the
effectiveness of two integrated speech-language interventions aimed to facilitate multisyllabic
productions in children with speech-language impairments at the single-word stage of
development (age 2-8 years). Both interventions integrated language and speech-based strategies,
but the traditional condition used a pacing board to emphasize syllable breaks, whereas the other
intervention used VocSyl, a computerized feedback tool, to provide a dynamic display of syllable
boundaries and other prosodic features. The experimental group design focused on a total of 18
children systematically assigned to either one of the two speech-language intervention conditions
(i.e., Pacing Board, VocSyl) or a control condition that emphasized social interaction within a play
group setting. Evaluation focused on children’s percent accuracy of treated and control
multisyllabic targets at two time points: post-intervention and maintenance sessions. In sum, both

the speech-language intervention groups produced more multisyllabic treated targets (average gain
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of 7 to 9 words) relative to the control group (average gain of 3 to 4 words); however, the only
statistically significant between-group difference was between VocSyl and the Control group at
the maintenance session. Statistically significant within-group differences between treatment and
control targets were also observed for both the speech-language intervention groups, whereas they
were not observed for the Control group. The 2015 publication focused primarily on experimental
group data which offered an opportunity to assess statistically significant mean differences across
and within groups. The overarching treatment study, however, was explicitly designed to assess
both group and individual outcomes by merging experimental between-subject, within-subject’,
and single-case” methodologies. Consequently, it offers a unique opportunity to highlight the
utility of emphasizing individual outcomes relative to group outcomes within the study of
children’s speech-language development.

Single-case experimental designs, one type of within-participant methodology’, provide
complementary contributions to the knowledge provided by group experimental designs by
employing within- and between-subjects comparisons. The development of current single-case
research emerged from the behavioral work of Skinner (1904-1990) and gained recognition around
the 1950s and 1960s (Kazdin, 2011). The approach has proliferated within the field of special
education, where it has been primarily used to examine interventions aimed at either reducing
challenging behaviors or increasing desirable ones. The defining element of this experimental
methodology is the use of individual cases, often individuals, that serve as their own control to
conduct systematic within-case evaluations within and across different conditions/phases (Horner
et al., 2005; Kazdin, 2011). For example, a child’s observed behavior across multiple data points
prior to intervention (i.e., baseline) is compared to that same child’s behavior during and/or after
intervention. Repeated assessment, within and across conditions (e.g., interventions, behaviors,
settings, participants) is critical to documenting an experimental effect. Analyses are traditionally

contingent on systematic visual inspection of one or more observable and operationally defined

" A within-subject experimental design also known as a repeated-measures design traditionally focuses on group
outcomes even though it is also possible to highlight individual outcomes by making comparisons across conditions
within the same individual.

? Single-case designs also known as single-subject designs refer to a specific experimental methodology, as opposed
to correlational or descriptive, that systematically evaluates an intervention on a particular case (e.g., a person, school)
and each case serves as its own control by repeatedly measuring the dependent variable(s) over time (e.g. see Horner
et al., 2005).

* We use the term within-participant methodology to refer to any comparisons of data being made within the same
individual that focuses on individual outcomes (i.e., it encompasses both within-subject and single-case designs).
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dependent variable(s) graphed over time. An experimental effect is demonstrated when
manipulation of the independent variable precedes change in the dependent variable(s). At least
three within- or between- case replications of the anticipated intervention effect at different time
points are required to demonstrate experimental control and confirm the existence of a causal, or
functional relationship between the independent and dependent variables (Horner et al., 2005;
Kazdin, 2011).

In addition to their ability to examine causal relationships, single-case designs require fewer
participants than experimental groups designs, are more cost-effective, offer the flexibility to tailor
interventions to the needs of individual children, and provide the opportunity to provide richer
descriptions of individual children. Such advantages are particularly relevant given critiques that
the group outcomes used in experimental group designs (e.g., averages) tend to mask individual
variability and may have limited value in understanding the needs of individuals. As provocatively
stated by Todd Rose (2016), “the moment you need to make a decision about any individual — the
average, [often used in group research], is useless. Worse than useless, in fact, because it creates
the illusion of knowledge, when in fact the average disguises what is most important about an
individual” (p. 11). Given that the emphasis of medicine and education is on the individual patient
or student, research that focuses on individual characteristics and outcomes is highly valuable.

Although single-case experimental methodology is capable of helping establish evidence-
based interventions (Horner et al., 2005), it is not explicitly discussed within the American Speech-
Language-Hearing Association’s levels of evidence, with meta-analysis of more than one
randomized controlled trial (RCT), a type of between-group design, explicitly advocated as the
gold standard (Level Ia) for intervention research (ASHA, n.d.). Although some literature within
the field of communication sciences and disorders acknowledges single-case methodology as
experimental, it tends to be placed as Level II research below that of RCTs (Justice & Fey, 2004;
see also Johnson, 2006). Critiques of single-case methodology have focused primarily on concern
about what generalizations can be made from such few cases, and the limitations of this method
for studying developmental behaviors like language that do not necessarily revert to baseline
conditions once the treatment is withdrawn. External validity of the results is improved through
replication of the effects across different studies, participants, settings, or behaviors. Although not
all single-case designs are recommended for the study of speech and language, some are useful in

studying these developmental processes.
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A mixed methodology that combines single-case, within-subject, and between-subject designs
offers a unique opportunity to examine the complementary strengths and limitations of focusing
on individual versus group outcomes. Accordingly, the present study explicitly examines within-
participant data, including single-case data from a mixed method study reported in DeThorne and
colleagues (2015). Whereas the 2015 paper focused on experimental group data, the present study
offers a unique opportunity to highlight individual outcomes using within-participant data from
the same project. Specifically, this particular study focuses on the learning trajectories of the six
children who participated in the VocSyl intervention. The specific research questions are as
follows:

1. Is there a functional relationship between the implementation of the speech-language

intervention and the production of the multisyllabic speech targets?

2. What information does the within-participant data provide relative to the experimental

group results published in DeThorne and colleagues (2015)?

2.2 Methods

2.2.1 Participants. Approval for this project was attained through the University of Illinois
Institutional Review Board prior to recruitment. This study focused on six children, ages 2 - 4
years, who completed the computerized feedback intervention (VocSyl) in DeThorne et al. (2015).
We focus here on children enrolled in the computerized feedback intervention because it revealed
the most promising findings based on experimental group data. The larger project, including the
six participants in the present study, focused on children at the single-word stage of development
with suspected spoken language and oral-motor coordination difficulties who were recruited
through key community agencies and professional organizations (e.g., The Autism Program, local
school districts, pediatricians, private speech-language therapists, and the University’s Speech-
Language Clinic). Interested families first participated in a phone screening, followed by an initial
assessment at the University’s Speech-Language Clinic. During the initial assessment, a speech-
language sample was obtained, and children and/or their caregivers were asked to complete or
were administered several instruments including: the MacArthur-Bates Communicative
Development Inventory: Words and Gestures (CDI; Fenson et al., 2007), the Verbal Motor
Production Assessment for Children (VMPAC) Oromotor Production in Word Sequences and
Sentences section (Hayden & Square, 1999), and the Ages and Stages Questionnaire of Problem
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Solving Skills (Squires & Bricker, 2009). Inclusionary criteria were specified as a) between the
ages of 2-8 years; b) at least 30 expressive vocabulary words on a parent report measure (i.e., the
CDI: Words and Gestures); c¢) fewer than 20 communicative, spontaneous multisyllabic
productions based on a 20-minute observational speech-language sample; and d) equal to or less
than 30% accuracy on the VMPAC Oromotor Production in Word Sequences and Sentences
section. All participants’ primary language was English. Table 2.1 provides a summary of

descriptive data for all six participants included in the present study by pseudonym.

Table 2.1. Participant Demographics

Pyrros Karis Santiago Angelo Heidi Conley
Age 2:7 4;10?% 3:9 3;0 3:8 2:2
Languages English, Enolish
Exposed To English Russian, g1sh, English English English
. Spanish
Romanian
Gender Boy Boy Boy Boy Girl Boy
Race/Ethnicity White White White, Hispanic White White White
Relevant Clinical ~ Unspecified Unspecified Speech Unspecified
Diagnosis Developmental  Autism Developmental Sound Autism  Developmental
Delay Delay Disorder Delay
Parent Education 19 18 19 17 17 19
CDlI-receptive 130 327 242 349 117 256
(pre)
CDI-expressive 82 276 183 154 88 64
(pre)
ASQ Monitoring Typical Typical Delay Delay Typical
Zone
VMPAC 0% 0% 30% 0% 26% 8%
# Spontaneous
multisyllabic 6 7 6 0 7 3

productions

Parent education refers to the primary caregiver’s self-reported number of years of formal education; CDI refers to
the MacArthur-Bates communicative development words and gestures receptive and expressive vocabulary
inventories pre-intervention; ASQ refers to the Ages and Stages Questionnaire of Problem Solving Skills, and was
used as a measure of cognitive development; VMPAC refers to the number of accurately imitated syllables from the
Verbal Motor Production Assessment for Children, Oromotor Production in Word Sequences and Sentences section;
# Spontaneous multisyllabic productions is based on a 20-minute observational speech-language sample at the initial
assessment. “Karis’ age was reported as 4;8 in Aparicio Betancourt, DeThorne, Karahalios, & Kim, 2017 but should
read as 4;10 (i.e., 4.8 years).
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2.2.2 Design. To follow-up on experimental group data presented in DeThorne and colleagues
(2015), the present study focuses on individual outcomes, specifically including within-subject
and a single-case multiple-probe across behaviors design with six participants enrolled in a
multimodal speech-language intervention aimed at facilitating multisyllabic productions. Key to
the design was the selection of thirty multisyllabic speech targets from the MacArthur-Bates CDI
for each child. Preference was given to multisyllabic targets, with 2 or 3 syllables each, within the
children’s receptive vocabulary, but outside their expressive vocabulary (e.g., tiger). In addition,
when possible we selected targets that consisted of sounds from within the child’s phonetic
repertoire, or alternatively, as phonetically simple as possible based on the Index of Phonetic
Complexity (IPC; Jakielski, Maytasse, & Doyle, 2006; see also Morris, 2009). When additional
targets were needed, mono- or disyllabic words were combined to make multisyllabic targets (e.g.,
drink it, teddy bear)*. The 30 multisyllabic targets for each child were assigned to one of two 15-
target lists; the two lists were randomly assigned to either treatment or control. The targets were
balanced between the two lists based on a) syllable number (i.e., two vs. three), b) CDI semantic
category (e.g., animals, verbs, adjectives, house items), and c) and phonetic complexity (IPC).
Additionally, each list of 15 targets was further divided into three sets of 5, again balanced by
number of syllables, semantic category, and IPC rating as best as possible. The three target sets
were randomly designated as first, second, and third, and were treated one set at a time for each

child.

2.2.3 Procedures. Treatment and assessment sessions were conducted by two graduate
students and overseen by an ASHA-certified speech-language pathologist at the Speech-Language
Clinic of the University of Illinois. All sessions were video-recorded, with children’s attempts at
the targets being phonetically transcribed based on the International Phonetic Alphabet. Correct
production for an individual target was defined as verbal marking of the appropriate number of

syllables, paired with a minimum of 50% of the target phonemes in the correct order.

2.2.3.1 Treatment. Treatment sessions lasted approximately 45-minutes each, and were
generally conducted twice/week. The total number of treatment sessions was determined by each
child’s rate of progress, with a maximum of 12 treatment sessions per five-item target set (for a

maximum of 36 treatment sessions). Treatment sessions provided multimodal support and

* Only 4% (7/180) of all the speech targets combined across children consisted of word combinations.
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combined a) drill-based motor practice and b) child-centered developmental play. During motor
practice, the clinicians attempted to elicit from the child each of the five multisyllabic targets
within a set five times by providing verbal models using VocSyl for visual feedback. VocSyl is a
novel software program designed specifically for this study to provide real-time visual feedback
of syllables, rate, pitch, and volume (see Figure 2.1; Hailpern, Harris, La Botz, Birman, &
Karahalios, 2012; Hailpern, Karahalios, DeThorne, & Halle, 2010). The clinician modeled each
multisyllabic target using exaggerated intonation and a reduced rate while simultaneously tapping
the syllable representations on the screen. In addition, supplemental articulation (i.e., visual and
tactile) and phonology cues were provided to shape the production as needed (cf. Strand &

Debertine, 2000; Strand et al., 2006; Velleman, 2002).

Figure 2.1. Visualization from VocSyl of a three-syllable word (in Hailpern et al., 2010 reprinted with permission).
Y-axis represents pitch; x-axis represents duration; the size/thickness of the circles/envelope represents volume;
syllables or syllable boundaries are represented by the number of circles/found images or by the vertical lines in the
envelope, depending on settings. One graphic represents the adult verbal model and the other graphic represents the

child’s imitation attempt.

During developmental play, play-based strategies and a mid-tech speech-generating device
(i.e., GoTalk 20+™, Figure 2.2) were used to model and elicit productions within naturalistic
interactions as a means to facilitate communicative competence (e.g., Girolametto et al., 1995,
1996; Robertson & Weismer, 1999; Romski & Sevcik, 2003). Example activities included social-
interaction games (e.g., peek-a-boo, “I’m gonna get you"), communicative temptations (e.g., wind-
up toys, bubbles, closed containers), singing songs, and sensory-motor activities (e.g., bean table

and platform swing). Key treatment strategies included visual representations of the targets (e.g.,
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a stuffed teddy bear to represent the target teddy bear) and

: . . @
spoken models of the targets in communicative contexts. - f
O <

The models were either spoken directly by the clinicians or Gopi 20 A
modelled via the speech-generating device (SGD), which
allowed programming of 25 different messages per overlay
(see Figure 2.2). Each set of five targets was added to the
device when they were introduced in treatment. Consistent
with Weismer and Robertson (2006), clinicians aimed for at
least 10 models of each of the five targets per session. In

addition, clinicians utilized a combination of carrier phrases

(e.g., “Here comes the... ?”) and forced choices (e.g., “Do

you want to color the bunny or the butterfly? ) as deemed ~ Figure 2.2. GoTalk 20+™ Communicator

showcasing the overlay used for Pyrros during
beneficial to elicit a child’s production of targets, as well  treatment phase 2. Images in the first row were
included throughout the intervention, images
in the second and third rows represent target
sets 1 and 2 respectively.

as supplemental articulation and phonology cues as
considered necessary to shape children’s productions.

In order to progress from one five-item target set to another, children had to a) master four of
the five targets within a set during developmental play or b) participate in 12 treatment sessions
for the respective target set. Mastery was defined as an accurate and spontaneous production of a
multisyllabic target across two different treatment sessions; productions were considered
spontaneous if at least three seconds had elapsed since the last verbal model, either produced by
an adult or by the SGD. See supplementary material in DeThorne and colleagues (2015) for

additional detail on intervention techniques used during motor practice and developmental play.

2.2.3.1.1 Treatment fidelity. Treatment sessions were coded, based on video review, by trained
research assistants for the presence of key intervention components associated with motor practice
and developmental play. Motor practice was considered to be implemented with fidelity if the
clinician a) provided visual reference to syllable marking (e.g., tapped) for each target being treated
in that session, and b) modeled each target a minimum of five times and/or if the child produced
each target a minimum of five times. Based on these criteria, motor practice was completed with
fidelity across 77% to 100% of participant’s sessions (see Table 2.2). Developmental play was
implemented with fidelity if the clinician provided at least 50 total models of targets per session,

either spoken or through the speech-generating device. Based on this criterion, developmental play
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was completed with fidelity across 94% to 100% of participant’s available sessions (see Table
2.2). Inter-rater reliability based on 10% (13/125) of available sessions was 100% for both motor

practice and developmental play.

Table 2.2. Treatment Fidelity

Pyrros Karis Santiago Angelo Heidi Conley
97% 77% 86% 100% 88% 88%
Motor Practice
(30/31) (10/13) (12/14) (18/18) (15/17) (28/32)
Developmental 94% 100% 100% 100% 100% 100%
Play (29/31) (13/13) (14/14) (18/18) (17/17) (32/32)

2.2.3.2 Assessment. After the initial assessment session conducted to determine eligibility,
participants were assessed on all thirty targets (i.e., treatment and control) at five time points
throughout the course of the study: prior to the start of the intervention (i.e., baseline), between
target sets (i.e., assessments 2 and 3), post-treatment (i.e., assessment 4), and five weeks post-
treatment (i.e., maintenance). Most children completed each assessment within one 45-minute
session, with a maximum of 2 sessions per assessment. At each time point, two systematic
assessment tasks were included to provide children the opportunity to produce the multisyllabic
targets during two different activities: the object-play task and the card-labeling task (see
Girolametto et al., 1995, 1996 for similar procedures). During the object-play task children were
presented with a clear plastic box that included an object representing each of the 30 targets.
Clinicians would offer a carrier phrase (e.g., “You want the ..”) in an attempt to elicit a
spontaneous production, and children were allowed to play with each object one at a time. During
the card-labeling task, children were asked to verbally label picture-cards of each target one at a
time (e.g., “What’s this?”). During either assessment task, children were given 10 seconds per
target to spontaneously produce the target. Assessment sessions were coded, based on video
review, by trained research assistants. To examine reliability of outcome measures, research
assistants independently coded all of the assessments (30/30). Based on point-by-point agreement,
mean reliability for scoring the object-play task ranged from 97% to 99%; mean reliability for
scoring the card-labeling task ranged from 97% to 100% (see Table 2.3). Consistent with

DeThorne and colleagues (2015), percent accuracy of multisyllabic targets served as the dependent
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variable; children were credited with production of a given target if it was accurately produced

during either of the two tasks in order to maximize measurement stability.

Table 2.3. Assessment Reliability

Pyrros Karis Santiago Angelo Heidi Conley
Object-play 97% 99% 99% 99% 98% 98%
(93-100%) (97-100%) (97-100%) (97-100%) (90-100%) (93-100%)
Card-labeling 98% 97% 98% 100% 99% 97%

(97-100%)  (90-100%)  (97-100%)  (100-100%)  (97-100%)  (93-100%)

2.3 Results

2.3.1 RQ1: Is there a functional relationship between the implementation of the speech-
language intervention and the production of the multisyllabic speech targets? To address the
first research question, the effectiveness of the intervention was examined through visual
inspection via three forms of evidence: 1) within-participant comparison of progress in the treated
vs. yet to be treated treatment targets consistent with single-case multiple-probe across behaviors
experimental design; 2) within-participant comparison of production accuracy between the 15
treatment vs. the 15 control targets; and 3) within-participant comparison between pre- and post-

intervention CDI scores.

2.3.1.1 Single-case experimental data. The primary form of evidence is data from the
experimental single-case multiple-probe across behaviors design. This particular design evaluates
intra-subject replications over time. Analyses centered on visual inspection of each child’s
production of the three target sets throughout the intervention. Each child’s data is represented in
a separate figure; see Figures 2.3 through 2.8. Each figure includes three vertically-stacked panels,
one for each set of five speech targets. Note that the x-axis represents the session number and the
y-axis represents the percent of the five targets produced correctly at each of the five assessment
time points, or the percent of the five targets mastered during the development play section of
treatment. The dotted line represents the introduction of treatment for each target set. As mentioned
previously, correct production for any particular target was defined by accurate articulation of at
least half the target phonemes in the correct order paired with verbal marking of all syllables. A
combination of the card-labeling and object-play tasks were used at each of the five assessment

points. Mastery during developmental play consisted of accurate and spontaneous production of a
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target across two separate treatment sessions. Note that each assessment point presents a potential
opportunity to demonstrate a treatment effect by vertical comparison of treated versus yet to be
treated (i.e., untreated) targets. Consequently, each child presents data on an initial effect at

assessment #2 and three opportunities for replication at assessments #3, #4, and maintenance.

2.3.1.1.1 Pyrros. Single-case data from Pyrros offered the strongest evidence for a positive
intervention effect, see Figure 2.3. In the top panel, Pyrros’ spontaneous and accurate productions
of the first five-target set during the assessments increased from 0% during baseline to 20% at the
close of the first treatment phase. During that same time frame, Pyrros’ performance on the
untreated target sets two and three remained unchanged at 0%. For the first target set, Pyrros did
not achieve mastery of 4 of the 5 targets but progressed to the second five-item target set as he had
participated in 12 treatment sessions. Considering a similar comparison for target set two (see
middle panel), Pyrros’ assessment performance increased from 0% to 40%, whereas his
assessment performance for the third (yet to be treated) target set remained unchanged at 0% (see
bottom panel). Once the third target set was treated, Pyrros’ assessment performance on that set
increased from 0% to 60%. Pyrros’ production accuracy within target set either increased, for
target sets 2 and 3, or was maintained, for target set 1, five-weeks post-treatment (i.e., maintenance
assessment). Pyrros’ assessment results suggest the multimodal speech-language intervention is

functionally, or causally, related to the production of multisyllabic speech targets.

2.3.1.1.2 Karis. Similar to Pyrros, Karis’ single-case multiple-probe across behaviors results
suggest there is a functional relation between the intervention and the production of multisyllabic
targets, albeit with a smaller magnitude (Figure 2.4). In the top panel, Karis’ accurate productions
of the first five-item target set increased from 0% during baseline to 40% at the close of the first
treatment phase. In contrast, his performance on the untreated target sets two and three remained
unchanged at 0%. In the middle panel, his performance on target-set two (middle-panel), increased
from 0% to 20%, whereas his performance for the third untreated target set remained at 0%. Once
his third target set was treated, his assessment performance increased from 0% to 20%. The five-
week post-treatment maintenance assessment indicated Karis maintained his progress in target sets

1 and 3, and increased his production accuracy for target set 2.

2.3.1.1.3 Santiago. Santiago’s first target set is indicative of an explicit functional relationship

between intervention and accurate target production. Although replications associated with the
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second target set indicate gains in one untreated target, visual analysis of production accuracy and
slope in treated vs. untreated targets is still indicative of a functional relationship (see Figure 2.5).
His first target set was associated with gains of 0% to 40%, whereas the untreated target sets (i.e.
2 and 3) remained at 0% during the same time period. Santiago’s production of target set two
(middle panel) increased from 0% to 80% once treated, whereas his performance for the third
untreated target set demonstrated an increase in one of the five targets, moving from 0% to 20%.
Although target set 3 did not remain at 0%, Santiago showed relative gains in the treated vs. the
untreated targets. Once target set three was treated, his performance increased from 20% (at
assessment 3) to 60%. Unfortunately, Santiago’s performance on sets two and three treated targets
decreased at future assessments, from 80% at assessment three to 40% at maintenance for target
set 2, and from 60% at assessment four to 40% at maintenance for target set 3. In contrast, his

performance on target set one increased from 40% at assessment two to 60% at maintenance.

2.3.1.1.4 Angelo. Although Angelo’s gains in treated versus untreated targets are indicative of
positive treatment effects, whether the relationship is causal in nature is less clear (see Figure 2.6).
Specifically, the first target set was associated with gains of 0% to 80%. In contrast, his production
of the untreated target set two remained at 0%, while his production of the untreated target set 3
increased from 0% to 20% during the same time period. Although target set 3 did not remain at
0%, Angelo showed relative gains in the treated versus the untreated targets. Angelo’s production
of the second set of targets increased from 0% to 40%, whereas his production accuracy for target
set three, which had not yet been treated, increased from 20% (at assessment 2) to 40%. Once
target set three was treated, it increased from 40% (at assessment 3) to 60% (post-treatment). The
five-week post-treatment maintenance assessment indicated Angelo maintained his progress for
all three target sets.

2.3.1.1.5 Heidi. Similar to Angelo, Heidi demonstrated gains in all target sets following
treatment, but there was no clear evidence of experimental control across the target sets; see Figure
2.7. Specifically, in the top panel, Heidi’s first target set increased from 0% to 40%. In contrast,
the untreated target set 2 remained at 0%, while the untreated target set 3 increased from 0% to
20%. In the middle panel, her performance on target set two increased from 0% to 40% after
treatment, whereas her performance for the third untreated target set increased from 20% to 60%.
Once her third target set was treated, her assessment performance increased from 60% to 100%.

Unfortunately, Heidi’s performance on all three treated target sets decreased when comparing the
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Figure 2.3. Pyrros combined object-play and card-labeling treatment and assessment data, with each panel
representing one of the three different targets sets. Treatment data represents mastery of targets during developmental
play (i.e., accurate and spontaneous production of a target during developmental play across two separate treatment

sessions).
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Figure 2.4. Karis combined object-play and card-labeling treatment and assessment data, with each panel representing
one of the three different targets sets. Treatment data represents mastery of targets during developmental play (i.e.,

accurate and spontaneous production of a target during developmental play across two separate treatment sessions).
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Figure 2.5. Santiago combined object-play and card-labeling treatment and assessment data, with each panel

representing one of the three different targets sets. Treatment data represents mastery of targets during developmental

play (i.e., accurate and spontaneous production of a target during developmental play across two separate treatment

sessions).
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Figure 2.6. Angelo combined object-play and card-labeling treatment and assessment data, with each panel

representing one of the three different targets sets. Treatment data represents mastery of targets during developmental

play (i.e., accurate and spontaneous production of a target during developmental play across two separate treatment

sessions).
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Figure 2.7. Heidi combined object-play and card-labeling treatment and assessment data, with each panel representing

one of the three different targets sets. Treatment data represents mastery of targets during developmental play (i.e.,

accurate and spontaneous production of a target during developmental play across two separate treatment sessions).
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Figure 2.8. Conley combined object-play and card-labeling treatment and assessment data, with each panel
representing one of the three different targets sets. Treatment data represents mastery of targets during developmental
play (i.e., accurate and spontaneous production of a target during developmental play across two separate treatment

sessions).
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post-treatment performance with the maintenance performance, with a 20% to 40% decrease (i.e.,

one to two targets).

2.3.1.1.6 Conley. Conley demonstrated gains in target sets one and two following treatment
but did not demonstrate gains following treatment for target set three (see Figure 2.8). In the top
panel, Conley’s first target set increased from 0% to 40%. During the same time period, the
untreated target set 2 increased to 20% and the untreated target set 3 increased to 40%. For target
set 1, Conley did not achieve mastery of 4 of the 5 targets but progressed to the second five-item
target set as he had participated in 12 treatment sessions. In the middle panel, his performance on
target set 2 increased from 20% to 40%, and his performance for the third untreated target set
increased from 40% to 60%. Moreover, Conley’s performance on treated target set three decreased
from assessment three at 60% to 40% at post-treatment and maintenance. When comparing post-
treatment to maintenance performance, Conley was able to maintain his progress five weeks after
the end of treatment. Overall, Conley’s assessment results do not provide any clear evidence of
experimental effects.

koksk

In sum, single-case experimental data indicated a clear functional relationship between the
intervention and increased target production in half of the participants (i.e., Pyrros, Karis, &
Santiago). Although the other half of the participants demonstrated gains in targets, they did not

demonstrate a replicated treatment effect.

2.3.1.2 Within-participant comparison of treatment versus control targets. Though not
inherently experimental in nature, the within-participant comparison between treatment versus
control targets at each assessment point provides additional evidence related to potential treatment
effects. Recall that treatment and control targets were matched in terms of syllable number, sematic
category, and phonetic complexity. Consequently, if participants perform better on treatment
relative to control targets it provides supporting evidence of a positive treatment effect. Note from
Table 2.4 that other than baseline, at which point participants scored 0% across both treatment and
control targets, participants scored higher on the treatment targets relative to control targets on all
but two of the twenty-four assessment points. The only exceptions were Santiago and Pyrros at
Assessment #2. Santiago scored lower on treatment vs. control targets, correctly producing 2/15
treatment targets and 3/15 control targets; Pyrros scored equally well on the treatment and control

targets, correctly producing 1/15 targets from each type (treatment v. control). Specifically at the
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Table 2.4. Percent accuracy throughout the five assessment points for the 15 treatment (Tx) and the 15 control (Cntrl)

targets.

Pyrros Karis Santiago Angelo Heidi Conley
Tx Chntrl Tx Chntrl Tx Chntrl Tx Cntrl Tx Chntrl Tx Cntrl

Baseline 0 0 0 0 0 0 0 0 0 0 0 0
Assessment 2 7 7 13 0 13 20 33 7 20 7 33 0
Assessment 3 27 13 13 0 47 27 53 20 60 40 67 27
Post-treatment 53 20 27 0 47 13 67 33 93 60 60 27
Maintenance 73 47 47 20 47 27 67 60 67 47 60 47
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Figure 2.9. Post-treatment (top panel) and maintenance (bottom panel) percent production accuracy of the 15 treatment

vs. the 15 control targets.
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post-treatment assessment, all six children performed better on treatment targets relative to control
targets (see Figure 2.9, top panel). Maintenance results indicated all children except Heidi were
able to maintain or increase their treatment and control gains five-weeks post-treatment, with
correct production of 7 to 11 treatment targets versus 3 to 9 control targets. In contrast, Heidi’s
production of both treatment and control targets decreased from post-treatment to maintenance, by
4 and 2 words respectively, with increased production of treatment vs. control targets ° (see Figure

2.9, bottom panel).

2.3.1.3 Within-participant comparison between pre- and post-intervention CDI scores. A
third and final form of evidence related to potential treatment effects is presented in Table 2.5:
each child’s pre- and post-intervention communicative development expressive vocabulary
inventories. Results demonstrated all participants with available data increased their expressive
vocabulary and more specifically, their expressive multisyllabic vocabulary inventories during the
course of intervention. Representing the range of gains, Pyrros’ mother reported a gain of 29
multisyllabic words from the CDI during a course of 33 weeks, whereas Conley’s mother reported
a gain of 129 words from the same inventory during the course of 37 weeks between pre- and post-
CDI administration. Although these data do not provide experimental control for confounding

effects such as maturation, they do provide an additional form of converging evidence.

Table 2.5. Pre- and Post-Intervention CDI Scores

Pyrros Karis Santiago Angelo Heidi Conley
Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post

CDI-expressive 82 198 276 NA 183 253 154 253 88 177 64 393
all

CDI-expressive 22 51 100 NA 61 93 52 96 41 79 21 150
multisyllabic

® The within-participant comparison of treatment versus control targets in the present chapter further extends the
within-subject experimental analysis in DeThorne and colleagues (2015) by including object-play data in addition to
card-labeling data. To facilitate comparison with results published in 2015, within-subject experimental group
outcomes are also presented (i.e., means and statistical analyses using two paired-sample #-tests). Results indicated
children were able to produce approximately 58% (Range = 27-93%) of the treated targets on demand using spoken
language, compared to only 26% (Range = 0-60%) of the control targets by the end of the intervention (p <.001, d =
11.84). Similar differences between the treated targets (M = 60%, Range = 47-73%) and the control targets (M = 41%,
Range =20 -60%) remained at the five-week post-treatment maintenance session (p = .002, d = 2.42).
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2.3.2 RQ2: What information does the within-participant data provide relative to the
experimental group results published in DeThorne and colleagues (2015)? To address the
second research question, we highlight three contributions, not mutually exclusive, provided by
the within-participant data relative to the experimental group results published in DeThorne and
colleagues (2015). First, within-participant data provides a more in-depth characterization of
participant performance across time by highlighting the rate in which each child achieved mastery
of targets and the rate of acquisition during developmental play. In regards to rate of mastery
during developmental play, single-case results indicated that all children except Pyrros were able
to master® 1-5 targets in at least two of the three target sets after only two treatment sessions (see
Figures 2.3 - 2.8). While it took Pyrros at least four treatment sessions to master the first target
within a set (see top and bottom panel of Figure 2.3), Karis was able to master all five targets of
target set 3 after only two treatment sessions (see bottom panel of Figure 2.4). Overall, the majority
of children were able to master at least four of the five targets per set within 12 treatment sessions
(Range = 67 — 100%); see Figures 2.3 - 2.8. Pyrros and Conley were the only two children that did
not progress to the next target set by achieving mastery, but this was only the case for the first
target set (top panel of Figures 2.3 and 2.8). Although Pyrros only mastered 2/5 targets during
treatment phase 1, he was able to spontaneously and accurately produce 3/5 targets during
developmental play at least once throughout 12 treatment sessions. Similarly, even though Conley
only mastered 2/5 targets during treatment phase 1, he was able to produce 4/5 targets at least once
during developmental play throughout 12 treatment sessions. In regards to rate of acquisition
during developmental play, all children except Pyrros were able to accurately and spontaneously
produce at least 1/15 targets after only one treatment session (Range =5 to 9). After two treatment
sessions, all children, including Pyrros, were able to accurately and spontaneously produce at least
4/15 targets during developmental play (Range = 4 to 8); see Table 2.6. Across target sets and
treatment phases, all children were able to spontaneously and accurately produce a majority of the
treated targets at least once during developmental play using spoken language (Range = 80-100%)
(data not shown). Although not experimental in nature, these findings are notable given that

children were not able to produce any of the targets at the beginning of the study.

%i.e., spontaneous and accurate production of a target across two separate treatment sessions during developmental
play.
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Table 2.6. Rate of Acquisition of Targets During Developmental Play for the First Two Treatment (Tx) Sessions per
Target Set

Pyrros Karis Santiago Angelo Heidi Conley
Tx 1 Tx 2 Tx 1 Tx 2 Tx 1 Tx 2 Tx 1 Tx 2 Tx 1 Tx 2 Tx1 Tx2

Target NA Night Kitty, Shovel Chicken, Chicken Sleepy Tooth- Party, Party, NA NA
night Person Penguin brush Pillow, Pillow,
Set 1 Drawer Coffee
NA Drink it, Yucky, Yucky, Pony, Pony, Happy Happy, NA NA Puppy, Puppy,
Target Firetruck Donkey Donkey Raisin Garden, Radio, Finger Zipper
Set 2 Spaghetti Drawer
NA Teddy Bunny, Bunny, Dirty Dirty, Party, Party, Hello, Hello, Apple, Apple,
bear Penny, Penny, Oven, Tummy, Tummy, Donkey, Donkey, Bunny, Bunny
Target Drawer, Drawer, Giraffe, Jacket Jacket, Button Button, Window
Gentle, Gentle, Vacuum Candy Empty,
Set 3 Rocking  Rocking High
chair chair chair

A second contribution of the within-participant data is that it provides assessment data across
multiple time points, in this case across five assessment points throughout the course of the
intervention (see Table 2.4). Results indicated that from baseline to post-treatment (i.e., end of
treatment sessions) five of the six children were able to increase and/or maintain their production
of treatment targets as the intervention progressed. More specifically, three of the six participants
(i.e., Pyrros, Angelo, and Heidi) increased their production of treatment targets after every
treatment phase (i.e., at assessment 2, assessment 3, and post-treatment); this was also the case for
their control targets, albeit with a smaller magnitude. For the other two children who were able to
increase and/or maintain their production of treatment targets, Karis did not make any treatment
(or control) gains after the second treatment phase (i.e., from assessment 2 to assessment 3).
Although Santiago did not make any gains after the third and last treatment phase (i.e., from
assessment 3 to post-treatment), he was able to maintain his gains on treatment targets (7/15
targets), whereas his production accuracy for control targets decreased from 4/15 targets at
assessment 3 to 2/15 targets at post-treatment. Conley was the only participant whose production
of treatment targets decreased while the speech-language therapy was still ongoing; he produced
10/15 targets at assessment 3 versus 9/15 targets at post-treatment. Moreover, in regards to
production accuracy from post-treatment to the five-week post-treatment maintenance session, all
children except Heidi were able to increase or maintain their production accuracy, and production
of treated targets was greater than that of control targets for all children at these last two time

points.
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A third contribution of within-participant data is that it highlights the individual variability
often masked by group outcomes. Experimental group findings in DeThorne and colleagues (2015)
demonstrated a significant difference between VocSyl and the active Control group at the
maintenance time point, with increased target accuracy for the VocSyl group. However, the single-
case experimental design revealed more conservative estimates of treatment effect at the individual
level. Specifically, the design revealed an explicit functional relationship between the intervention
and outcome data for only 3 of the 6 children (i.e., Pyrros, Karis, & Santiago). Even for the three
participants in which we were able to establish a causal relationship, the magnitude of the effect
differed by participant. Whereas Pyrros demonstrated the strongest effect, such effect was
attenuated for Karis, and in the case of Santiago we observe a decrease in production accuracy
over time for two of his five-item target sets (Figure 2.5). Similarly, even though DeThorne and
colleagues (2015) reported mean differences between children’s gains on the treated vs. control
targets both at post-treatment and at the maintenance time points for the VocSyl condition, the
within-participant comparison of treated versus control targets in the present study offered
information about both the consistency and variability of this trend across individual participants.
Whereas Karis did not acquire any of the control targets from baseline to post-treatment while
acquiring four of the treated targets, Heidi was able to acquire nine of the control targets while

acquiring 14 of the 15 treated targets post-treatment.

2.4. Discussion

In sum, this study a) provides additional evidence for the use of a multimodal, integrated
speech-language intervention to facilitate multisyllabic productions, b) illustrates the potential role
of technology in facilitating speech-language development, and c) highlights single-case design as
a complementary method to experimental group design (see DeThorne et al., 2015 for group
results). In regard to treatment effects, converging forms of within-participant evidence provided
support for a positive treatment effect for all children, although with substantial individual
variability. Overall, the use of a multimodal, integrated speech-language approach facilitated the
production of new vocabulary as well as the use of a relatively new phonological form (i.e.,
syllable combination). Nevertheless, single-case experimental data offered evidence that the
intervention was causally related to the production of multisyllabic targets for only half of our

participants (3/6); confounding influences such as practice, maturation, and generalization could
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not be ruled out as contributing factors to the progress of the other three children. In the remainder
of the discussion I will highlight the role of technology within intervention and the strengths and

limitations of single-case methodology, and of focusing on individual outcomes more broadly.

During treatment, the present study incorporated a novel form of technology, VocSyl, in
addition to a mid-tech speech-generating device, the GoTalk 20+, thereby highlighting the role of
technology in speech-language development. VocSyl offered an opportunity to provide real-time
visualizations to children in regard to number of syllables, pitch, rate, and volume. The strong
appeal of electronic technology for children paired with the dynamic nature of VocSyl was
motivating for our participants, and likely influenced the higher motor practice treatment fidelity
for the VocSyl participants (see Table 2.2) relative to the Pacing Board participants as reported in
DeThorne and colleagues (2015). The use of VocSyl, however, was not without its limitations. For
example, the syllable algorithm was not always accurate within applied contexts (see DeThorne et
al., 2015 for a more thorough discussion of the limitations of the software). In addition, the GoTalk
offered a second form of technology. It was integrated throughout intervention to provide verbal
models and visual support of individual targets, and offered each child an alternative to spoken
language. Although the study was not designed to examine individual treatment components, the
results add to a growing literature that supports the use of technology to facilitate communication,
both as a form of visual feedback (Aparicio Betancourt et al., 2017; Bernard-Opitz, Sriram, &
Sapuan, 1999; Hailpern, Karahalios, & Halle, 2009) and as a form of augmentative and alternative
communication (e.g., Romski et al., 2010).

A major strength of single-case designs is the ability to study individual outcomes, while
maintaining the ability to demonstrate experimental control. As stated by Kazdin (2011), “by
studying the individual, the experimenter could see lawful behavioral processes that might be
hidden in averaging performance across several subjects, as is commonly done in group research”
(p. 14). The emphasis on individual outcomes provides the opportunity to focus on vital
information about the uniqueness of the individual. This is seen, for example, in the case of Conley,
in which his data contribute to the positive treatment effects observed at the group level, whereas
individually, the positive treatment effects do not provide evidence of a causal relationship (Figure
2.8), and instead appear to be related to a substantial language spurt that may have been positively
influenced by treatment (e.g., see Table 2.4 in which production of treatment targets was greater

than control targets across time points). The richness of individual data unmasks individual
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variability, and thereby offers an opportunity to better match individual children’s profiles with
specific interventions. For example, it allows you to explore questions such as, who would benefit
the most from this type of intervention? And what are some of the characteristics associated with
a stronger treatment effect? This level of information allows educators and clinicians to more
directly relate the evidence-based interventions with the students or patients they are working with.

Within-participant methodology such as single-case designs also increases the feasibility for
clinicians and educators to implement the design relative to group designs. Although it is generally
not feasible for clinicians and educators to conduct well-controlled between-group experimental
studies, the data collection procedures associated with single-case designs are very similar to that
required for documenting extent of progress toward treatment goals in educational and medical
settings. With the careful addition of a control condition (e.g., comparable untreated behaviors,
settings) clinicians and educators can experimentally assess the intervention effect while
controlling for confounding influences such as maturation. Such data could be particularly
powerful for making decisions about intervention and/or educational opportunities, and in trying
to persuade potential funding sources such as insurance companies.

The nature of single-case designs also encourages an educator/clinician to tailor the
intervention to the individual, thereby allowing for more variation in procedures in comparison
with group designs. During our intervention, the use of specific treatment strategies was influenced
by the child’s individual response. To illustrate, Pyrros was particularly responsive to simplifying
the phonological complexity of the target (e.g., /tartar/ followed by /targar/ and finally /targa/ for
tiger), and pictorial representation of the target (e.g., drawings of an eye and a truck, followed by
drawings of a fire and a truck for firetruck), so these strategies were used more frequently. Overall,
single-case research is relevant for defining clinical and educational practices at the level of the
individual learner given the emphasis of fields such as speech-language pathology and special
education is on the individual patient or student. Although single-case designs are well integrated
within the field of special education, they have yet to be fully integrated within the field of
communication sciences and disorders.

One of the most challenging limitations for the application of single-case methodology to
speech and language development, is that learned skills cannot be unlearned, thereby rendering
some single-case designs, such as reversal designs, untenable. Reversal or ABAB designs alternate

the baseline (A phase) and the intervention (B phase) to evaluate the effect of the intervention.
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However, when a child learns a new sound or word, they are not going to unlearn it because the
condition changes; that is, the level of performance will not necessarily decrease after the treatment
is discontinued. Although other single-case designs, such as multiple baseline across participants
and behaviors, are more amenable to developmental skills, another challenge is that generalization
of skills often leads to loss of experimental control. In the present study, experimental control
associated with the multiple probe across behaviors design was contingent on the idea that learning
the targeted multisyllabic productions would not elicit general learning of other multisyllabic
productions, such as the yet to be treated targets. However, from a developmental standpoint, the
most powerful interventions will trigger generalization. To illustrate, experimental control was not
established for Angelo because he began to produce untreated targets together with treated targets.
Specifically, his production of one untreated target at assessment 2 (i.e., party), and two untreated
targets at assessment 3 (i.e., party and tummy) jeopardized experimental control, even though this
may actually have been evidence of generalized treatment effects (see Figure 2.6). For example,
one of his first treatment targets was the word dirty (/d3ti/ or /d3-ri/) which shared very similar
phonological features with the untreated targets party (/pauci/ or / paati/) and tummy (/tami/).
Angelo first produced the target dirty during developmental play of treatment phase 1, and
subsequently produced the targets party and tummy. Consequently, it is possible that treating the
word dirty helped facilitate his acquisition of the untreated targets party and tummy and thereby

jeopardized the very experimental control needed to demonstrate a causal treatment effect.

In sum, “information from groups and information from individuals contribute separate but
uniquely important sources of information” to applied research (Kazdin, 2011, p. 12). In the
present study we found that single-case methodology offered useful converging evidence for the
treatment effects reported in DeThorne et al. (2015) but also uncovered important forms of
individual variability that could be used to inform educational and clinical practice. It is interesting
to note that even though single-case research is sometimes presented as a less rigorous
methodology (e.g., ASHA, n.d.), in the present project the single-case design yielded a more
conservative experimental outcome than did the group design. Moving forward, our hope is to
increase awareness and acceptance of the strengths associated with science focused on
understanding individual learning trajectories, and for patient-centered organizations such as the

American Speech-Language-Hearing Association to explicitly recognize single-case designs in



41

their levels of evidence (see ASHA, n.d.) as another method that can be used to establish evidence-

based interventions (cf. Justice & Fey, 2004).
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CHAPTER 3:

Skin Conductance as an In-Situ Marker for Emotional Arousal in Children with
Neurodevelopmental Communication Impairments:

Methodological Considerations and Clinical Implications ’

Abstract

Even though electrodermal activity has been widely used in the study of psychological states
and processes for over 130 years, the use of such technology in situ, within the context of daily
activities, remains a major challenge. Recent technological advancements have led to the
development of wearable biosensors that noninvasively measure electrical conductance across the
skin. These biosensors represent a new approach for skin conductance assessment, as a proxy for
emotional arousal, in children with neurodevelopmental communication impairments who are
often described as having difficulties with emotional regulation, expressing thoughts and feelings,
and present a higher prevalence of challenging behaviors. Here we provide an overview of skin
conductance and explore the benefits of recent technological advancements for applied research
and clinical practice. We draw on user experience from two experimental interventions involving
eight children with neurodevelopmental disabilities. In both cases investigators monitored phasic
and tonic EDA measures in situ using wearable biosensors. We share the behavioral and technical
challenges experienced across these two experimental contexts, and propose associated
considerations for future use. Specifically, sensor functioning, synchronization, and data
preprocessing/analysis difficulties, as well as behavioral findings related to developmental

differences, sensor tolerance over time, and sensor placement are discussed.

" The work in this chapter has been published: Aparicio Betancourt, M., DeThorne, L., Karahalios, K. & Kim, J.
(2017). Skin conductance as an in situ marker for emotional arousal in children with neurodevelopmental
communication impairments: Methodological considerations and clinical implications. ACM Transactions on
Accessible Computing, 9(3), 8. http://dx.doi.org/10.1145/3035536. LD & KK assisted with research design. LD edited
prior drafts. JK analyzed EDA data for the OT-EDA study, and wrote the first draft of a subsection of the chapter
included in section 3.2.5.2.2 Human computer interaction.
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3.1 Introduction

Electrodermal activity (EDA) has been widely used in the study of psychological states and
processes for over 130 years (Boucsein (1993) 2012) . However, traditionally its use has been
limited to highly controlled settings in research laboratories with restricted external validity (e.g.
Figner and Murphy 2011, Stevens and Gruzelier 1984, Williams et al. 2004). Recently, wearable
biosensors that noninvasively measure electrical conductance across the skin have been
introduced, offering the opportunity to study skin conductance in situ, within the context of daily
activities (e.g. Poh et al. 2010a, 2012). Biosensors that measure EDA, among other biometrics, are
already being commercialized and featured in mainstream media, with promises to “get the most
out of your workouts" with the OM smart bra (OMsignal 2016), and to attain “a more calm,
balanced state of mind” with Spire (Spire 2015). More relevant to this particular chapter, such
technology has been marketed as able to predict “outbursts in individuals with autism” (Violeta
2015) (See also Curtis 2015, Kraft 2015, Stout 2015). The biosensor wristband is projected to
“allow carers to monitor physiological signals that may be indicative of an impending meltdown,
thereby allowing them ample time to take appropriate actions” (Violeta 2015). We contend that
assessing skin conductance, as a proxy for emotional arousal, in children with neurodevelopmental
communication impairments holds qualified promise in helping communication partners
understand and interpret the perceptions and experiences of children with communication
impairments. Despite promise, this technology is reaching the general public at a rate faster than
associated guidelines for evidence-based practice.

The current chapter provides an overview of skin conductance and identifies the challenges
associated with assessing skin conductance in children with neurodevelopmental communication
impairments in situ, leading to the development of considerations for practice and the
accumulation of resources to facilitate future data collection and analysis. The present work stems
from our experiences assessing in situ skin conductance in children with neurodevelopmental
communication impairments during two experimental contexts: 1) a speech-language intervention
study focused on increasing multisyllabic productions in children with speech-language
impairments (SL-EDA study) (see Aparicio Betancourt, DeThorne, and Karahalios 2013 for SL-
EDA feasibility study, see DeThorne et al. 2015 for larger behavioral intervention project); and 2)
an occupational therapy study focused on examining the use of a pressure vest to increase academic

engagement for two children with intellectual disabilities (OT-EDA study) (Snodgrass et al. 2015).
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We briefly review prior preliminary EDA findings from these two studies and also present novel
post hoc data analyses specifically related to the utility of this technology with children with

neurodevelopmental communication impairments in clinical settings.

3.2. Overview of Skin Conductance

EDA is a common term for the variation of electrical phenomena in the skin in response to
sweat secretion, triggered by postganglionic sudomotor nerve fibers (i.e., sympathetic sweat motor
nerve fibers, mediated by the neurotransmitter acetylcholine also referred to as cholinergic
innervation) (Benedek and Kaernbach 2010a). The relationship between skin sympathetic nerve
activity and electrodermal responses is complex (Kunimoto et al. 1992, Kunimoto et al. 1991), and
is highly influenced by participant’s thermoregulatory state (Wallin 1981). When comfortable
ambient temperature is maintained (usually 22-24 °C), electrodermal activity has been shown to
respond relatively slowly to sympathetic nerve impulses (i.e., usually 0.5-1.5 s and sometimes
greater than 5 s), and the strength of the electrodermal responses also varies (Hagbarth et al. 1972,
Kunimoto et al. 1992, Kunimoto et al. 1991, Wallin 1981). Differences in stimulus-response
latency and sensitivity may be due to: interindividual differences in thermoregulatory state,
differences in conduction time (e.g., conduction may vary based on the recording site and
participant’s height), the requirement of duct filling or sweat production potentiation before
triggering an electrodermal response, and local stimuli including hormonal and mechanical stimuli
(Kunimoto et al. 1992, Kunimoto et al. 1991, Wallin 1981). Although direct nerve recordings
provide a more sensitive measure of cholinergic sympathetic activity (Brown et al. 2012),
electrodermal activity remains a reliable and well-validated indirect measure which offers the
opportunity to assess sympathetic nervous system (SNS) activity non-invasively and in sifu.
Broadly, EDA can be measured by placing two electrodes on the surface of the skin with or without
applying a small external electrical current, referred to as exosomatic and endosomatic methods
respectively. The use of EDA within psychological research has focused on exosomatic methods,
recording skin resistance (R) or its reciprocal, skin conductance; R is equal to the voltage (V)
applied between two electrodes placed on the surface of the skin, divided by the current (/) passed
through the skin (R = V/I) (Boucsein (1993) 2012).

Changes in EDA may be caused by an increased or decreased demand for neural activity,

including cognitive and emotional loads, and physical activity. Effortful allocation of attentional
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resources, stress, affect, hydration of the corneum (upper epidermal layer), and diurnal effects (i.e.,
EDA levels are sensitive to the time of day), are factors known to influence EDA (Boucsein (1993)
2012, Critchley 2002, Dawson, Schell, and Filion (2000) 2007, Nagai et al. 2004). Specifically, an
increase in cholinergic innervation (i.e., mediated by acetylcholine), as occurs for example in
response to acute stressful stimuli such as being startled by a lightning bolt during sleep or in
response to increased concentration due to increased task demands, leads to an increase in
sudomotor SNS activity. This leads in turn to increased eccrine sweat gland secretion, and
increased electrical or skin conductance that can be measured by biosensors (see Figure 3.1)
(Benedek and Kaernbach 2010a, Squire et al. 2008). Baseline electrodermal activity may also vary
with individual differences in race, age, sex, body mass index, sweat gland density, and with use
of medications and psychoactive substances including caffeine (Doberenz et al. 2011).
Electrodermal activity is measured as a one dimensional time series signal and consists of two
main phenomena: phasic and tonic.

1 Skin

T Cholinergic 1 Sudomotor 1 Eccrine sweat conductance

Innervation

gland secretion (SC= phasic SCR

Acetylcholi SNS activity
(Acetylcholine) + tonic SCL)

Figure 3.1. Sympathetic cholinergic (sudomotor) innervation predominantly mediates skin conductance.

3.2.1 Phasic skin conductance response. The phasic skin conductance response, reaction
(SCR) or peaks, is a transient increase in skin conductance elicited one to five seconds after
stimulus onset; novel, unexpected, significant, or aversive stimulus have been shown to produce
an SCR (Boucsein (1993) 2012, Dawson, Schell, and Filion (2000) 2007). Consider, for example,
an SCR elicited in a child who is first introduced to the shake of a tambourine, the sight of a toy
snake, or the unexpected strobe light display at a museum. It is important to note, what may elicit
an SCR in one person may not necessarily do so in another, and how our bodies respond to a
stimulus may change over time or may vary based on context. For example, a self-identified

autistic® woman, Dr. Temple Grandin, describes craving the “good feeling of being hugged”, but

¥ we acknowledge the different perspectives surrounding identity-first and person-first language and use both as a means to recognize and
appreciate the different opinions, and to improve sentence clarity (see Autism&Oughtisms 2011, Duncan 2011 for perspectives of parents of autistic
children who use both identity and person-first language). Advocates of identity-first language propose autism is not a negative quality and is a part
of the person, central to a person’s identity, and should thus be used as an adjective (see Hillary 2015, Sinclair 1999 for perspectives written by
autistic individuals). On the other hand, person-first language proponents view autism as a negative quality, as one of many traits of a person, that
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then she describes how she “stiffened and pulled away to avoid the all-engulfing tidal wave of
stimulation” (Grandin (1992) 2013). Temple Grandin may have experienced increased SCRs when
hugged by others, compared to when she was at rest, and compared to a person who is not as
sensitive to hugs.

In addition to specific phasic responses, there is spontaneous nonspecific phasic activity which
cannot be linked to any specific stimulation. Nonspecific SCRs are most often used during
continuous data collection, as it is difficult to link responses to specific stimuli. Nonspecific SCRs
are considered a useful, indirect, index of sudomotor sympathetic activity, with higher frequency
associated with higher levels of activity. The NS.SCR is frequently measured by both the
amplitude and frequency of associated peaks, often ranging between 0.1-1.0 uS and 1-3 per minute
respectively while at rest (Boucsein (1993) 2012, Dawson, Schell, and Filion (2000) 2007). In
general, nonspecific SCRs can be observed while at rest due to spontaneous activity, and are also
associated with relatively mundane stimuli within our day to day, as well as in response to less
mundane stimuli such as the abrupt loud sound of a fire alarm. However, it may be difficult to link
responses to specific external stimuli when collecting data in uncontrolled applied settings.
Consequently, all SCRs gathered during continuous data collection, such as applied settings, are

considered nonspecific.

3.2.2 Basal tonic skin conductance level. In contrast to the phasic component, the basal tonic
skin conductance level (SCL) is relatively stable and associated with gradual changes in skin
conductance. SCL will be relatively high in novel environments and will decrease gradually with
time; it is associated with both cognitive and emotional arousal. As an example, the SCL of a child
during their first day of school might be significantly higher compared to their SCL on subsequent
days of the school year. The SCL has also been shown to be lower during sleep and higher during
activated states such as states of increased concentration like when you are solving a math problem
or learning to play the guitar. The SCL is frequently measured by the overall tonic level of
electrical conductivity of the skin or as a gradual change measured at two or more points in time,
often ranging between 2-20 uS and 1-3 uS respectively (Boucsein (1993) 2012, Dawson, Schell,
and Filion (2000) 2007).

is not central to their identity, and believe using autism as an adjective leads to devaluation of the person and facilitates prejudice and discrimination
(see Snow 2009 for a perspective of a mother of an adult with cerebral palsy).
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3.2.3 Skin conductance measures. As aforementioned, phasic skin conductance response is
frequently measured by both the amplitude and frequency of associated peaks. Basal, tonic skin
conductance is frequently measured by overall skin conductance level, or change in SCL. Less
common measures include: SCR area under the curve (AUC; i.e., the total area between the SCR
initiation and recovery of SCR amplitude); and SCL AUC (i.e. the total area between a specified
window of time) (Boucsein (1993) 2012, Dawson, Schell, and Filion (2000) 2007); see Figure 3.2
for an illustration of SC components and relevant measures). Correlations among EDA measures
are generally moderate to low; however, the association between AUC and the other EDA
measures is largely undocumented. Such findings suggest that most of the EDA measures represent
partially independent sources of information, although the neurological and psychophysiological

underpinnings are not well understood.

3.0~

20

Raw SCR
Decomposed SCR

1.0 e Decomposed
( scL
. I N I {
00:00 00:39 01:18 01:57 02:36 03:15 03:55 04:34 05:13 05:52

Figure 3.2. EDA/SC data as graphically displayed by BEDA (Kim et al. 2013). Light blue phasic SCR shows the SCR
prior to SC decomposition (raw SCR). Dark blue phasic SCR and mid blue tonic SCL are the two components of SC
post SC decomposition; SC= SCL + SCR.

3.2.4 Neural mechanisms of skin conductance. The neural mechanisms and pathways
involved in mediating EDA are numerous and complex and further research elucidating the central
origins of EDA is needed. Eccrine sweat glands have been shown to be mediated at different levels
of the central nervous system, by both ipsilateral (i.e., same side of the body) and contralateral (i.e.
opposite side of the body) processes, which are partly independent of each other. Boucsein ((1993)
2012) proposed three main central nervous system levels influencing EDA (see also Critchley
2002):

1) Ipsilateral Limbic Hypothalamic Source: excitatory influences stem mainly from the

hypothalamus, amygdala, and limbic system, whereas inhibitory influences stem from the



52

hippocampus. The limbic hypothalamic source is thought to be influenced by both
thermoregulatory and emotional processes.

2) Contralateral Premotor Basal Ganglia Source: independent of the first source and is
composed primarily of excitatory and inhibitory influences originating on the premotor
cortex, frontal cortex, and basal ganglia which mediate EDA in preparation of specific
motor actions.

3) Reticular Formation (RF) Modulating System: both excitatory influences and inhibitory
influences originate from the bulbar level of the RF on EDA, and may be eliciting or

modulating influences that originate from the first two sources.

Generally, EDA during emotional tasks is thought to be mediated by the ipsilateral system,
which may differentially influence eccrine sweat secretion (Mangina and Beuzeron-Mangina
1996), whereas EDA during nonemotional tasks is mediated by the contralateral system (Dawson,
Schell, and Filion (2000) 2007). Differential influence of the ipsilateral system on eccrine sweat
secretion has been supported by a direct electrical stimulation study in humans (Mangina and
Beuzeron-Mangina 1996). SCRs elicited by direct stimulation of limbic structures, the amygdala
in particular, via intracerebral electrodes in five adult neurosurgical patients, yielded a higher
amplitude compared with those elicited from cortical areas, with higher ipsilateral than
contralateral responses. Specific to the neural systems associated with the phasic skin conductance
response see Critchley (2002), Dawson, Schell, and Filion ((2000) 2007), Mangina and Beuzeron-
Mangina (1996), Nagai et al. (2004), and Vetrugno et al. (2003). Although there has been
disproportionately less research examining the neurological underpinnings of the basal tonic skin

conductance level readers are referred to Nagai et al. (2004).

3.2.5 Past and Common Uses. Recent advances in the development of biosensors have led to
watch-like bands with embedded electrodes that noninvasively measure electrical conductance
across the skin by passing a small amount of direct current between two electrodes in contact with
the skin (bipolar recording) such as the Q sensors (Affectiva 2012) and E4 sensors (Empatica
2016b). In addition to measuring skin conductance (microsiemens, us), such sensors may also
measure temperature (Celsius), actigraphy (g-force, g), and photoplethysmography (which
measures blood volume pulse from which cardiovascular measures such as heart rate can be

extracted).
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With the increased ease of EDA measurement has come a variety of new uses. In particular,
EDA has been used in conjunction with functional magnetic resonance imaging (fMRI) to examine
sympathetic activity during the decision-making process (Figner and Murphy 2011), as well as its
association with implicit fearful experiences (Williams et al. 2004). One of its most promising
areas is the potential to manage epilepsy (Empatica 2016a, Nagai and Critchley 2008) and predict
seizures, particularly generalized tonic-clonic (GTC) seizures (Poh et al. 2012, Ramgopal et al.
2014).

In addition to such interesting venues, the use of EDA data may be particularly useful for better
elucidating the everyday experiences of children with neurodevelopmental disabilities, especially
those who experience significant communication difficulties. Although EDA varies widely across
subjects, it is relatively stable within subjects, and changes in EDA within subject are associated
with different psychological states (Boucsein (1993) 2012, Dawson, Schell, and Filion (2000)
2007). Consequently, monitoring EDA may assist in understanding children’s response to various
environmental conditions. One basic tenet, specified by the Yerkes Dodson Law (Yerkes and
Dodson 1908), states that human performance increases as physiological arousal increases up to
an optimal arousal point, beyond which it decreases; thus, representing a quadratic equation shown
in an inverted-U curve. As such, EDA could help provide valuable information regarding how to
best fashion educational environments to facilitate children’s comfort and learning. More recently,
researchers have also predicted it can be used to detect meltdowns in children with autism (Curtis
2015, Kraft 2015, Stout 2015, Violeta 2015). However, additional research is warranted

investigating the use of biosensors to measure in sifu skin conductance in applied settings.

3.2.5.1 Benefits of EDA assessment in children with neurodevelopmental communication
impairments. Utilizing EDA to understand emotional arousal could be particularly useful for
children who frequently encounter communication challenges. Neurodevelopmental
communication impairments impact as many as 25% of children (Law et al. 2000) (See also ASHA
2014, Nelson et al. 2006, Pinborough-Zimmerman et al. 2007), including diagnoses of autism
spectrum disorders, social (pragmatic) communication disorder, language delay or disorder,
childhood apraxia of speech, and severe speech sound disorders.

Moreover, children with neurodevelopmental communication impairments are often described
as having difficulties with emotional regulation and reported to have a higher prevalence of

challenging behaviors. Redmond and Rice (1998) report a 50-70% co-occurrence between
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language impairments and socio-emotional difficulties, most likely due in part to communication
challenges. Challenging behaviors include both externalizing behavioral problems such as
physical aggression (e.g., hitting, kicking, biting), verbal aggression, oppositional behaviors (e.g.
running away), and internalizing behavioral problems such as anxiety, depression, and social
withdrawal (cf. Qi and Kaiser 2004). Studies suggest that interventions aimed at understanding the
feelings and intentions of individuals with communication challenges are likely to decrease the
frequency and severity of challenging behaviors (Gainey 2013, Halle, Ostrosky, and Hemmeter
2006, Hemmeter, Ostrosky, and Fox 2006, Hutchins and Prelock 2014). Our hope is that measures
of physiological arousal could aid in better understanding the emotional arousal levels and
corresponding emotions of children with neurodevelopmental communication impairments in

order to build better environments to support their learning and social interaction.

3.2.5.1.1 Sensory integration differences in children with autism. Electrodermal activity
assessment might be particularly useful for children with communication and sensory integration
difficulties, such as many children with autism. In fact, hyper/hypo-reactivity to sensory input or
unusual interest in sensory aspects of the environment is a diagnostic feature for autism spectrum
disorders as detailed in the Diagnostic and Statistical Manual of Mental Disorders, fifth edition
(APA 2013), and is commonly reported by autistic adults (Grace 2015, Fleischmann and
Fleischmann 2012). Stevens and Gruzelier (1984) assessed EDA (i.e., SCL and SCRs) in a
controlled laboratory setting and demonstrated that levels of skin conductance were slightly higher
in autistic children compared to neurotypical children and those with intellectual disabilities (ages
7-17 years) in response to auditory stimuli, thereby providing evidence for a tendency toward
heightened physiological arousal. In addition, the children with autism showed reductions in peak
amplitude, longer response latencies and rise times in response to 70 dB tones, indicating a slower
habituation and relative delay in stimulus registration (See also Ming et al. 2005). Moreover,
differences in skin conductance in response to another person’s gaze have also been reported in
children with autism, with increased SCRs associated with straight-forward gaze compared with
averted gaze (Kylliainen and Hietanen 2006). Differential pattern of SCRs to the two gaze
conditions was not seen in children without autism. Together, such results support the sensory
integration differences often reported in individuals with autism (Tomchek and Dunn 2007), and

suggest that EDA data might be useful in adjusting intervention environments.
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3.2.5.2 In situ EDA assessment.

3.2.5.2.1 Behavioral sciences. Despite the recent technological advances in EDA, few studies
have examined in situ EDA in children with communication impairments within the behavioral
sciences, and the impact of intervention on children’s emotional arousal is relatively unexplored.
Hedman (2010) was the only study we found that examined EDA during intervention, and it was
largely observational in nature. Specifically, EDA was measured using a biosensor known as
iCalm in 22 children with sensory processing disorder during particular guided occupational
therapy activities. Each child participated in three to eight guided activities per session and
analyses were based on approximately 50 total one-hour sessions. The lack of an experimental
control, the lack of normalization of the data and the low power led to inconclusive results.
However, the researchers highlighted results from individual children in response to specific
stimuli. For example, one child demonstrated increased emotional arousal when playing in the ball
pit, whereas another child demonstrated significant decreases during the same guided activity. The
study highlighted the importance of case study methodologies that can assess and accommodate
children’s individual differences.

Similar to Hedman (2010), Miller, Coll, and Schoen (2007) examined EDA in children
undergoing occupational therapy. However, skin conductance was not assessed during the
intervention; instead, SC was continuously recorded during the Sensory Challenge Protocol before
and after treatment. The Sensory Challenge Protocol consisted of a series of 50 sensory stimuli
administered to the participants. Miller, Coll, and Schoen (2007) conducted a pilot randomized
controlled trial in 24 children with sensory modulation disorders to assess the effectiveness of
occupational therapy using a sensory integration approach. Even though group comparisons had
limited power, were nonsignificant, and 54% of the EDA data had to be discarded, their results
indicated greater reduction in SCR amplitude in children in the treatment condition compared with

the children in the active and non-active control groups suggesting reduced hyper-reactivity.

3.2.5.2.2 Human computer interaction. Although a large number of studies have investigated
ways to automatically identify individuals’ stress levels (e.g. Healey and Picard 2005, Sano and
Picard 2013), engagement levels (e.g. Hernandez et al. 2014), and various emotions such as
happiness (e.g. Jaques et al. 2015) using EDA and other physiological data such as heart rate in
individuals without communication impairments, fewer studies within computer science have

explored the use of such systems in individuals with neurodevelopmental communication
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impairments. More recently, several technological applications have been developed to measure
EDA in conjunction with eye gaze measures and measures of social communication in autistic
individuals, to better understand how their physiological levels change when demonstrating
challenging behaviors or during social interactions (el Kaliouby and Goodwin 2008, Lee et al.
2008, Riobo et al. 2014). The goal of these systems is to support communication by providing
caregivers of individuals with autism and autistic individuals themselves with alternate methods
to observe their levels of emotional arousal in real-time during social interactions. Reviewing EDA
levels synchronized with video data of challenging behaviors or day to day social interactions
could potentially be used to provide biofeedback to autistic individuals to facilitate processing
social information and facilitate regulating emotional arousal levels prior to engaging in
challenging behaviors.

For example, Lee et al. (2008) developed a wearable platform to detect face contact using a
hat-mounted wireless camera while measuring EDA via a wrist-worn sensor. The researchers
conducted a usability study with four autistic adolescents and their caregivers to explore how the
system could be improved to be used to quantify social stimuli and the associated stress response,
as measured by skin conductance. Findings illustrated various limitations of the system including
the need to develop a more flexible system that provides information in real-time. In fact, one of
the caregivers who participated in the study suggested that real-time visualization of physiological
states of people with autism “would be helpful in understanding students’ arousal states and in
teaching self-regulation” (Lee et al. 2008). With a similar motivation, the Interactive Social-
Emotional Toolkit (iISET) (el Kaliouby and Goodwin 2008, Madsen 2010) was developed by
combining a wearable camera, that can be worn as a self-cam or a head-cam, and a wrist-worn
sensor to capture video, audio, and physiological data (i.e. skin conductance, heart rate, and
movement) concurrently. Young autistic adults have participated in the early design stages and
used prototypes of the wearable system that captures multimodal data. The goal of this technology
is to facilitate the processing of high-speed and complex social information such as nonverbal cues,
by providing autistic adults with the opportunity to systemize, quantify and reflect on their own
social interactions via a fun and engaging tool. Finally, Riobo et al. (2014) developed a system
that sent a real-time visualization of an autistic child’s EDA to the Google glass unit (Google Inc.)
worn by their caregiver, while the two were interacting together. The system aims to help

caregivers interact with their children by gaining a deeper understanding of the child’s internal
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state and their individual experience of the social interaction. These different technologies
however, have yet to be evaluated in a large-scale basis or in in-depth qualitative, descriptive
studies evaluating user experience.

Although technological applications and computational methods have been developed and
have shown promise of using EDA to understand and predict behaviors in individuals whom are
often difficult for their partners to understand, there is limited research investigating and/or
reporting the challenges in using wearable sensors to assess in situ EDA in children with
neurodevelopmental communication impairments (cf. Boucsein (1993) 2012, Doberenz et al.
2011, Turpin, Shine, and Lader 1983). For example, wearing a novel object, such as a sensor, could
be a challenging task in itself for children with autism and/or sensory difficulties. In this way, we
aim to provide methodological considerations for assessing short-term in sifu skin conductance
based on investigator experience working with children, ages 2-11, with neurodevelopmental

communication impairments across two applied experimental contexts.

3.3 Experimental Context

This section introduces the two experimental contexts used to inform our considerations for
use of biosensors in situ with children who have neurodevelopmental communication impairments:
skin conductance assessment during speech-language therapy, followed by a study assessing skin
conductance during occupational therapy. Specifically, we provide a brief overview of the purpose,
method, and results associated with each study, with an explicit focus on novel post hoc data

analysis related to use of the biosensors to collect EDA during behavioral intervention.

3.3.1 SC assessment during speech-language therapy. This feasibility study, hereafter
referred to as the SL-EDA study, assessed the associations between in situ EDA recordings and
off-line behavioral coding of emotional valence (EV) and examined the association among
different EDA measures (Aparicio Betancourt, DeThorne, and Karahalios 2013)°. The study
represents a subset of participants (n= 6) from a larger project that examined the effectiveness of
a speech-language intervention for children at the single-word stage of development (i.e.,
DeThorne et al. 2015). Participant demographic and novel behavioral data regarding biosensor use

within the SL-EDA study is presented in Table 3.1 by participant (identified by pseudonyms). The

? SCL. AUC is referred to as SC.AUC in Aparicio Betancourt et al., 2013 but should read as SCL.AUC
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first author served as one of the intervention therapists for all participants except Karis, and all
sessions were video- recorded. Note that Dora and Pan withdrew early from the larger intervention

study, and Heidi never tolerated wearing the biosensors'’.

Table 3.1. SL-EDA Participant Demographic & Biosensors Information

Primary % Sessions
Participant Clinical Q Sensor  Total # of # Desensitization Sensor
Pseudonym Gender Age Race Diagnosis Placement  sessions * Sessions” Worn ©
Unspecified
Developmental Left & Right
Pyrros Boy 2;7  White Delay Ankle 37 1 97%
Left & Right
Dora Girl 2;11  Asian Autism Wrist/Ankle 9 0 89%
Speech Sound  Left & Right
Angelo Boy 3;0  White Disorder Ankle 24 8 67%
Heidi Girl 3;8  White Autism NA 25 25 0%
Karis Boy  4;10° White Autism Right Wrist 20 5 60%
Left & Right
Pan Boy 4;11  White Autism Ankle 3 2 33%

*Total # of sessions refers to the total number of sessions, including both treatment (tx) and evaluation sessions, in
which the participant was exposed to the sensor(s).” # Desensitization Sessions refers to the number of sessions the
child was exposed to the sensor(s) prior to wearing it for at least half the tx session (i.e., 22.5 minutes). “ % Sessions
Sensor Worn refers to the percentage of sessions at least one sensor was worn for at least half the tx session (i.e., 22.5
minutes). ¢ Karis’ age was reported as 4;8 in Aparicio Betancourt et al., 2017 but should read as 4;10 (i.., 4.8 years).

EDA was measured in microSiemens (uS) and recorded from dry Ag/AgCl disk electrodes at
a sampling rate of 8 Hz using the Affectiva Q sensor v1 as long as children were willing to wear
the biosensors (see Figure 3.3, left panel). The biosensors were fitted at the wrist or ankle based
on participant tolerance and preference was given to the dominant wrist/ankle as it yielded a higher
amplitude compared to the nondominant wrist/ankle (see Roman et al. 1989 for similar results, see
Picard, Fedor, and Ayzenberg 2016 for significant EDA asymmetry, with greater amplitude in
dominant wrist); for consistency, only data from the dominant wrist/ankle were analyzed.
Although EDA data collected at the wrist yielded slightly higher responses compared to the ankle,
sensor location attempted to increase participant’s comfort level and decrease distractions (see

Payne et al. 2013, for similar results). Collection of EDA data at both the wrist and the ankle do

1 . . . o
% Dora’s family moved out of state and Pan’s mother reported that he was already overcommitted with other activities.
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not interfere with daily activities and have been shown to be accurate and strongly correlated with
more traditional palmar sites of EDA measurement (Fletcher et al. 2010, Picard, Fedor, and
Ayzenberg 2016, Poh, Swenson, and Picard 2010b). The biosensors were calibrated to be the same
within study. The number of sessions participants were exposed to the sensor(s) prior to wearing
them for at least half the treatment session (i.e., # desensitization sessions), and the length of the
desensitization procedures varied by participant based on sensor tolerance (see section 3.5.1 for a
review of the desensitization techniques). Even though dry electrodes were used, to improve signal
acquisition electrode gel was placed on each electrode, and children participated in a biosensor
acclimation process which involved a period of activation followed by a rest period intended to
bring the children’s physiological arousal level back to a theoretical baseline. Following the
biosensor acclimation process, children participated in a motor practice session that involved
repetitions of multisyllabic speech productions (e.g. butterfly, tiger), and a developmental play
session in which those same words were modeled and elicited during child-centered play-based
activities (Figure 3.3) (See DeThorne et al. 2015 for additional treatment details). The average
session length for the SL-EDA study was 55 minutes (i.e., 10 minutes for the biosensor acclimation

process and 45 minutes for therapy).

Figure 3.3. Left panel: Affectiva Q Sensor (Affectiva 2012). Mid panel: Child practicing target words with VocSyl, a
software developed to provide online visual feedback during the motor practice portion of the intervention; biosensors
are placed on his ankles and are not visible. Right panel: Child engaged in a naturalistic interaction during
developmental play targeting the disyllabic word, tiger; biosensors are placed on his left and right ankles.

Consistent with prior literature (Boucsein (1993) 2012, Dawson, Schell, and Filion (2000)
2007, Hernandez et al. 2014), the EDA measures assessed included nonspecific skin conductance

response frequency (NS.SCR.freq) per minute, nonspecific skin conductance response amplitude
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(NS.SCR.amp), and an additional less traditional measure, nonspecific skin conductance level area
under the curve (SCL.AUC). SCRs were detected using an amplitude threshold > .01 ps and a
minimum distance between responses of at least 1 second. SCL.AUC was calculated using one-
minute consecutive windows from the start of the session to the end of the session. The thermostats
at the clinical facility were set at a comfortable ambient temperature, approximately 71 °F (22 °C),
and all analyzed intervention sessions were held at the same time each day within participant. EDA
data were analyzed for participants who completed the speech-language intervention and wore the
biosensors (i.e., Pyrros, Angelo, Karis). Although EDA data were collected across both treatment
and evaluation sessions, data were analyzed for treatment sessions only due to differences in
activity. Data from 33% (21/63) of all treatment sessions had to be discarded due to a) sensors not
worn or tolerated for at least half the session (11/21, 52%), b) low signal to noise ratio associated
with loss of electrode contact with the skin due to physical activity, such as jumping and hand
flapping, and participant manipulation with the sensors (5/21, 24%), c) malfunctioning sensors or
synchronization difficulties (4/21, 19%), and d) sessions being held at a different time of the day
(1/21, 5%). The percent of sessions with useable EDA data by child was 91% (29/32) for Pyrros,
61% (11/18) for Angelo, and 15% (2/13) for Karis. Consistent with signal processing and
continuous skin conductance processing (Benedek and Kaernbach 2010b, Boucsein (1993) 2012,
Dawson, Schell, and Filion (2000) 2007, Hernandez et al. 2014), EDA analyses followed a 3-step
process: 1) visual inspection of 10% of synchronized treatment sessions with EDA recordings
using ELAN''. 2) data pre-processing (visual inspection of all EDA recordings, cropping, manual
artifact rejection and smoothing), and 3) SC decomposition into continuous phasic SCR and tonic
SCL components using BEDA '* (Kim et al. 2013) and MATLAB. Actigrahy (3-axis
accelerometry) and skin surface temperature data were used to aid synchronization, visual
inspection of the data, and manual artifact rejection. In addition to assessing emotional arousal,
emotional valence was assessed by conducting off-line behavioral coding of all treatment sessions
for which EDA data were analyzed. Specifically, emotional valence was rated every minute based
on an examiner’s video review of the child’s vocalizations, facial expressions, and corporal

gestures, using a 1-5 Likert scale (1 = high negative affect, 5 = high positive affect).

" ELAN is an annotation tool that allows you to converge multi-media recordings (Brugman and Russel 2004, MPI 2016, see Berez 2007 for a
review)

12 BEDA is a visual analytic tool to help synchronize, visualize, and analyze data sources for multiple sessions of behavioral and physiological
data.
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As a brief overview of results from the SL-EDA study, associations between in situ EDA and
off-line behavioral coding of emotional valence were examined by polynomial regression for all
treatment sessions. NS.SCR.freq was significantly higher for high positive and negative off-line
behavioral coding of emotional valence ratings compared to neutral ratings (b= .53, p < .01)
though the effect size was small (adjusted R* = .023, F(4, 1,337) = 8.78, p < .001). Although
significant, NS.SCR.freq explained very little variance in behavioral ratings of emotional valence
(< 3%). Consistent with the general trends recorded in other studies for the average physiological
responses for children who were more difficult to engage (Hernandez et al. 2014) or for children
introduced to novel stimuli (Dawson, Schell, and Filion (2000) 2007), both NS.SCR.freq (b =
.14, p <.001) and SCL.AUC (b = .20, p < .001) significantly increased over time within session
though with fairly small effect sizes'® (NS.SCR.freq: adjusted R* = .019, F(2, 1,339) = 13.66, p <
.001; SCL.AUC: adjusted R* =.053, F(2, 1,339) =38.75, p <.001). In regard to associations across
EDA measures, consistent with prior research, results indicated a significant moderate correlation
between NS.SCR.freq and NS.SCR.amp (r = .48, n = 42, p < .01). In contrast, the association
between SCL.AUC and other EDA measures is largely undocumented. Results indicated a
significant high correlation between NS.SCR.freq and SCL.AUC (r=.85,n=42, p <.001), and a
significant moderate correlation between NS.SCR.amp and SCL.AUC (r = .44; n =42, p < .01),
suggesting SCL.AUC and NS.SCR.freq may be mediated by similar psychophysiological or

neurological sources.

3.3.2 SC assessment during occupational therapy. The second experimental context
reviewed here is a single-subject reversal design study (A-B-C-A) focused on examining the
effects of a pressure vest on academic engagement, challenging behaviors, and skin conductance
in two children with neurodevelopmental disabilities (Snodgrass et al. 2015), hereafter referred to
as the OT-EDA study. The use of pressure vests and other sensory integration techniques are
common practice within occupational therapy for individuals with increased needs for
proprioceptive/tactile input as a means to help regulate physiological arousal (Barton et al. 2015,
Hodgetts, Magill-Evans, and Misiaszek 2011, Lang et al. 2012, Reichow et al. 2009). The use of

biosensors was included to assess EDA as a dependent variable, in addition to behavioral

13 Although the general protocol of the speech-language treatment sessions remained the same, children engaged in a variety of activities during
the latter half of the session consisting of developmental play and were therefore not habituated to the stimuli (see DeThorne et al. 2015 for treatment
details).
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measures. Participant demographic and novel behavioral data regarding biosensor use within the
OT-EDA study is presented in Table 3.2 by participant (identified by pseudonyms). All sessions

were video-recorded.

Table 3.2. OT-EDA Participant Demographic & Biosensors Information

Primary Total # # % Sessions
Participant Clinical Q Sensor of Desensitization ~ Sensor
Pseudonym Gender Age Race Diagnosis Placement  sessions * Sessions Worn ©
Intellectual Left &
Damien Boy 9;8 Black Disability ID)¢ Right Ankle 37 0 100%
Calvin Boy 11;6 White Autism, ID Left Ankle 23 0 100%

*Total # of sessions refers to the total number of sessions, including both observation and treatment (tx) sessions, in
which the participant was exposed to the sensor(s). °# Desensitization Sessions refers to the number of sessions the
child was exposed to the sensor(s) prior to wearing it for at least half the tx session (i.e., 7 minutes). © % Sessions
Sensor Worn refers to the percentage of sessions at least one sensor was worn for at least half the tx session, (i.e., 7
minutes). ¢ Damien had secondary diagnoses that included physical impairment, complex partial seizures and absence
seizures.

In contrast with the SL-EDA study, the OT-EDA study collected electrodermal activity at a
sampling rate of 32 Hz using the Affectiva Q sensor v2. In addition to the functions present in
Affectiva Q sensor vl used by the SL-EDA study, v2 offered wireless capabilities via Bluetooth
connection. The sensor could transmit data between the Q sensor and a computer in real-time for
visualization using Q Live Software. However, only data from the internal card data were analyzed
(see section 3.4.2.1 for further details). The biosensor(s) were fitted on the ankle and secured with
an ankle wrap. Similar to the SL-EDA study, preference was given to the dominant ankle and only
data from the dominant ankle were analyzed. Sessions consisted of a biosensor acclimation process
followed by occupational therapy activities individualized to each participant’s goals, such as fine
motor skills (e.g., self-feeding with a fork) and cognitive skills (e.g., counting, sorting objects by
attributes such as color) (Figure 3.4) (see Snodgrass et al. 2015 for additional treatment details).
The reversal-design (A-B-C-A) consisted of three main conditions: unpressurized vest, structured
teaching (condition A); unpressurized vest, unstructured teaching (condition B); and pressurized
vest, unstructured teaching (condition C). The average session length for the OT-EDA study was

24 minutes (i.e., 10 minutes for the biosensor acclimation process and 14 minutes for therapy).
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Figure 3.4. Left panel: Child engaged in a communicative exchange, using his speech-generating device, prior to the
treatment session; biosensor is placed on his left ankle and secured with an ankle wrap. Right panel: Child putting
toys into a container targeting fine-motor skills during occupational therapy; biosensors are placed on his ankles and
are not visible.

Consistent with prior literature (Boucsein (1993) 2012, Dawson, Schell, and Filion (2000)
2007, Hernandez et al. 2014), the EDA measures assessed included mean NS.SCR.freq per minute
per session, mean NS.SCR.amp per session, and mean skin conductance level (SCL) per session.
SCRs were detected using an amplitude threshold > 0.05 pus and a minimum distance between
responses of at least 3 seconds. Mean SCL measures an average of all the collected SCL values
(32 hz per second) across a treatment session. Mean SCL was highly correlated with mean
SCL.AUC (r =.90). All analyzed intervention sessions were held at the same time each day within
participant. EDA data were analyzed for the one participant who reached a stable baseline for
behavioral measures and wore the biosensors (i.e., Damien). Although EDA data were collected
across both observation and treatment sessions, data were analyzed for Damien’s treatment
sessions only, for a total of 25/30 (83%) treatment sessions, as observation sessions were
conducted for desensitization purposes. The observation sessions were used to gradually pair the
sensors with feelings of relaxation or excitation prior to the onset of treatment sessions to accustom
children to wearing the sensors. Data from the remainder 17% (5/30) of the sessions had to be
discarded due to a) sessions ending early due to health concerns related to Damien’s seizure
diagnoses (3/5=10%) '*, and b) low signal to noise ratio associated with extremely low

electrodermal responses (< 0.7 uS) based on a criterion of one standard deviation away from the

"Damien also presented seizure activity before and/or during 10 out of the 25 treatment sessions analyzed. These sessions were not discarded
because Damien was able to safely participate for the majority of the duration in each of these treatment sessions. Although SCL (M =4.16 ps, SD
=1.93 pus), NS.SCR.amp (M = 0.09 ps, SD = 0.07 ps) and NS.SCR.freq per minute (M = 0.23, SD = 0.2), were lower for the seizure days than for
the non-seizure days (SCL: M =4.28 us, SD = 1.92 ps; NS.SCR.amp: M =0.15 ps, SD = 0.15 us; NS.SCR.freq per minute: M = 0.37, SD = 0.20),
a Mann-Whitney U test indicated that scores were not significantly different.
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mean (2/5 =7%). EDA data analysis followed a similar 3-step process compared with the SL-EDA
study with one major difference: all of the video-recorded treatment sessions were synchronized
with EDA recordings and visually inspected using BEDA compared to the 10% of the sessions in
the SL-EDA study (see section 3.3.1).

As a brief overview of results from the OT-EDA study, the interventionist’s instructional
practices (i.e., structured v. unstructured) appeared to play a more direct role in child engagement
for Damien than did use of the pressure vest based on visual inspection as is consistent with single-
case design. Specifically, Damien remained engaged approximately 85% of the time and presented
challenging behaviors approximately 10% of the time during the structured instruction phases,
compared to 34% and 69% respectively during the unstructured instruction phases. In addition,
use of the pressurized vest was not significantly associated with EDA based on Mann-Whitney U
tests across conditions, and associations between EDA levels and child engagement or challenging
behaviors were inconclusive. Readers are referred to (Snodgrass et al. 2015) for a more detailed

account of the findings.

3.4. Methodological Considerations

3.4.1 Behavioral findings across studies. The present section summarizes children’s
responses to use of the biosensors across both the SL-EDA and OT-EDA studies. Given the age
and linguistic ability of the participants, we relied on video-recorded behavioral data from the
participants and direct interviews from the research assistants regarding their experience with the
technology. In particular, an additional coding pass was conducted across available video data in
order to review participant’s behavioral response to wearing the Q sensor(s). The first author
conducted an explicit review of at least 10% (n = 3) of all sessions for each child across the two
studies (Range = 11% - 100%), including the first two sessions and the last session. Video-recorded
sessions included observations, evaluations and treatment sessions. Additionally, to gain better
insight on the user experience of the investigators, the first author conducted semi-structured
interviews with the three lead research assistants across the two studies face-to-face or by
telephone. Data were analyzed by the first author following qualitative thematic methodology
guidelines (Braun and Clarke 2006) including familiarization, development of themes, and
developing an analytic narrative. Observation notes were taken during the interviews and all

interviews were audio-recorded and transcribed. Orthographic transcription consisted of three
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levels of coding: the first two levels were conducted by an individual transcriber trained to replicate
pauses, non-speech sounds, overlapping speech, and unintelligible speech; the second level
allowed the transcriber to verify the accuracy of the original transcription. The purpose of the third
coding level was to reach consensus across two transcribers on the transcript sections with
unintelligible speech. After becoming familiar with the interview data, the first author conducted
a preliminary analysis of the data to identify codes and themes among the data related to behavioral
challenges, technical challenges, and recommendations. Finally, the first author reviewed the
preliminary analysis and re-reviewed all interview transcripts to identify themes and extract
representative excerpts across the aforementioned categories.

Despite substantial individual variability, three noteworthy themes emerged in regard to
behavioral challenges associated with sensor use: a) developmental differences, b) sensor

tolerance, and c) sensor placement.

3.4.1.1 Developmental differences. First, younger children required a period of
acclimation/desensitization to the biosensors before wearing them. All the children below the age
of'5, with the exception of Dora, required at least one desensitization session (Median = 4) whereas
our two oldest participants across studies, ages 9 and 11, wore the sensors during the initial session
and did not show any visible signs of discomfort. Dora was our first participant across both the
SL- and OT-EDA studies and was a child who was largely nonverbal. She appeared highly
reluctant to wearing the sensors at first. When initially introduced to them, she pulled her hand
away and squirmed to avoid having the sensor placed on her wrist. “Just a little bit. Ok?”” her mom
remarked. Once the sensor was on her wrist, as quickly as possible, the clinicians diverted her
attention by inviting her to bounce on a green stability ball. As Dora’s facial expression began to
relax and once again smile, the clinicians resumed placing the other sensor on. Once again, Dora
began to squirm and then vocalize, and finally tried removing the sensors with her mouth.
However, as soon as her attention was diverted away from the sensors and towards the stability
ball, Dora instantly engaged in the ball activity by constant laughing as the clinicians and her

mother sang, “bounce, bounce Dora...Dora likes to bounce!”

3.4.1.2 Sensor tolerance. A second notable finding is that despite initial reluctance by many
of our younger participants, ages 2 to 4, the majority of children started wearing the sensors
consistently in subsequent sessions (Median = 61% of sessions). Our two older participants, ages

9 and 11, wore the sensors consistently across all sessions (Median = 100%). For example, from
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the second session onwards Pyrros began to spontaneously ask for the sensors “papa watch?”” and
to voluntarily participate in the process of putting the sensors on and placing them under his socks.
Angelo’s reaction to the sensors went from abrupt, unanticipated crying in the initial session to
wearing the sensors for the entire 45 minutes of the ninth treatment session. As described by
Angelo’s lead clinician when asked to describe the process of using the sensors in the SL-EDA
study, “I know for a second [Angelo] was getting freaked out and started screaming and crying
and wouldn’t have anything to do with [the sensors], but after that...one of the first things we did
was...let him work out which one he wanted to put on first....and then we would strap ‘em on
there...and then he would wear them for the duration of the session”.

Despite such success, there were two notable exceptions to the developed tolerance of the
sensors over time: Karis and Heidi. Karis, as described by his mother was “obsessed’ with watches,
which hold close resemblance to the Q sensor. Karis enjoyed exploring the sensor and placing it
on and taking it off his wrist starting with the second session. He showed a preference for placing
the sensor on his wrist, and did not tolerate the sensor on his ankle. Unfortunately, Karis’ interest
in the sensor distracted him during therapy, and it was often put aside by the clinicians to be able
to target the speech and language treatment goals. As reported by Karis’ clinician when prompted
to describe the children’s response to the sensors, she explained, he “was just distracted by [the
sensor], he kinda just wanted to play with it...he liked to put the watch on himself...and he always
wore [it] pretty loose too...that sometimes was a challenge when he was struggling with it and you
know we needed to get on...with the treatment session”. Because of the constant manipulation of
the sensor, paired with repetitive motor mannerisms (e.g., arms and hand flapping and posturing,
and up and down bouncing), a high percentage of the EDA data collected during the times he wore
the sensor for at least half of the tx session had to be discarded due to low signal-to-noise ratio
(SNR) (5/8 = 63%). That is, he wore the sensor for 22.5 minutes in 8 of his 13 tx sessions, and 5
of those 8 tx sessions were discarded due to low SNR, even though he wore at least one sensor for
at least half the session for 12 of his 20 sessions (including both tx and evaluation sessions), and
for all of his sessions in the second half of the intervention (i.e., session 11-20). Heidi on the other
hand, did not seem to trust the sensors. Even when the sensors were placed on family members
she seemed protective of her loved ones and would immediately remove the sensors from them.
Through a gradual desensitization process, she allowed the sensors to be placed on her ankles for

a few seconds but would quickly remove them. Although a variety of strategies were used as an
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attempt to have Heidi wear the sensors during therapy, including a social story (see Appendix A),
Heidi never did tolerate wearing the sensors on either the wrist or ankle for an extended period of
time; she did not wear either sensor for at least half the session (i.e., 22.5 minutes) for any of her

25 sessions.

3.4.1.3 Sensor placement. A third and final behavioral trend worth noting is that the sensors
were better tolerated on the ankle secured with either an ankle wrap or socks than on the wrist. In
addition to changing the ‘feel’ of the biosensor, such cover might also make it more likely that
children forget they have it on, decrease the likelihood of children becoming distracted by the
sensor throughout the session, as well as decrease movement artifacts associated with loss of
electrode contact with the skin, often caused by physical activity (such as walking, running, or
other repetitive motor movements). In the words of one of the SL-EDA clinicians, once the sensors
were on the children’s ankles, “the kids could put them under their socks...you know they kinda
would forget about them and not be messing with them or be distracted by them.” In Dora’s case,
placing the sensors out of sight, under Dora’s sleeves and particularly under her socks and pants
was helpful; Dora seemed to barely notice them in such cases. She went from squirming to
completely disregarding the sensors when placed on her ankles instead of on her wrists. Given
that Dora tolerated the sensors on her ankles more so than on her wrist; we continued to attempt
to place the sensors on her ankles and opted to do the same for all subsequent participants. We also
encouraged caregivers to dress their child with long pants or sleeves. Ultimately, sensor location
varied by participant based on individual participant’s preference and tolerance.

Even though the investigators moved towards placing the sensors out of sight, many of the
younger children, including Angelo and Karis, often became distracted by the intermittently
flashing light displayed on the sensor. This led them to manipulating the sensor, increasing the
artifacts in the data, and on occasion the children removed the sensors. Instead of relying solely on
whether or not the participants wore socks and/or long pants during the session to hide the sensors
from sight, whenever the child was not wearing socks or to avoid having to tighten the sensors too
much due the short length of the sensor strap, the clinicians in the OT-EDA study secured the
sensors with an ankle wrap.

In sum, children tolerated the sensors better when placed on the ankle. Although younger

children required a period of desensitization to the biosensors before wearing them, most of our
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participants started wearing the sensors consistently in later sessions and older children

consistently wore the sensors throughout all of the sessions.

3.4.2 Technical findings across studies. Similar to the behavioral findings, noteworthy
themes related to technical challenges were derived from behavioral observation of the video-
recorded sessions and the semi-structured interview data. In support of the point that technical
challenges were significant and impinged on the data collection, 4% (4/93 sessions) of the data
were discarded due to technical challenges, keeping in mind there would have been substantially
more data loss if only one sensor would have been available during data collection. Given two
sensors were available during data collection, researchers were able to collect data when one of
the two sensors malfunctioned (i.e., if the dominant wrist/ankle sensor malfunctioned, the second
sensor could be placed in the dominant wrist/ankle in order to collect data). Moreover, all
investigators, including those with prior signal processing experience, reported encountering
several technical challenges during the research process.

Across the two experimental contexts, the following three main themes associated with
technical challenges emerged: a) sensor functioning, b) synchronization, and c¢) data
preprocessing/analysis. Of interest, 3 sessions were discarded due to sensor functioning and 1

session was discarded due to synchronization challenges.

3.4.2.1 Sensor functioning. Specific to sensor functioning, investigators had difficulty getting
the sensors to begin recording data after fitting the sensors on the child during the initial evaluation
sessions. Based on the Affectiva Q User Manual (2013) the “Q Sensor is ideal for long term use
because it works without the use of gels”; instead, Q sensors use dry electrodes. However, without
the use of electrolyte, even after engaging in a task that stimulated cognitive, emotional and
physical activation, the sensors would not start logging data automatically or manually for the first
few minutes. As a result, in order to improve signal acquisition investigators in the SL-EDA study
continued using an electrode gel as the conductive medium between the electrodes and the skin
during all treatment sessions. One of the lead clinicians in the SL-EDA study explained, “to get
the sensors to conduct” we “figure[d] out to put just a little bit of gel on there...” Investigators in
the OT-EDA study subsequently adopted this practice as well. Moreover, OT-EDA investigators
also experienced difficulties visualizing and recording data in real-time via Bluetooth. The real-
time data were not reliable because a) the Bluetooth was often disconnected, and b) data resulted

in a drift.
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In addition to difficulty with data recording, technical challenges related to sensor functioning
also included accessing the data and sensor malfunctioning. Specifically, investigators across both
experimental contexts had difficulties with Windows computers failing to recognize the sensor as
an external device and as a result were initially unable to access the data. Upon contacting customer
service, investigators in the SL-EDA study were informed this occurred due to “the number of
directories in the root exceed[ing] a threshold” of approximately “20 dated folders” (Affectiva
Support, pers. comm.). Also across the course of both studies, one of the two sensors stopped
recording data and required repair. Although the reason for malfunctioning in the OT-EDA study
was never resolved, the device in the SL-EDA was shipped back to the manufacturer for repair in
the midst of data collection. The reason for the malfunctioning noted by the manufacturer was that
the sensor’s secure digital (SD) memory card became dislodged from its housing (Affectiva

Support, pers. comm.).

3.4.2.2 Synchronization. The second theme of technical challenges associated with use of the
sensors across both studies related to synchronization of electrodermal activity with audio-video
recordings. As specified by one investigator from the OT-EDA study when asked about the
technical difficulties encountered during the study, “the huge difficulty was to synchronize the
video and the sensor data streams because the [camera] and the sensor technology work separately
so we had to time it and [use] different software programs to synchronize” it. To assist with the
synchronization process, investigators across the two studies used several strategies; consequently,
the synchronization process resulted in more of an art than a science. Specifically, investigators
utilized audiovisual cues from the video recording, the event-mark buttons on the sensors, and the
accelerometer data to assist with synchronization. Finally, the internal clock of the sensor was
compared to the time the session started, indicated by the video data (synchronization strategies
are highlighted in the considerations for practice section 3.5.2.3). Unfortunately, two main
challenges arose that made the synchronization process between the EDA data and video more
difficult. One, children were very interested in exploring the sensors and would often press the
event-mark buttons on the sensors, and two, the internal time of the sensors was not exactly
synchronized with real-time. Initially, investigators in the SL-EDA study used ELAN to assist with
synchronization of the visual and the EDA data but the software proved unreliable and would often

“freeze” and “crash”. In contrast, investigators in the OT-EDA study were able to use BEDA to
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assist with the synchronization process successfully, a program that was specifically designed for

this purpose by one of the investigators.

3.4.2.3 Data preprocessing/analysis. The third area of technical challenge that emerged in
relation to use of EDA data was related to data preprocessing and analysis. Even though EDA has
been used widely for over 130 years, reliable software to analyze in situ continuous EDA data is
still in development and with little in the way of standardized procedures (cf. see Boucsein (1993)
2012 for the most comprehensive review of psychological applications, mechanisms and
methodology of EDA). Even without ELAN’s freezing and crashing episodes, the software was
not able to do what the investigators across studies wanted to do such as comparing many sessions
at the same time. Initially, investigators across the two studies ended up having to use multiple
software programs for multiple purposes, such as using one program to synchronize the video and
EDA data and another to crop the EDA data. Even the investigator with prior signal processing
experience had difficulty pre-processing and analyzing the data with the available software
programs (e.g., Ledalab). When asked about the software available to analyze the EDA data, the
OT-EDA investigator acknowledged she “had some difficulties importing the signal” and
difficulties in general, “that’s why” BEDA was developed (Kim et al. 2013), to assist with

visualization, synchronization and analysis of the data.

3.5 Considerations for Practice

3.5.1 Behavioral considerations: Desensitization techniques & additional behavioral
strategies. Being exposed to a novel object by a new person in an unfamiliar environment can be
quite difficult for many children, particularly children with neurodevelopmental disabilities who
may be particularly sensitive to certain stimuli and have difficulty understanding and being
understood by others. Desensitization procedures have been successfully used to reduce anxiety in
children when exposed to novel technology. To illustrate, Barnea-Goraly et al. (2014) successfully
used a brief behavioral training with children ages 4 -10 during MRI scans as a means to eliminate
the use of sedation to acquire motion-free high-quality images.

Behavioral findings across the SL and OT EDA studies suggest younger children (2-4 years)
with neurodevelopmental communication impairments require a period of desensitization to the
biosensors before wearing the biosensors. Based on our data, we recommend that investigators

using similar biosensors allow at least 4 desensitization sessions, prior to data collection sessions,
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for children below the age of 5. Although older children may require less time and attention to the
desensitization process, we recommend planning at least one desensitization session when working
with children, particularly those with marked impairments or differences. Consequently, we offer
here the explicit desensitization techniques we used to acclimate children to the sensors (see Table
3.3 for a summary of the behavioral considerations). Desensitization procedures have been defined
as “pairing of either graduated imagined or graduated external stimuli with either relaxation or
other responses competitive with anxiety” (Hatzenbuehler and Schroeder 1978) as a means to
decrease the anxiety associated with the stimuli, and are common in disciplines such as special
education and psychology. Consistent with systematic desensitization procedures (Hatzenbuehler
and Schroeder 1978, Ollendick and Cerny (1981) 2013), our desensitization procedures focused
on presentation of stimuli (i.e., the sensors) in a graduated hierarchy, gradual pairing of the positive
valence responses with the sensors, and in creating an environment conducive to positive valence

responses.

3.5.1.1 Presentation of biosensors in a graduated hierarchy. To desensitize children to
wearing the sensors, we recommend presenting the sensors in a graduated hierarchy, progressively
increasing the child’s exposure to them. Prior to direct expectations to wear the sensors (i.e., in-
home exposure), caregivers were encouraged to read to the child a social story we prepared to
explain the process of wearing the biosensors. Consistent with the use of social stories, often used
to familiarize children with developmental disabilities to behavioral expectations in new situations
and to reduce challenging behaviors, the stories were written from a first-person perspective and
included photographs as visual supports (Gray and Garand 1993, Moudry Quilty 2007, Swaggart
et al. 1995); see Appendix A for our specific example. In addition to being asked to share the story
with their child, caregivers were encouraged to fit their children with bracelets/watches around
ankles/wrists at home —based on intended sensor placement- for increasing periods of time to
provide their child with the opportunity to experience sensations similar to those they would
experience when wearing the sensors. They were also encouraged to bring the bracelets/watches
to the initial sessions for visual support when drawing comparisons with the sensors.

Desensitization techniques employed during direct exposure to the sensors (i.e., utilized during
the observation, initial assessment and treatment sessions) included rereading the prepared social
story, providing reassurance, and additional strategies to gradually familiarize children with the

sensors. This included incorporating a picture of the sensors in the child’s visual schedule of the



Table 3.3. Behavioral Considerations for Short Term /n Situ Skin Conductance Collection & Analyses using Wearable Biosensors with Children with

Neurodevelopmental Communication Impairments

General Considerations

Use desensitization procedures when exposing children to novel technology. At least one desensitization period/session is recommended for
children over five years; younger children are likely to require more (>4).

Out of sight, out of mind: place sensors out of sight, preferable on the ankles, and wrap each sensor with a brace. Each sensor should have a snug
but not a tight fit as it should fit the child comfortably.

Present Biosensors in a Graduated Hierarchy, Progressively Increase Exposure to the Biosensors

In- home Exposure:

Developing and reading a social story (see Appendix A)
Fit the child with bracelets/watches (or sensors) around ankles/wrists at home for increasing periods of time

On Site Exposure to Biosensors:

Encourage the caregiver to actively participate in the desensitization process

Incorporate a picture of the sensors in the child's visual schedule of the session's activities

Reread social story at the onset of sessions

Draw comparisons between bracelets/watches used at home and sensors (e.g. “It is just like Papa's watch!™)
Encourage child to explore the sensors (e.g. make note of the flashing light) and provide reassurance

Place the sensors first on the therapist/researcher, then on the caregiver and finally on the child. If the child is apprehensive, move the biosensors
incrementally closer to the child and encourage the child to wear the biosensors for a specified period of time (e.g. 2 seconds. Count the seconds
out loud and/or use a timer for visual support (e.g. hourglass, iPad app)).

Gradually Pair Positive Valence Responses with the Biosensors

Introduce the sensors to the child when the child is in a positive affective state (e.g. excited, attentive)
Decorate the sensors e.g., with stickers or other decorations to make them more appealing to the child
Refocus the child's attention to a preferred activity (i.e., one that promotes positive affective states)

Use reinforcement procedures such as if-then statements, verbal and non-verbal praise for attempts, and game playing

Create an Environment Conducive to Positive Valence Responses

Build rapport and trust with the child
Tailor the strategies & reinforcers used to the child's individual needs and preferences

Introduce new activities and reinforcers for novelty as needed, and make the sessions as engaging and enjoyable as possible!
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session’s activities (cf. Mirenda and Brown 2009), introducing the biosensors as
watches/bracelets'”, and providing a period in which children were encouraged to explore the
biosensors themselves, gradually increasing exposure to the sensors consistent with systematic
desensitization literature. Specifically, the investigator might draw the child’s attention to different
aspects of the sensors, such as the flashing light. If the child is hesitant to touch the biosensors at
all, an investigator might begin by manipulating them themselves and subsequently putting them
on the caregiver’s wrist/ankle during initial presentation. The presence of the child’s caregivers
during the initial sessions also served to increase comfort. Other suggestions might include moving
the biosensors incrementally closer to the child’s wrist or ankle or encouraging the child to wear
the biosensors for a specified short period of time (e.g. 2 seconds) and count the seconds out loud
or use a timer (e.g. hourglass, iPad app) for visual support, which can be progressively increased

in time.

3.5.1.2 Gradual pairing of positive valence responses with sensors. As a means to gradually
pair the sensors with positive valence responses, investigators introduced the sensors to the child
when the child appeared to be in a positive affective state (e.g. interested, excited, proud, and
attentive vs. negative affective states such as upset, scared, and nervous). The biosensor itself can
also be decorated with stickers or other images and colors to make it more familiar and appealing
to the child. For example, we decorated Dora’s biosensors with images of Dora from “Dora the
Explorer” after learning she highly enjoyed watching the show at home during the initial
assessment session prior to the start of therapy. Similarly, refocusing attention from the biosensors
to a favorable activity that elicits responses competitive with anxiety, such as excitement or
relaxation, might be helpful (e.g. “Let’s go bounce on the ball!”, “time to play with the iPad”,
“time to read your favorite book™). Finally, reinforcement procedures in which children were
rewarded by their parents or clinicians after wearing the sensors were also used. For example, Pan
was taken to the pool, a favored activity for him, after the sessions (e.g. “If you wear the sensors,
then we can go to the pool after speech” would be an example of delayed reinforcement). Verbal
and non-verbal praise for attempts and game playing were also used to provide immediate positive

reinforcement (e.g. sensors are introduced when child appears to be in a positive affective state —

15 R s L . .

Excerpt indicating how clinicians across the studies introduced the sensors to the children: “These are bracelets/watches [show child sensors]
that feel and look very similar to your bracelets/watches [point to child’s bracelets/watches they wore at home]. They will give us information about
your feelings. For example, they will tell us whether you are excited or relaxed.”
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child wears sensors — adults clap, smile, cheer, provide specific verbal praise, and provide child

with tangible reinforcer such as the iPad).

3.5.1.3 Creating an environment conducive to positive valence responses. Finally, we focused
in creating an environment conducive to positive valence responses. For example, caregivers were
asked to provide information regarding their child’s preferred activities and objects/toys,
individual child’s preferences were informally assessed throughout the intervention, and new
activities and objects/toys were introduced for novelty. By the end of the study, children and the
investigators grew mutually fond of one another. This was evidenced by children expressing their
desire to continue with therapy after being told it was clean-up time, and by caregiver’s unsolicited

report of the children inquiring about their clinicians while at home.

Whatever specific procedures are employed, it is important to anticipate the need for
individualized responses. Children are likely to respond differentially to the same strategy. For
example, whereas gradually increasing contact with the biosensors worked wonderfully for

Angelo, this same strategy was not effective for Heidi.
3.5.2 Technical considerations.

3.5.2.1 Factors that may influence EDA. In situ or ambulatory skin conductance assessment
has made major advances over the last decade but continues to require close monitoring of the
multiple factors that may influence the data including ambient temperature, time of day, physical
activity, and individual differences (e.g., race, age, sex). In addition to requiring careful
monitoring, decreased ability to control such factors requires careful selection of the preprocessing
and analysis methods and careful interpretation of the results. Consequently, few in situ EDA
studies have been published to date. Of those reported, some offer only superficial assessments of
EDA and/or had to discard a high percentage of the data. For example, Miller, Coll, and Schoen
(2007) monitored EDA while administering a series of sensory stimuli in 24 children with sensory
modulation disorders and had to discard 54% of the EDA data and provided few details regarding
EDA data analysis. Doberenz et al. (2011) assessed multiple factors known to influence SC during
a 24-hour period in situ and concluded that although feasible, some measures need to be corrected
for the influence of confounding variables. Other reports on problems of long-term in situ EDA
recording have found the conducting medium or gel to significantly influence EDA recording, with

a hydrating medium leading to fewer and smaller SCRs compared to a non-hydrating medium
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(Turpin, Shine, and Lader 1983), and have even concluded ambulatory recordings to lack both
reliability and validity after 24 hours, although this particular study had low power and did not
conduct statistical comparisons (Boucsein, Schaefer, and Sommer 2001). Given difficulties with
wet electrode use in long-term ambulatory SC assessment, dry electrodes are also available.
Although research examining short-term ambulatory SC poses fewer challenges compared
with long-term ambulatory SC recording (e.g., electrode deterioration is less of a concern), it poses
challenges nonetheless. Overall, it is important to note skin conductance tends to vary widely
across subjects (i.e. high inter-individual variance) and is more stable within subjects (Dawson,
Schell, and Filion (2000) 2007). It is also important to highlight that the same factors (e.g. physical
activity) may influence between-subject comparisons and within-subject comparisons
differentially (Doberenz et al. 2011). Researchers interested in assessing skin conductance need at
least a basic understanding in signal processing, time series data, and in the physiological basis of
electrodermal activity and are referred to Boucsein’s ((1993) 2012) electrodermal activity book
for a more thorough review and Dawson and colleagues’ ((2000) 2007) chapter on electrodermal
activity in the handbook of psychophysiology for a shorter review. The remainder of this section
will provide recommendations and references based on the factors likely to influence short term
in situ monitoring of EDA including ambient temperature, time of day, physical activity, and
individual differences but it is by no means inclusive, and its intended purpose is to make readers
aware of some of the factors needing special consideration. Here we offer explicit considerations
to address the technical challenges encountered (see Table 3.4 for a summary of the technical

considerations).

3.5.2.1.1 Ambient temperature & time of day. In regards to ambient temperature and time of
day, recording in a temperature-controlled setting during the same time of day throughout the study
is advised. Ambient temperature is positively correlated with the frequency of SCRs between
subjects (Doberenz et al. 2011, Turpin, Shine, and Lader 1983) and is significantly positively
correlated with a variety of EDA measures within subjects (Doberenz et al. 2011) and EDA has
been reported to be lowest in the morning (Miro, Cano-Lozano, and Buela-Casal 2002). Related
to this, hydration of the skin (both endogenous and exogenous) may also influence EDA
highlighting the importance of the medium of conduction used. Electrode gels containing either
KCI or NaCl are recommended during short-term EDA assessment to avoid variations in EDA,

and improve signal acquisition, as both of these appear as salts in the stratum corneum



Table 3.4. Technical Considerations for Short Term /n Situ Skin Conductance Collection & Analyses using Wearable Biosensors with Children with
Neurodevelopmental Communication Impairments

General Considerations
—  Researchers are recommended to become familiar with the following electrodermal activity resources: Boucsein ((1993) 2012), Dawson et al.((2000) 2007)

Control for Factors that may Influence EDA, including:
—  Ambient temperature and time of day (i.e. record data in a temperature-controlled setting (usually 22-24 °C), during the same time of day)

—  Physical activity (e.g. walking, running, bouncing, jumping and/or other repetitive motor movements such as hand flapping)
— Individual differences (e.g. age, sex, race, body mass index and sweat gland density)

—  Use of medications and psychoactive drugs (e.g. caffeine)

Sensor Functioning
—  Collect data using two sensors (one on each side of the body), and ensure at least one other sensor is available for data collection in case one malfunctions.

—  Use internal storage over bluetooth: bluetooth was often disconnected and data collected resulted in a drift
—  Given data across sensors are comparable: Use dominant wrist/ankle to yield higher amplitude. Use nondominant site to decrease potential movement artifacts.

—  Use KCL or NaCL electrode gel as the conductive medium between electrode and the skin. Implement a 15 minute biosensor acclimation period for the skin-
electrolyte interface to stabilize.

—  Back up data after every session & delete files stored in the sensor

Synchronization
—  Synchronize the sensor time with real-time before each treatment session

—  Verbally narrate relevant events (e.g. sensor A is on the participant's right ankle and first flashed at 8:03:05 am)
—  Use the event-mark button for relevant events (e.g. start and end of treatment sessions)
—  After placing sensors on child & marking an event, move sensors back & forth in front of the camera to synchronize accelerometer & video data

—  Use a visual analytic tool to visualize and synchronize the data (e.g. BEDA).

Data Preprocessing & Analysis
—  Analyze both the phasic and tonic components of EDA (for deconvolution approach see Benedek and Kaernbach 2010b)
—  Use a visual analytic tool to assist with data preprocessing & analysis (e.g. BEDA)
—  Normalization across subjects is needed for between-subject comparisons (e.g. Hernandez et al. 2014 normalized the range between 0-1)

Recommended Thresholds:
—  Exclusion of SCRs if greater than 1.0 uS (Dawson et al. (2000) 2007; with Doberenz et al. 2011 recommending a .5 puS threshold) as this likely represents
movement artifacts or loose electrodes

—  Exclusion of SC data if values are below .5 uS (Doberenz et al. 2011) given the typical SCL range is between 2 us and 20 ps (Dawson et al. (2000) 2007))

—  Minimum amplitude threshold of .01 uS although criterion is ultimately dependent on the resolution of the recording (Boucsein (1993) 2012, 156-157, Dawson,
Schell, and Filion (2000) 2007, Hernandez et al. 2014)
—  Minimum distance between NS.SCRs of 1 second (Hernandez et al. 2014)
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(readers are referred to Boucsein (1993) 2012, 117 for additional details). In order for the skin-
electrolyte interface to stabilize, a biosensor acclimation period of approximately 10-15 minutes

should be implemented.

3.5.2.1.2 Physical activity. Physical activity may influence SC via thermoregulation. However,
associations between motor movement within daily activities in humans and skin conductance is
not yet well elucidated, especially in children. Turpin, Shine, and Lader (1983) assessed long-term
ambulatory SC recorded from the fingers in a group of 12 adults, and found no between-subjects
or mean within-subject significant correlations between arm movements and EDA. On the other
hand, within-subject comparisons in a group of 48 healthy adults who wore ambulatory SC devices
on their fingers for a 24 hour period, showed significant positive relationships between physical
activity and EDA with the exception of amplitude of NS.SCRs which decreased with increased
physical activity (Doberenz et al. 2011). As such, although corrections for the effects of
confounding variables such as physical activity may not be necessary at the between-subject level,
corrections are recommended at the within-subject level. For the SL-EDA study, even though
physical activity was somewhat constant within subjects across sessions, physical activity such as
walking, running, bouncing, jumping and/or engaging in repetitive motor mannerisms led to
movement of the electrodes and/or to loose electrodes thereby increasing artifacts in the data. As

previously discussed securing the electrodes with medical tape, a wrist or ankle wrap is advised.

3.5.2.1.3 Individual differences. Given that EDA may vary with differences in race, age, sex,
body mass index, sweat gland density, and use of medications and psychoactive substances
(Doberenz et al. 2011), controlling for such factors is advised and normalization across subjects is
needed for between-subject comparisons (e.g. Hernandez et al. 2014 normalized the range of
values to be between zero and one). For additional information regarding race/ethnicity differences
in SC in particular, see Wesley and Maibach (2003). For a detailed review of the effects of and

interactions with individual differences more broadly see Boucsein ((1993) 2012).

3.5.2.2 Sensor functioning. Investigators are encouraged to collect data using two sensors (one
on each side of the body) given potential EDA asymmetry (Picard, Fedor, and Ayzenberg 2016),
and to have at least one other sensor readily available to use for data collection in case one of the
sensors malfunctions. The sensors should be calibrated to be the same, and data collected across

the two sensors should be visually inspected. Given the challenges experienced with the Bluetooth
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device, we recommend using the internal storage for data collection and analysis. Additionally,
depending on specific protocol to follow (e.g. handwriting) or depending on participant (e.g.
child’s basal SC level is low), as long as data across sensors are comparable, whether data are
analyzed for the dominant or nondominant wrist/ankle may vary. If interested in yielding a higher
amplitude, analyze data from the dominant wrist/ankle (see Roman et al. 1989). If interested in
decreasing potential movement artifacts, analyze data from the nondominant wrist/ankle. Finally,
to avoid exceeding the threshold of directories stored in the device, we recommend backing up the

data after every session and deleting the files in the sensor.

3.5.2.3 Synchronization. We would like to remind researchers to synchronize the internal
sensor-time with real-time prior to the onset of each treatment session. Moreover, additional
strategies to assist with synchronizing audio-video recorded data with physiological data include:
a) verbally narrate relevant events for the recording (e.g., “sensor ‘A’ is on the participant's right
ankle and first flashed at 8:03:05 am™); b) press the event-mark buttons on the sensors for relevant
events (e.g., at the beginning and end of the sessions); and ¢), after placing the sensors on the child
and marking an event at the beginning and end of the session, move the sensor back and forth for
a few seconds in front of the camera to synchronize the accelerometer data with the video data.
The latter was the preferred synchronization strategy by the researchers. Finally, we advise
researchers to use a visual analytic tool to visualize, synchronize and analyze the data such as

BEDA.

3.5.2.4 Data preprocessing & analysis. Analyzing both the phasic and tonic components of
EDA is recommended as these can aid in the interpretation of overall skin conductance results
(without decomposition) and aid in the understanding of the physiological/neurological
underpinnings of the various EDA measures. Researchers interested in exploring the
deconvolution approach are referred to Benedek and Kaernbach (2010b). Although future studies
should address what the optimal thresholds for preprocessing and analysis of short-term in situ SC
are in order to establish a recommended set of thresholds, based on the current literature the
following are recommended: a) exclusion of SCRs if greater than 1.0 uS (Dawson, Schell, and
Filion (2000) 2007, with Doberenz et al. 2011 recommending a .5 uS threshold) as this likely
represents movement artifacts or loose electrodes, b) exclusion of SC data if values are below .5
uS (Doberenz et al. 2011) given the typical SCL range is between 2 puS and 20 uS (Dawson, Schell,
and Filion (2000) 2007), ¢) a minimum amplitude threshold of .01 although criterion is ultimately
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dependent on the resolution of the recording (Boucsein (1993) 2012, 156-157, Dawson, Schell,
and Filion (2000) 2007, Hernandez et al. 2014), and d) a minimum distance between NS.SCRs of
1 second (Hernandez et al. 2014).

3.6 Conclusions & Future Directions

Skin conductance has largely been monitored in highly controlled experimental conditions and
more recently has been successfully monitored in situ in individuals with generalized tonic-clonic
seizures who present with significantly larger and more frequent skin conductance responses, but
less so to monitor more general variation during daily activities. The present work is novel in
presenting behavioral and technical methodological considerations, derived from novel post hoc
analyses, when monitoring EDA in children with neurodevelopmental communication
impairments based on the results of two studies examining continuous short-term EDA in situ
during speech-language and occupational therapy.

The SL- EDA study monitored skin conductance in children at the single-word developmental
stage undergoing speech-language treatment to increase their multisyllabic productions and
examined associations between skin conductance and emotional valence. The OT-EDA study
monitored skin conductance in children with sensory processing difficulties undergoing
occupational therapy and examined associations between skin conductance, use of a pressure vest,
type of instruction, academic engagement and challenging behaviors. Younger children (ages 2-4)
children wore the sensors for approximately 62% of the sessions, whereas older children (ages 9
and 11) wore the sensors for all of the sessions. Unfortunately, due to a combination of behavioral
and technical challenges a large percentage of data were discarded (i.e., 29%) and is often
discarded when monitoring EDA in children and/or in applied settings (e.g., 31% of the data were
discarded in Hernandez et al. 2014, and 54% in Miller, Coll, and Schoen 2007). We presented
behavioral and technical considerations including the use of desensitization techniques and
recommended thresholds based on the current literature for preprocessing and analysis of EDA
data.

Moving forward, research should focus on how to improve signal acquisition, due to both
behavioral and technical challenges, to decrease overall percentage of data being discarded, on
how to simplify the process of synchronization across multiple data sources within the field of

accessible computing, and on establishing a set of recommended thresholds for acquisition of short
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term in situ SC data. In sum, although the present work shows it is feasible to record EDA in situ,
it highlights many of the challenges of monitoring EDA in applied settings, or in other words in
uncontrolled environments. It is of particular importance that we recognize and address these
challenges before commercializing the use of biosensors that measure SC to children with
neurodevelopmental communication impairments. Ultimately, we aim to aid in the development
and improvement of automated noninvasive unobtrusive and easy to interpret tools for measuring
levels of emotional arousal via skin conductance, the only noninvasive autonomic nervous system
measure innervated solely by and consequently most representative of sympathetic nervous system
activity. Although not yet ready to be adopted within clinical practice or within the homes of
children with neurodevelopmental communication impairments, EDA technological advances
offer a unique opportunity to assess changes in emotional arousal that may help guide teaching

opportunities for children with neurodevelopmental communication impairments.
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CHAPTER 4:

Nonshared Environmental Influences on Language Development:
A Monozygotic Twin Differences Study

Abstract

Despite support for a range of genetic and environmental influences on child language
development, studies within the field of communication sciences and disorders remain largely focused
on the study of maternal linguistic input. Results from such studies are most often correlational in
nature and do not control for the myriad of confounding factors including potential genetic effects. In
contrast, behavioral genetic studies that control for systematic genetic differences have revealed
significant nonshared environmental (NSE) influences on language development, but have not
identified what those specific factors might be. The present study builds on prior behavioral genetic
studies of language (DeThorne et al., 2008; Harlaar, DeThorne, Mahurin-Smith, Aparicio Betancourt,
& Petrill, 2016) and offers to the best of our knowledge, the first application of the monozygotic (MZ)
twin differences method to understanding nonshared environmental or “person-specific” influences on
children’s language development. This work utilizes a rich longitudinal twin database, the Western
Reserve Reading and Math Project (WRRMP; Petrill, Deater-Deckard, Thompson, DeThorne, &
Schatschneider, 2006), to investigate the extent to which discordance in four twin-specific
environmental measures (i.e., birthweight, breastfeeding, and home reading exposure and parenting at
mean age 7) are related to differential language outcomes in monozygotic twins at two time points:
mean ages 10 (n =115 pairs) and 12 years (n = 108 pairs). Language outcomes focus on both productive
measures from narrative language measures (i.e, Productive language) and formal measures from
standardized language measures (i.e., Formal language). Across time points and forms of language
assessment, at least one significant association emerged between language discordance and
discordance in a) birthweight, b) self-reported parenting, and ¢) home reading exposure, with stronger
and more consistent effects for Formal language. For the full unselected sample, only birthweight
discordance at mean age 12 replicated its effect across both Formal and Productive language, and only
parent self-reported differential negativity replicated its effect across both time points (for Formal
language only). NSE effects were also moderated by the extent of MZ language discordance, with
effects increasing as a function of increased language discordance. Potential mechanisms are discussed
within the context of the complex and dynamic interplay between genetic and environmental influences

over time. Implications for future research are also discussed.
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4.1 Introduction

Language development is key for social and academic success; in fact, promoting language
growth has been characterized as a national priority (Jacobson, 2001). Early language delays or
impairments have been associated with negative long-term consequences. For example, children
with language impairments are more likely to have socioemotional and behavioral difficulties, and
language impairment has been negatively associated with literacy acquisition (Forget-Dubois et
al., 2009; McCardle, Scarborough, & Catts, 2001; Qi & Kaiser, 2004; Redmond & Rice, 1998).
Given the role of language in communication and in other developmental domains, it becomes
important to understand influential factors on child language development.

Aside from genetics, individual differences have been largely associated with nonshared
environmental influences within behavioral genetic designs (Plomin, Asbury, & Dunn, 2001).
However, the study of candidate nonshared environmental influences on language development
remains underdeveloped, particularly within the literature in communication sciences and
disorders (CSD). In a recent review of the CSD literature (Rogers, Nulty, Aparicio Betancourt, &
DeThorne, 2015) we examined what causal influences on child language development were
explicitly being studied by reviewing 2,921 abstracts published between 2003-2013 across five
journals. Of the eligible articles (n = 346), the majority addressed environmental influences (83%),
with the remaining articles addressing genetic influences either in isolation (11%) or in concert
with environmental influences (6%). Of those that addressed environmental influences, the
majority focused on therapist intervention (52%), caregiver linguistic input (22%), and caregiver
qualities such as socioeconomic status (13%). Only 8% of the abstracts addressed other
environmental influences such as diet and preterm birth (e.g., Zubrick, Taylor, Rice, & Slegers,
2007). A more in-depth review of all the eligible articles published in 2013 (n = 34) showed most
studies controlled for variables related to caregiver qualities, and only 9% (3/34) of the studies
addressed the complex interplay between genetic and environmental influences. This literature
review highlighted the need to study a broader range of environmental influences on child
language development, and to consider the complex interplay between genetic and environmental
influences.

To address this pressing gap in the CSD literature, the present study will use a longitudinal,
genetically-sensitive twin design to examine candidate nonshared environmental (NSE) influences

that have been previously associated with developmental outcomes. For the present study, we
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associate NSE with any variable that can generate difference scores within a monozygotic (MZ)
twin pair. Consequently, factors such as parenting, which are shared across twins still have the
potential to be differentially constructed across individual twins, thereby potentially contributing
to individual nonshared effects. Specifically, we will examine the influence of birthweight '°,
extent of breastfeeding, home reading exposure, and parenting on school-age language

development as measured by standardized testing and narrative language samples.

4.1.1 Twin methodology. Genetically sensitive designs, specifically use of MZ twin difference
analyses, provide a unique opportunity to identify NSE effects by controlling for both genetic and
shared environmental influences in order to examine child-specific variation (Asbury, Dunn, &
Plomin, 2006a; Mullineaux, Deater-Deckard, Petrill, & Thompson, 2009; Pike, Reiss,
Hetherington, & Plomin, 1996). MZ twins share approximately 100% of their DNA in addition to
having indistinguishable epigenomes early in development (Fraga et al., 2005), and sharing many
perinatal (e.g., the majority share the placenta) and postnatal factors. On the other hand, dizygotic
twins (DZ) share approximately 50% of their DNA in addition to similar perinatal and postnatal
factors, with the majority having separate placentaec. Twin similarity increases as a function of
common genetic and shared environmental factors, and decreases as a function of nonshared
environmental experiences. Approximately 1/3 of twins are monozygotic and 2/3 are dizygotic.
Specifically, DZ twinning is associated with genetic factors, increased maternal age, race/ethnicity,
fertility treatments, among other factors, whereas the etiology of MZ twins is less clear
(Stromswold, 2001, 2006).

Consistent with the high heritability of language development, MZ twins have higher
concordance of speech and language disorders (e.g. autism, specific language impairment, speech
sound disorders) than DZ twins (Lewis & Thompson, 1992). If speech-language development were
solely influenced by genetic and shared environmental factors, we would expect 100%
concordance. However, there is still a high degree of discordance among MZ twin pairs which is
driven, in part, by external nonshared environmental factors (Wong et al., 2014). Specific to
language, twin heritability estimates are usually below 60% and some MZ twins can have

substantially different linguistic profiles (Stromswold, 2006). An MZ twin differences method,

' Birthweight, although often perceived as an outcome variable, is being used as a proxy for potential NSE influences.
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which controls for both genetic effects and shared environmental effects, can be used to elucidate
candidate nonshared environmental factors that may in part drive MZ twin linguistic discordance.

More broadly, genetic and environmental factors can affect linguistic development and cause
MZ twins to be linguistically discordant. Although the majority of MZ twins are genetically
identical, a minority of MZ twins have different genotypes due to factors such as chromosomal
non-disjunction that may lead to one twin having Down syndrome and the other remaining
unaffected, and spontaneous mutations. In regards to environmental influences, MZ twins prenatal
environment can vary depending on when the zygote divides into two identical zygotes. The
majority of MZ twins share a placenta (i.e., monochorionic) and have separate amniotic sacs (70-
75%), with 20-25% having separate placentae and amniotic sacs, and a minority sharing placenta
and amniotic sacs (1-5%). Such differences may have genetic and perinatal environmental
implications. For example, those with separate placentae and amniotic sacs usually split earlier in
development and have a greater likelihood of different spontaneous mutations (Stromswold, 2006).

Finally, epigenetic differences are associated with MZ differences and have been reported to
increase with age as a result of both internal (e.g., small differences in transmitting epigenetic
information), and external environmental factors (e.g., nutrition, physical activity). Epigenetic
processes refer to potentially heritable modifications of gene expression without altering the
genome, via for example, methylation, gene silencing, or x chromosome inactivation by micro-
RNA regulation. To illustrate, x chromosome inactivation patterns have been shown to be more
similar in monochorionic MZ twins, who share a more similar perinatal environment, compared
to dichorionic MZ twins (Stromswold, 2006). MZ twins with increased nonshared environments
have increased differences in their epigenomes and more phenotypic differences, compared to
those who have spent more of their lives together and with more similar lifestyles (Fraga et al.,
2005). Although MZ twins originally share the same genotype and have indistinguishable
epigenomes, their environments become more and more different as they age. By adulthood, MZ
twins’ epigenome is very different; given the difference in gene expression patterns, they are no
longer technically identical (Fraga et al., 2005; Poulsen, Esteller, Vaag, & Fraga, 2007; Wong,
Gottesman, & Petronis, 2005). Nonshared environmental factors such as diet, adverse health
outcomes, parental interactions, exposure to toxins, and stress may in part drive these epigenetic
differences and ultimately influence their language development. The MZ differences approach

provides a simple and sensitive method that can be used to examine such factors.
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Based on a review of twin studies conducted by Plomin and Kovas (2005), estimates of genetic
effects on child language abilities have varied widely, ranging from 16% to 100% (see also
Stromwold, 2001). The variability in estimates has been attributed to a broad range of factors
including age (e.g., DeThorne, Harlaar, Petrill, & Deater-Deckard, 2012; Harlaar, DeThorne,
Mahurin-Smith, Aparicio Betancourt, & Petrill, 2016), language domain (e.g., Stromswold, 2001),
degree of linguistic ability (e.g., Stromswold, 2001, 2006), and form of assessment (e.g., DeThorne
et al., 2008; Harlaar et al., 2016). We emphasize here two prior WRRMP studies focused on
school-age children and multiple forms of language assessment that together form the groundwork
for the present work. DeThorne and colleagues (2008) conducted a multivariate genetic analysis
in 380 seven-year-old twins during the second wave of the WRRMP (i.e., Home visit 2). The
multiple language measures loaded on a Conversational latent factor and a Formal latent factor.
The Conversational factor included measures taken from conversational language samples,
including mean length of utterance (MLU), number of total words (NTW), and number of different
words (NDW). The Formal factor included two standardized vocabulary assessments: the Boston
Naming Test, and the Vocabulary subtest from the Stanford-Binet Intelligence Scale. Multivariate
analyses revealed a heritability of .70 for the Conversational factor and .45 for the Formal factor;
nonshared environmental effects were negligible for the Formal factor and .30 for the
Conversational factor, albeit nonsignificant.

In a follow-up study from WRRMP, Harlaar et al., (2016) used structural equation modeling
to examine the longitudinal genetic and environmental contributions to individual differences in
children’s language skills (n = 498 to 522) at mean ages 10, 11, and 12 (home visits 5, 6 and 7
respectively). Similar to DeThorne and colleagues (2008), measures loaded on a Productive and a
Formal latent factor. The Productive factor was based on narrative language measures and included
MLU, NTW, and NDW, and the Formal factor included standardized-test scores from the Test of
Narrative Language and three subtests of the Clinical Evaluation of Language Fundamentals —
Fourth Edition. Specifically, the predominate influence on the Productive factor was nonshared
effects across time points (55-90%), with no significant genetic or shared environmental effects.
The Formal factor demonstrated strong significant genetic effects across time points (82-86%),
with small but significant nonshared effects across time points (5-6%). The Productive factor
showed limited but significant longitudinal stability in NSE effects across time points, and the

Formal factor showed high longitudinal stability in the genetic and NSE effects across time points.



94

This increase in NSE on language at early adolescence relative to earlier ages (i.e., DeThorne et
al., 2008, 2012) further supported the need to identify potential nonshared environmental
influences. The remainder of this section will focus on candidate nonshared environmental factors

on language development organized as peri/early postnatal and social/linguistic.

4.1.2 Perinatal and early postnatal factors. The pre- , peri-, and post-natal periods are
sensitive periods of both opportunity and vulnerability, with brain development beginning in the
3" week of gestation (Stiles, 2008). As such, factors such as diet, exposure to teratogens (e.g.
cigarette smoking), and infection, may significantly shape neurodevelopment through influencing
the blood-brain barrier, synaptogenesis, proliferation of oligodendrocytes and myelination, and
pruning. Cortical networks begin to form prenatally and continue to do so postnatally, with a large
growth spurt of neural networks, including those involved in cognition, forming during the first
few months of life (Stiles, 2008). Neural plasticity is particularly evident in the immature cerebral
cortex, and is most marked in regions associated with higher cortical functions such as language
(Huttenlocher, 2002). Spatially specific molecular signaling of neural progenitor cells, together
with activity-dependent signaling will shape the final organization and functions of the neurons
within the neocortex. The formation of synapses between neurons (i.e., synaptogenesis), for
example, is shaped by post-natal sensory and motoric experiences after birth, particularly during
the first three years of life, and declines thereafter with the onset of pruning. Through pruning,
which involves the removal of extra neurons and synaptic connections via apoptosis, neuronal
networks enabling specific functions emerge (Stiles, 2008). The development of the respective
neural networks, which are thought to underlie information processing in the cerebral cortex, is
determined to a significant extent by environmental influences, especially during the postnatal
period (Huttenlocher, 2002). To illustrate, although children continue to be able to acquire
language later in life, children’s ability to acquire language declines after the decline of
synaptogenesis, likely due to decreased brain plasticity.

The present study examines the potential influence of a perinatal (i.e. birthweight) and an early
postnatal factor (i.e., extent of breastfeeding) in later language development. These factors may
potentially influence language development via direct alterations to brain anatomy and physiology

and indirect influences on language learning.
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4.1.2.1 Birthweight.

4.1.2.1.1 Background. Low and high birthweight, as well as moderate to severe birthweight
discordance in twin pregnancies are associated with higher rates of perinatal morbidity and
mortality (Ananth, Demissie, & Hanley, 2003; Boulet, Alexander, Salihu, & Pass, 2003; Fanaroff
et al., 2007; Wen et al., 2005), as well as long-term complications, chronic diseases, and
developmental delays (United Nations Children’s Fund [UNICEF] & World Health Organization
[WHO], 2004). Low birthweight (LBW) is defined as weight at birth of less than 2.5 kg, with very
low birthweight (VLBW) defined as weight at birth of less than 1.5 kg (Fanaroff et al., 2007;
Martin, Hamilton, Osterman, Driscoll, & Mathews, 2017; UNICEF & WHO, 2004). High
birthweight or fetal macrosomia is defined as greater than 4.0 kg, with increased health risks when
greater than 4.5 kg (Abel et al., 2013; Boulet et al., 2003; Mayo Clinic, 2015). Finally, moderate
to severe discordant growth in twins is defined as greater than 15%, with increased health risks
when > 20% (Ananth et al., 2003; Armson et al., 2006; Hartley & Hitti, 2005; Wen et al., 2005).
Approximately 9% of infants worldwide are diagnosed with fetal macrosomia (Mayo Clinic,
2015), and approximately 15.5% of all newborns worldwide are born with low birthweight
(UNICEF & WHO, 2004; see also Martin et al., 2015). Over 50% of multiple birth infants have
low birthweight compared to 6% of singletons (Martin et al., 2015). The lower or higher the
birthweight the greater the risk for complications.

The primary cause of low birthweight is premature birth (born before 37 weeks of gestation),
with the second leading cause being fetal intrauterine growth restriction (IUGR), or slower than
typical velocity of growth (UNICEF & WHO, 2004). Although birthweight is closely associated
with premature birth, it has been reported to be an independent predictor of both short-term and
long-term outcomes, including linguistic delays and impairments (Fanaroff et al., 2007; Malin,
Morris, Riley, Teune, & Khan, 2014; Matthews, MacDorman, & Thoma, 2015; Stromswold,
2006). Low birthweight is likely a result of a myriad of factors that relate to the infant, the mother,
and the physical environment (UNICEF & WHO, 2004). Factors associated with the infant and
the mother include multibirth pregnancies (e.g. twins weigh less than singletons), and maternal
and fetal genetic make-up (e.g. trisomy 18) (Varner & Esplin, 2005). The mother’s body
composition at conception also plays a role and is known to be influenced by her own fetal growth,
her diet and health from birth to pregnancy, maternal age (with increased risk in women younger

than 20 years and older than 35; Fraser, Brockert, & Ward, 1995; U.S. Department of Health and
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Human Services [HHS], 2014), low pre-pregnancy weight, and short interval between pregnancies.
Finally, the mother’s lifestyle, exposures, and complications during pregnancy are also associated
with LBW. Examples of potential factors include alcohol consumption, maternal smoking,
prolonged high-altitude exposure, low maternal weight gain, physical work, exposure to malaria,
hypertension, pregnancy healthcare, and maternal or fetal stress (UNICEF & WHO, 2004).

Specific to discordant growth in twin pregnancies, a higher incidence of fetal distress,
requirement for supplemental oxygen, respiratory distress syndrome, and low Apgar scores are
associated with increased growth discordance (Hartley & Hitti, 2005). In addition to the low
birthweight etiologies, factors impacting discordant growth in twins are often associated with
intrauterine growth restriction, structural and functional placental abnormalities, and twin-twin
transfusion syndrome (TTTS) (Siddiqui & McEwan, 2007). Approximately 15 - 20% of MZ twins
suffer from TTTS, in which one twin donates fetal blood to the other twin. Both decreased blood
flow in the donor twin, and increased blood flow in the recipient twin are associated with adverse
health outcomes including increased risk of brain injuries (Stromswold, 2006).

Contrary to the low birthweight literature, the relationship between macrosomia and later
language outcomes remains relatively unexplored. Some studies report associations between
gestational diabetes, a risk factor for fetal macrosomia, and poorer language outcomes (e.g.,
Dionne, Boivin, Séguin, Pérusse, & Tremblay, 2008; Perna, Loughan, Le, & Tyson, 2015), and
one study reported an increased risk of autism spectrum disorders in macrosomic infants,
independent of prematurity (Abel et al., 2013). Given limited research, the remainder of this
section will focus on the potential influence of low birthweight on linguistic skills. Given the
prevalence of low birthweight worldwide, it is particularly important to examine the long-term

neurodevelopmental sequelae.

4.1.2.1.2 Potential mechanisms. The question remains as to how low birthweight may lead to
subsequent language difficulties. Potential mechanisms can be broadly divided into the two general
categories, which may not be mutually exclusive. First, direct insults or alteration to fetal brain
anatomy and physiology may lead to overt or covert damage to the neural networks involved with
language. These include: a) reduced brain volume as a result of low birthweight and/or premature

birth leading to decreased general cognitive functioning (e.g., de Kieviet, Zoetebier, Van Elburg,
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Vermeulen, & Oosterlaan, 2012), b) overt or covert hypoxic/ischemic'’ brain injuries such as
intraventricular hemorrhage and periventricular white matter lesions (e.g., see Whitaker et al.,
1996), which may occur as a result of decreased oxygen-carrying capacity (e.g., blood clotting
disorders), and/or a dysfunctional oxygen-delivery system which may occur in cases of e.g.,
diabetes, or placental or cord complications 18 (HHS, 2014; Severi et al., 2000; Stromswold, 2006)
and finally c), brain physiology may be influenced by toxic exposure'’, malnutrition, and
infections such as cytomegalovirus (Stromswold, 2006; UNICEF & WHO, 2004). Such direct
influences on brain development may lead to the disruption of fibers that mediate higher cortical
functions such as language. In fact, perisylvian language areas are particularly vulnerable to
hypoxic/ischemic brain injuries given they are located in a vascular watershed and therefore are at
a greater risk for hypoperfusion (Stromswold, 2006).

The second potential mechanism focuses on indirect influences on language learning via
postnatal complications and psychosocial factors. Activity or experience-dependent signaling is
known to shape neural networks (Huttenlocher, 2002; Stiles, 2008). Differences in postnatal
experiences relevant to language development during a sensitive period of brain maturation could
therefore influence linguistic ability. Infants with low birthweight are at greater risk for adverse
perinatal and postnatal health outcomes (Malin et al., 2014; Ramachandrappa & Jain, 2009).
Such adverse health outcomes often lead to increased hospital stay and increased parental stress,
which are associated with differences in caregiver-infant interactions (Korja, Latva & Lehtonen,
2012; Ramachandrappa & Jain, 2009). Children’s health may influence parents’ feelings towards
their children and may represent a source of differential parental treatment (e.g., Caspi et al., 2004).
Prolonged hospitalization may also lead to decreased skin-to-skin contact; skin-to-skin contact has

been found to be beneficial to infants, including low birthweight infants (Whitelaw, Heisterkamp,

'" Hypoxia refers to reductions of oxygen; ischemia refers to diminished blood supply.

'8 Decreased oxygen-carrying capacity is associated with conditions such as cyanotic heart disease, thrombophilias or
other blood clotting disorders, smoking, and hemoglobinopathy. Dysfunctional oxygen-delivery system may occur in
cases of diabetes, maternal hypertension, and some autoimmune diseases. Placental or cord complications could also
lead to maternal bleeding and decreased blood supply to the fetus, decreasing fetal oxygenation and increasing the
risk of a hypoxic/ischemic brain injury (e.g. placenta previa, chronic abruption, and abnormal cord insertion) (HHS,
2014; Severi et al., 2000; Stromswold, 2006).

" Toxic exposure may be due to medication use, alcohol or other substance misuse, smoking, or hyperbilirubinemia
(i.e, jaundice) which is also associated with low birthweight.

22 E.g., low oxygen levels at birth, inability to regulate body temperature, breathing problems (e.g., RDS), neurological
problems (e.g., intraventricular hemorrhage), GI problems (e.g., necrotizing enterocolitis), and SIDS (Sudden Infant
Death Syndrome).
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Sleath, Acolet, & Richards, 1988). Socialization is key to language development and differences
in social interactions in infancy may set the stage for differences in later linguistic development.
In addition, exposure to intense sensory stimulation in the neonatal intensive care unit (NICU) has
been associated with negative outcomes. The American Academy of Pediatrics Committee on
Environmental Health (AAP, 1997) concluded exposure to noise and other environmental factors
in the NICU may lead to cochlear damage, and poor growth and development. Another indirect
factor that may influence language learning is the increased risk of postnatal complications such
as feeding and swallowing difficulties (Bu’Lock, Woolridge, & Baum, 1990; Ramachandrappa &
Jain, 2009). Such difficulties may lead to improper nutrition, increased risk of infections, and
changes in brain physiology. The increased risk of adverse health outcomes associated with low
birthweight may also influence infant’s overall learning and memory. Infants who are at clinically
significant risk for morbidity and mortality may devote fewer resources for the development of
higher-order cognitive processes, including language.

Whether as a result of one or all of the potential mechanisms, preterm birth is associated with
less developed mid-temporal and parieto-occipital cortices, which play important roles for
auditory, language and other cognitive processes, and for integration of stimuli and information.
Mid-temporal cortical volumes have been positively associated with full scale, performance, and
verbal 1Qs (Peterson et al., 2000). Other studies confirm preterm births, very low birthweight
infants, and small for gestational age (GA) births (birthweight <10™ percentile), are associated
with smaller total and regional brain volumes (e.g., hippocampus, corpus callosum), smaller
gray/white matter volume, and/or white matter integrity, and decreased cognitive functioning (de
Kieviet et al., 2012; Eikenes, Lohaugen, Brubakk, Skranes, & Haberg, 2011; Martinussen et al.,
2009). Neurological differences may in turn influence how infants interact with their environment

and how others interact with them, which in turn shapes brain development.

4.1.2.1.3 Empirical research. Low birthweight as measured by medical records or parental
recall has been correlated with subsequent long-term difficulties in speech, language, attention,
general cognitive skills, social skills, behavior difficulties, and with disorders such as attention-
deficit/hyperactivity disorder, autism spectrum disorders, and learning disabilities (Abel et al.,
2013; Aylward, 2002; Grunau, Whitfield, & Davis, 2002; Jansson-Verkasalo et al., 2004; Johnson
& Breslau, 2000; Mahurin-Smith, DeThorne, Logan, Channell, & Petrill, 2014; Pharoah,

Stevenson, Cooke, & Stevenson, 1994; Veen et al., 1991). Lung problems and vision and hearing
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loss have also been reported. Of interest, fetal growth restriction is also associated with lower 1Q
in the general population (Eriksen, Sundet, & Tambs, 2010). Specific to language development,
LBW infants are reported to have elevated risks for speech and language impairments, at least until
school age (Grunau, Kearney, & Whitfield, 1990; Jennische & Sedin, 2001). Whether children
without frank neurological impairment continue to present with language difficulties at school age,
is less clear. To illustrate, I highlight two representative studies, the first focuses on preschool
language skills and the second on school-age language.

Jansson-Verkasalo and colleagues (2004) conducted a group study examining language in 17
VLBW preterm children (BW < 1,500g, GA < 34 weeks) and 17 matched controls (Mean BW =
3,617 g, Mean GA = 39.7 w) at age 2 and at age 4. Birthweight data were collected via medical
records. The research design benefitted from the use of a longitudinal design that assessed
language through both standardized measures and language samples. VLBW children showed
lower receptive language scores and used shorter and more immature productions than matched
controls at age 2 as measured by the Reynell Developmental Language Scales, the MacArthur-
Bates Communicative Development Inventory, and 15-min video-recorded language samples
during free play between the child and the caregiver. By four years of age, VLBW children showed
significantly decreased language comprehension, vowel and consonant discrimination, and word
production compared to their matched controls, as measured by the Reynell Developmental
Language Scales and a battery of different tests over similar domains. Performance in all the
language assessments for the VLBW children at age 2 predicted language performance at age 4;
correlations were weaker or nonexistent for the control group (readers are referred to similar
findings in Grunau et al., 1990; Jennische & Sedin, 2001).

Similar to Jansson-Verkasalo and colleagues (2004), Mahurin-Smith and colleagues (2014)
examined the impact of parent reported prematurity (<= 32 weeks) or VLBW (< 1,500 g) on
language skills at school age (ages 7, 8 and 10 years) using standardized and language sample
measures within the context of the Western Reserve Reading and Math Project (WRRMP). The
premature or VLBW group (n = 57) was generally outperformed by full-term matched controls (n
= 57), albeit only language outcomes as measured by standardized assessments were significantly
different. No statistically significant differences were seen in language skills across groups for the
language sample measures. The authors note that none of the study participants had extremely low

birthweight or overt neurological impairment.
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The long-term developmental trajectory of children with low birthweight is highly
heterogeneous (Stromswold, 2006). The heterogeneity in cognitive outcomes, such as language,
associated with a child’s birthweight may be due to the severity of perinatal complications (e.g.,
leading to intellectual disabilities), predisposition to cognitive impairment, and to moderating
factors that may mitigate the impact of birthweight on the developing brain. Previously proposed
moderating factors include parent-child interactions (to be discussed in parenting section), diet
(e.g. a diet rich in long-chain fatty acids, to be discussed in breastfeeding section), accessibility to
therapy, parent education, exposure to literacy-rich activities (to be discussed in reading section),

and exposure to toxins among other environmental variables.
4.1.2.2 Breastfeeding.

4.1.2.2.1 Background. The American Academy of Pediatrics (2012) and the World Health
Organization (WHO, 2001) recommend exclusively breastfeeding infants for the first 6 months of
life and continuing to breastfeed up to 1 or 2 or more years of age with adequate complementary
foods, while also acknowledge the need to consider mother-infant preferences. Breastfeeding is
associated with a plethora of short and long-term health benefits for both the mother and the infant.
For example, infants who are breastfed have a decreased risk of obesity (Burke et al., 2005; Harder,
Bergmann, Kallischnigg, & Plagemann, 2005), diabetes (Sadauskaité-Kuehne, Ludvigsson,
Padaiga, Jasinskiené, & Samuelsson, 2004), infections (Galton Bachrach, Schwarz, & Bachrach,
2003; Duncan et al., 1993; Mérild, Hansson, Jodal, Oden, & Svedberg, 2004; Silfverdal, Bodin, &
Olcén, 1999), and a higher rate of survival during their first year of life (Bahl et al., 2005; WHO,
2009). Some studies also suggest it may be advantageous for an infant’s mental health (Oddy et
al., 2010), cognitive development (e.g., Anderson, Johnstone, & Remley, 1999; Kramer et al.,
2008; Lucas, Morley, & Cole, 1998; Nyaradi, Oddy, Hickling, Li, & Foster, 2015), and later
language development (Leventakou et al., 2015; Oddy et al, 2011; Quigley et al., 2012; for a

review see Mahurin-Smith, 2015).

4.1.2.2.2 Potential mechanisms. The influence of an infant’s diet, or breastfeeding more
specifically, could potentially influence language development via direct alterations to brain
anatomy and physiology and indirect influences on language learning, none of which are mutually
exclusive. First, breast milk may offer key nutritional building blocks for brain development that

are not fully emulated in infant formula, thereby directly influencing brain structure and function
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and modulating gene expression. The neurodevelopmental advantage associated with breast milk
is thought to be linked primordially to the milk’s long-chain polyunsaturated fatty acids
(LCPUFAS), particularly docosahexaenoic acid (DHA) (Innis, 2007; McFadyen, Farquharson, &
Cockburn, 2003), and to a lesser extent arachidonic acid or ARA (WHO, 2009). DHA is the most
abundant fatty acid in the brain, and DHA levels in the brain have been associated with an
individual’s diet. It plays a role in neurogenesis, neurotransmission, gene expression regulation
and oxidative stress inhibition. Decreased DHA in brain tissue has been associated with poorer
performance in learning and memory tasks in rodents (Innis, 2007). Human studies also support
the hypothesis that dietary fatty acid content influences the structure and function of neural tissue
(Deoni et al., 2013; Kafouri et al., 2012). Early nutritional influences in brain structure and function
together with early nutritional influences in gene expression (e.g., Farquharson, Jamieson, Logan,
Cockburn, & Patrick, 1992; Salem et al., 2001) could have long-term implications to language
development (e.g., Anderson et al., 1999), particularly in those infants otherwise predisposed to
have language difficulties (e.g., Schultz et al., 2006; see also Lucas, Morley, Cole, Lister, &
Leeson-Payne, 1992 and Quigley et al., 2012 for stronger effects of breastfeeding in at-risk
populations more broadly). Together with LCPUFAs, some or all of the ingredients in human
breast milk may work synergistically to provide neurodevelopmental advantages. In addition to
fats, breast-milk also contains water, carbohydrates, protein, vitamins, minerals, anti-infective
factors (e.g., immunoglobulin), and other bioactive factors (e.g., bile-salt stimulated lipase and
epidermal growth factor). In contrast with formula, breast milk has lower protein and energy
content, and higher content of LCPUFAs, cholesterol, and nondigestible carbohydrate (WHO,
2009).

Second, breastfeeding may influence language development indirectly. Lactation may
facilitate mother-child bonding in a way that supports later language development. In addition to
providing dedicated time together and skin-to-skin contact, lactation is associated with hormonal
changes including increases in maternal oxytocin, the milk-ejection hormone and a prosocial
neuropeptide. Oxytocin has been associated with feelings of relaxation (Uvnds-Moberg, 1996;
WHO, 2009), improved learning and memory (Hurlemann et al., 2010; Savaskan, Ehrhardt,
Schulz, Walter, & Schichinger, 2008; Tomizawa et al., 2003), and even improved emotion
recognition (Guastella et al., 2010), and prosocial behaviors (Meyer-Lindenberg, Domes, Kirsch,

& Heinrichs, 2011). Whereas lactation increases maternal oxytocin, mother-infant social
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interaction can increase oxytocin levels in the mother and the infant (e.g., Feldman, Weller,
Zagoory-Sharon, & Levine, 2007). More specifically, improved maternal sensitivity has been
reported in lactating mothers (Britton, Britton, & Gronwaldt, 2006; Kim et al., 2011), and
increased maternal sensitivity during infancy is correlated with later language development
(Baumwell, Tamis-LeMonda, & Bornstein, 1997) (see parenting section for additional details) and
other positive neurocognitive outcomes (Rahkonen et al., 2014).

Furthermore, the antimicrobial, anti-inflammatory properties, and bioactive factors in breast
milk play an important role in both short- and long-term immune function and regulation of
immunoinflammation, indirectly influencing learning and memory. Breast milk protects the
infant’s immune system and supports the ontogeny of the infant’s own immune system (Field,
2005; Hanson, Korotkova, & Telemo, 2003; Lepage & Van de Perre, 2012). An enhanced immune
system will lead to decreased risk of infections, and may allow the infant to devote more resources
to learning and brain maturation and fewer resources to fight pathogens and modulate immuno-
inflammation. Additionally, infant formula is not sterile and has been found to be contaminated
with pathogenic bacteria (e.g., Enterobacter sakazakii) (Forsythe, 2005). The increased likelihood
of contamination in infants who are formula-fed, together with the improved immune status and
immunoregulation in breastfed infants may act as a measure of protection and indirectly influence

learning and memory.

4.1.2.2.3 Empirical research. Specific to language, most studies demonstrate positive, modest
but statistically significant differences supporting neurodevelopmental advantages for breastfed
vs. formula-fed infants in both typical and atypical populations (e.g., Harrison & McLeod, 2010;
Peyre et al., 2014). Although attenuated, significant effects are observed in most studies even after
controlling for SES, maternal IQ, maternal education, and maternal vocabulary *' (e.g., Anderson
et al., 1999; Daniels & Adair, 2005; cf. Der, Batty, & Deary, 2006). Moreover, a dose-response
effect in which prolonged and exclusive breastfeeding are associated with increased benefits has
been reported (e.g., Burke et al., 2005; Daniels & Adair, 2005; Harder et al., 2005; Isaacs et al.,
2010; Leventakou et al., 2015; Mortensen, Michaelsen, Sanders, & Reinisch, 2002); with boys
being particularly responsive (Nyaradi et al., 2015; Oddy et al., 2011). In typical populations, IQ

differences as large as 7.5 points in the Wechsler Abbreviated Scales of Intelligence verbal 1Q

2! Controlling for variables such as maternal vocabulary may partial out some of the positive effects of breastfeeding
given its effects on maternal learning and memory.
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subscale, consisting of the vocabulary and similarities subtests, at 6.5 years have been reported
(Kramer et al., 2008; see Lucas et al., 1992 for an 8 pt. IQ difference in preterm infants). Kramer
and colleagues (2008) findings are particularly relevant given the methodological rigor of the study
and assessment of breastfeeding influences as old as school-age. Specifically, the authors
conducted a follow-up on 13,889 healthy breastfed infants and their mothers using a cluster-
randomized trial. Breastfeeding exclusivity and duration was promoted in specific maternity
hospitals, whereas the control maternity hospitals continued their previously established practices.
The children who received decreased breastfeeding duration and exclusivity scored lower on
verbal IQ measures and on teacher evaluations of reading and writing skills** (Kramer et al., 2008).

The protective effects of breastfeeding have also been reported in association with younger
children (Peyre et al., 2014) and clinical or at-risk populations including children with autism (Al-
Farsi et al., 2012; Dodds et al., 2011; Schultz et al., 2006), speech impairment (e.g., Mahurin-
Smith & Ambrose, 2013), language impairment (Dee, Li, Lee, & Grummer-Strawn, 2007;
Harrison & McLeod, 2010; Tomblin, Smith, & Zhang, 1997), and a history of prematurity or very
low birthweight (Belfort et al., 2016). Even though there is support for the positive effects of
breastfeeding in at-risk populations, perinatal complications (e.g., low birthweight, low Apgar
score) have been found to have a small, albeit significant association with decreased incidence of
breastfeeding, in which a higher percentage of mothers do not breastfeed their infants (Tamminen,
Verronen, Saarikoski, Goransson, & Tuomiranta, 1983; see also Quigley et al., 2012 and Scott,
Binns, Oddy, & Graham, 2006). As such, although breastfeeding is likely to have a positive effect
on all infants, at-risk infants are less likely to benefit from such effects given the decreased
breastfeeding rates.

In regards to the effects of breastfeeding in low birthweight and preterm infants, Belfort and
colleagues (2016) examined associations between breastfeeding duration and exclusivity in very
preterm infants and very low birthweight infants who are at increased risk of neurodevelopmental
impairments and often need fortified feedings and begin feedings via nasogastric tube, thereby
changing the quality of breastfeeding interaction. In addition to the population studied, this study
is highlighted given its use of medical records to quantify breast milk intake and assessment of
brain development and neurocognitive outcomes during the school-age years (n =180). Greater

exposure to breastfeeding during the first 28 days was associated with significantly higher verbal

*2 The teachers were blind to the independent variable.



104

IQ using the Wechsler Abbreviated Scales of Intelligence at 7 years of age (similar to Kramer et
al., 2008), as well as significantly higher scores in other neurocognitive outcomes including full
scale 1Q, performance 1Q, math computations, working memory and motor function. Word reading
(WRAT4) and language scores (CELF-IV) also increased with increasing breastfeeding exposure,
albeit nonsignificantly. Assessment of breastfeeding duration and daily volume during only the
first 28 days remained a notable limitation of this study. Ideally, breastfeeding should have been
assessed for at least the first three months. It is possible that the nonsignificance of the language
outcome as measured by the CELF-IV was due to the lack of breastfeeding assessment beyond the
first 28 days or an effect size that was too small to reach statistical significance.

Although null findings between breastfeeding and neurocognitive outcomes have also been
reported in other studies (Colen & Ramey, 2014; Der et al., 2006; see Thorpe, Rutter, &
Greenwood, 2003 for null findings in twins), such studies have not included strong measures of
breastfeeding exclusivity and/or extent of breastfeeding (see Kramer et al., 2008 and Mahurin-
Smith, 2015 for a critical review of such studies). In fact, stronger associations are present with
increased breastfeeding exclusivity and increased duration of breastfeeding (Leventakou et al.,
2015), with a proposed > 3-month threshold to benefit from the effects of breastfeeding (Dee et
al., 2007), although a > 9 month threshold has also been reported in infants at-risk for
communication impairments (Harrison & McLeod, 2010; Tomblin et al., 1997). It is also important
to consider the a priori differences between mothers who tend to breastfeed and those who do not
in regard to potential financial (e.g., socioeconomic status, health care access), physical, social

(e.g., education, lactation support), and psychological differences (e.g., see Der et al., 2000).

4.1.3 Social and linguistic factors. Although the degree of neural plasticity decreases with
age, the human potential for change is evident throughout life; as such, environmental factors at
any point in time can influence behavioral phenotypes. Here we focus on the potential influence
of parenting and home reading exposure during childhood on later language development, given

their predominance in the CSD literature.
4.1.3.1 Parenting.

4.1.3.1.1 Background. Much of the literature on the effects of parenting focuses on parenting
style, which refers to the emotional climate surrounding the interactions between parents and their

children, including socialization priorities (e.g., values, attitudes) and specific parenting practices
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(e.g., behaviors, strategies). Parenting style is commonly categorized into four different types (i.e.,
authoritative, authoritarian, neglectful, or indulgent/permissive) on the basis of two broad
dimensions, parental control/demandingness and parental warmth/responsiveness (e.g., see
Dallaire & Weinraub, 2005; Darling & Steinberg, 1993; Spera, 2005); see Figure 4.1. Parental
control refers to the level of demands imposed on the child by the parents; high parental control is
associated with high expectations of the child, high levels of monitoring, and with parents who
provide discipline to their child when needed. Parental warmth refers to the level of responsiveness
and supportiveness provided to the child by the parents; high parental warmth is associated with
accepting, contingent, sensitive and involved parents and child-centered interactions. Previous

research supports relative consistency in parenting style across time points (Dallaire & Weinraub,
2005).
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Figure 4.1. Parenting Style.

Parenting factors such as parental linguistic input (usually maternal; e.g., quantity, quality) and
responsivity to the child are often studied within the field of CSD (Rogers et al., 2015); however,
such studies are often limited by underspecified causal mechanisms. Parental typologies (i.e.,
authoritative, authoritarian, neglectful, or indulgent/permissive), although not as commonly
studied within CSD, have been widely studied in related fields such as child development and
psychology. In regards to parenting style dimensions, high parental warmth has been positively
associated with communication development (e.g., Tamis-Lemonda, Bornstein, & Baumwell,
2001) and with school readiness more broadly (e.g., Landry, Smith, Swank, Assel, & Vellet, 2001)

(which measures a child’s cognitive, socioemotional, and attentional skills; Duncan et al., 2007),
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at least in regard to certain cultural-linguistic groups. In contrast, high parental negative affect,
negative control, and coercive discipline strategies (e.g., hitting, yelling) have been associated with
socioemotional difficulties and lower academic achievement, particularly for European American
children (e.g., Amato & Fowler, 2002; Dotterer, Iruka, & Pungello, 2012). Given language skills
are closely associated with other cognitive skills such as executive function, attention, and
memory, the association between parenting style dimensions and school readiness/academic

achievement is also relevant to the development of language skills.

4.1.3.1.2 Potential mechanisms. Parenting style may influence language development via two
main mechanisms, which may not be mutually exclusive. Parenting can influence the child’s
physiological response to stress which can alter brain development (Ben-Dat Fisher et al., 2007;
De Bellis, 2001; Granger et al., 1998). A positive parent-child interaction, consisting of warm and
nurturing parenting, might mitigate the impact of stress on a child’s mental, cognitive and physical
wellbeing, thereby increasing the child’s receptivity and ability to learn. For example, Landry and
colleagues (2001) reported that preschool age children, particularly preterm children, with
consistently responsive mothers made faster cognitive gains than their peers with less responsive
mothers. It is also possible for children to influence parental responsiveness, and children’s level
of receptivity may also differ. For example, children who have difficulty thriving may potentially
increase parental stress and as a result decrease parental responsiveness. On the other hand, a
negative parent-child interaction may negatively influence learning and memory. Chronic
childhood stress, leading to high levels of cortisol, has been associated with various types of
physical and mental illnesses and childhood neglect is known to increase adult risk for morbidity
and mortality (e.g., Carroll et al., 2013).

Another mechanism is the potential for parenting style to make the child more or less receptive
to socialization. Parent-child interaction plays a key role in language learning as parents are highly
influential in the nature of children’s learning environments and often in a position to scaffold the
child’s language learning, consistent with a Vygotskian view of human development. Accordingly,
disruptive or negative patterns of parent-child interaction may lead to fewer scaffolded interactions

and contribute to more pervasive negative socioemotional outcomes across contexts.

4.1.3.1.3 Empirical research. Although critical cross-cultural differences have been noted in
the associations between parenting styles and child outcomes, particularly in relation to

race/ethnicity, culture, and socioeconomic status (Baldwin, Baldwin, & Cole, 1990; Dotterer et al.,
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2012; Garcia Coll, 1990; Lamborn, Dornbusch, & Steinberg, 1996; Pungello, Iruka, Dotterer,
Mills-Koonce, & Reznick, 2009; Spera, 2005), other studies indicate cross-cultural validity for a
core set of parenting styles associated with positive child outcomes, including language.
Specifically, warm, structured, responsive parent-child interactions, and avoidance of coercive
discipline strategies have been found to be associated with positive outcomes across diverse types
of families (Amato & Fowler, 2002; Bradley & Corwyn, 2000; Connell & Prinz, 2002).

Research examining the association between parent-child interactions and children’s later
language development is consistent with findings linked to a common core of parenting styles
leading to positive outcomes. High parental warmth (e.g., emotional responsiveness, sensitivity)
and avoidance of coercive discipline strategies are associated with better early language
knowledge and literacy development (Connell & Prinz, 2002; Dodici, Draper, & Peterson, 2003;
Mistry, Biesanz, Taylor, Burchinal, & Cox, 2004; Pianta, 1997; Pianta, Nimetz, & Bennett, 1997,
Tamis-Lemonda et al., 2001). In a longitudinal study with 40 mother-child European-American
dyads (Mean age of children = 9.5 ms and 13.7 ms), increased maternal responsiveness, measured
by coding of videotaped interactions, was positively associated with expressive language
milestones, based on maternal report (e.g., Early Language Inventory, MacArthur-Bates
Communicative Development Inventory) (Tamis-Lemonda et al., 2001). Similarly, in a study with
47 African American kindergarteners (Mean age = 5.4 years), structured and emotionally
responsive interactions, measured by coding of parent-child videotaped interactions, were
associated with higher scores of overall communication skills and receptive communication skills
as measured by the Battelle developmental inventory, with negative control associated with
decreased receptive communication skills (Connell & Prinz, 2002). The effect of specific parenting

style dimensions on school-age language development is less clear.
4.1.3.2 Reading exposure.

4.1.3.2.1 Background. The association between reading and overall cognitive development has
been widely studied within the fields of psychology, education, and communication sciences and
disorders. Factors such as early home literacy environment (e.g., home reading exposure™), early

language skills, early reading skills, reading interest, and accessibility to literacy resources have

’ Home literacy environment includes reading exposure as well as exposure to videotapes, and engaging in
sociodramatic play, singing, drawing and writing.
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been shown to have positive associations with language and literacy development as well as later
academic success (Agostin & Bain, 1997; Burgess, Hecht, & Lonigan, 2002; Guthrie & Wigfield,
2000; McCardle et al., 2001; Petrill, Deater-Deckard, Schatschneider, & Davis, 2005; Scarborough
& Dobrich, 1994; van Steensel, 2006). Home reading exposure, as construed here, refers to solo-
or joint-book reading or listening to digital or print texts which may include print books, e-books,
and picture-books in the home environment. Longitudinal studies demonstrate positive
correlations between early home literacy practices, including reading exposure, and breadth of
early childhood vocabularies (Hart et al., 2009; van Steensel, 2006). In addition to positive
correlational data, intervention studies indicate joint book-reading can facilitate the development
of language skills in the preschool years, although evidence for long-term benefits is limited (see

Scarborough & Dobrich, 1994 for a review).

4.1.3.2.2 Potential mechanisms. Reading exposure may influence language development via
two main mechanisms. One potential mechanism, embedded within a Vygotskian framework of
development, is that engaging in reading activities, with social guidance from a more experienced
partner, can facilitate language development. Joint reading with a caregiver provides direct
opportunities to scaffold language-learning with a more knowledgeable person who is able to
provide linguistic input that is appropriate for the child’s linguistic level and has the potential of
providing indirect and direct language instruction. As such, joint reading provides children with
the opportunity to witness language-rich models, and to practice language use. Research supports
the hypothesis that reading exposure may promote language development (Scarborough &
Dobrich, 1994; Sénéchal, LeFevere, Thomas, & Daley, 1998). Reading exposure may also act as
a general indicator of parental investment in learning, at least for some cultural-linguistic groups
(Hart et al., 2009).

A second and related potential mechanism linking reading exposure to language development
is the direct opportunity it provides to develop linguistic resources. Reading is a language-based
skill, with partially overlapping brain networks (e.g., perisylvian region) (Schlaggar &
McCandliss, 2007), specifically as it relates to networks supporting phonological, syntactic, and
semantic skills. The overlapping skills between reading and language are supported by common
shared environmental and genetic influences (Harlaar, Hayiou-Thomas, Dale, & Plomin, 2008).
Whereas literacy acquisition (e.g., decoding) is thought to draw primarily on children’s pre-

existing phonological (e.g. phoneme segmentation, phonological decoding), and syntactic skills
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(i.e., knowledge of the structure of language), later stages of reading development are viewed as a
direct support for language learning, with syntactic and semantic (e.g., vocabulary) skills playing
a role in reading comprehension (Cromley & Azevedo, 2007; Harlaar et al., 2008; Scarborough &
Dobrich, 1994). The association between reading and language is supported by research indicating
children’s early language skills have been found to be a good predictor of reading outcomes later
in development (Catts, Fey, Zhang, & Tomblin, 1999; Elbro & Scarborough, 2004; Muter, Hulme,
Snowling, & Stevenson, 2004; Scarborough, 2005). Moreover, school-age readers have been
reported to use reading as a source for language learning (Cunningham, 2005). In “The stages of
reading development”, Chall (1983) describes this stage, between the ages of 9 — 13 as the stage

in which children read to learn new knowledge.

4.1.3.2.3 Empirical research. The present section will highlight a correlational study and an
intervention study examining the role of reading in young children, followed by a behavioral
genetic study in school-age children—all of which emphasize the role of reading throughout
language development. Correlational studies have provided support for the positive association
between reading and language. In young children ages 8-24 months, reading to them at least once
a day, instead of less frequently, was significantly associated with larger vocabulary, based on
regression analysis, as measured by the short-form of the MacArthur-Bates Communicative
Development Inventory (CDI), a well-validated standard measure of child language development
(Fenson et al., 2000). Additionally, parents telling stories to their children at least once a day,
another type of literacy activity, was associated with higher CDI scores in both infants and
toddlers, albeit only the toddler group (17-24 ms) reached statistical significance (Zimmerman,
Christakis, & Meltzoff, 2007). Reading exposure has been shown to account for variance in
children’s receptive and expressive vocabulary even after controlling for parental education,
parental literacy skills, and children’s analytic intelligence (Sénéchal, LeFevre, Hudson, &
Lawson, 1996).

Intervention studies that use reading exposure to facilitate language development further
support positive outcomes in receptive and expressive language (e.g., Hargrave & Sénéchal, 2000;
Isbell, Sobol, Lindauer, & Lowrance, 2004; Newman, 1996). Hargrave and Sénéchal (2000)
conducted a storybook reading intervention in 36 preschoolers with poor expressive vocabulary
skills in which they manipulated the frequency and nature of book-reading. The experimental

group participated in active story book-reading in which children were encouraged to actively
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participate, and teachers/parents were encouraged to use questioning techniques, provide feedback
to the children, adapt their reading style to the child’s linguistic level, and have fun during the
reading activity. The active control group participated in ‘regular’ (passive) book reading in which
teachers were encouraged to read to the children as they usually did. For children in both groups,
teachers were given 10 books to read, and each book was read twice for the children to benefit
from repeated exposure to the books; parents were given 4 books to read at home with their child
throughout the intervention and were instructed to read each book five times. At the end of the
four-week study, children in both groups showed improvements in expressive vocabulary
introduced in the books, with children in the active reading group showing significantly greater
improvements in vocabulary introduced in the books and the Expressive One Word Picture
Vocabulary Test — Revised compared with the children in the regular reading group.

Finally, findings from the WRRMP have supported the influence of shared home literacy
environment on early expressive vocabulary in school-age children using twin methodology.
Specifically, Hart and colleagues (2009) utilized measures of home literacy environment, assessed
via a parental questionnaire of reading behaviors in the home, and expressive vocabulary, assessed
via the Boston Naming Test, from 314 twin-pairs at three different time points (mean ages = 6, 7,
8). Using structural equation modeling, results suggested that the home literacy environment
accounted for 6-10% of the shared environmental variance in children’s expressive vocabulary at
school-age after controlling for genetic influences. In contrast to the present study, Hart et al.,
(2009) relied on an untraditional measure of child vocabulary; the Boston Naming Test is a
measure of word-retrieval normed on aphasic and non-aphasic adults. Additionally, the home
literacy environment was assessed as a shared environmental variable and did not examine twin-
specific differences in reading exposure within the home (i.e., nonshared environment).

skskok

In sum, the proposed study will examine the potential influence of a specified set of
environmental factors (i.e., birthweight, breastfeeding, home reading exposure, and parenting) on
children’s language outcomes at school-age using a genetically-sensitive design. This study is an
explicit extension of prior work which has highlighted the need to study a broader range of
environmental influences on child language development and to address the interplay between
genetic and environmental influences (Rogers et al., 2015), particularly as related to nonshared

environmental effects (i.e., DeThorne et al., 2012; Harlaar et al., 2016). Although quasi
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experimental, this study provides specific advantages including the ability to a) control for genetics
and shared environmental effects, b) examine associations with language across two specific time
points, and c) incorporate both standardized tests and narrative language measures. To the best of
my knowledge, the present study offers the first application of the MZ twin differences method to
understanding specific NSE influences on children’s language development. The specific research
questions are as follows:

1. To what extent are MZ differences in birthweight, breastfeeding, home reading exposure,
and parenting associated with MZ differences in Formal and Productive language at mean
age 10 (i.e., HV5)?

2. To what extent do associations between discordance in candidate environmental measures
and language outcomes replicate across time points (i.e. HVS5 and HV7)?

3. To what extent does the association of discordance in candidate environmental measures

and language outcome measures differ based on the extent of language discordance?

4.2 Method

4.2.1 Participants. Participants included monozygotic same-sex/gender* twins (56-58%
girls) drawn from the Western Reserve Reading and Math Project (WRRMP; Petrill, Deater-
Deckard, Thompson, DeThorne, & Schatschneider, 2006), a longitudinal twin study of reading
development and related cognitive skills. All participants were originally recruited to the larger
project from throughout Ohio during kindergarten/first grade via media advertisements, school
nominations, Ohio birth records, and mothers-of-twins clubs, and followed through annual home
visits until at least 5" grade. Annual home visits (HV) lasted approximately 2.5 hours and included
standardized measures, narrative language samples, video-taped parent-child interactions, and
parental questionnaires. Each twin within a pair was simultaneously assessed by different
examiners to avoid inflation of twin similarity. DNA testing from buccal swabs, or a parent
questionnaire of twin similarity reported to be 95% accurate (Goldsmith, 1991), was used to assign
Zygosity.

The present study focused on parenting and reading data from HV2, and language data from

HV5 and HV7, which corresponds with 1% grade, 3™ grade, and 5™ grade respectively. Data on

** Boy/girl distinction is based on binary parent identification of "sex" with options "girl" or "boy", thereby conflating
sex and gender.
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birthweight and breastfeeding were gathered at the point of initial enrollment in the study. To be
included in the present analyses, MZ twin pairs needed to have complete data in terms of zygosity,
age, and sex. In addition, both twins within a pair needed to have data for at least one language
measure and one environmental variable. These selection criteria led to 230 twins who had
language data at HVS (M age = 9.83, SD = .95) as well as birthweight and/or breastfeeding data,
and 162 twins who had language data at HV5 as well as parenting and/or reading data that was
derived from HV2 (M age =7.11, SD = .65). When we gathered language data at HV7, there were
216 twins who had language data (M age = 12.22, SD = 1.24) as well as birthweight and/or
breastfeeding data, and 154 twins who had language data as well parenting and/or reading data at
HV2 (M age = 7.13, SD = .70). When considering missing data for any individual variable,
analyses included anywhere between 114 to 230 twins depending on the home visit and variables
under consideration.

Based on results from the Speech-Language Survey (DeThorne et al., 2006), between 8-11%
of the MZ sample was receiving speech-language pathology services when they entered the study.
Consistent with the larger WRRMP database, the selected MZ sample primarily consisted of
children of White/European Americans (93-95% compared to 83% in Ohio census data, 2010)
with a high school education or higher (99-100% compared to 89% in Ohio census data, 2010).
Parental education in the present sample was similar for mothers and fathers with 83-86% pursuing
post high-school education: 25-26% some college/career school or 2-year degree, 30-35% 4-year
degree, 3-5% some post-graduate education, and 22-25% completed post-graduate/professional
school®. The majority of households in the MZ sample were opposite-sex>® (100% of those who
reported having a partner, with 1-3% not reported), two-parent households (95-97%, with 0-1%
not reported).

4.2.2 Language outcome measures. The large variability in etiological influences on
language development has been attributed in part to different forms of measurement (e.g.,
DeThorne et al., 2008; Harlaar et al., 2016). To account for this, language outcome measures were
examined from both standardized language measures and narrative language measures at HV5 and

HV7.

*% Parental race and education percentages are based on data collected when the families first entered the WRRMP
study, with 1-3% not reported.
*® Parent sex is based on binary identification of "sex" with options "female" or "male".
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4.2.2.1 Standardized language measures. Consistent with prior work (DeThorne et al. 2012;
Harlaar et al., 2016), this study included the Oral Narration score from the Test of Narrative
Language (TNL; Gillam & Pearson, 2004), and three subtests from the Clinical Evaluation of
Language Fundamentals-Fourth Edition (CELF-4) (Semel, Wiig, & Secord, 2003) (recalling
sentences, understanding spoken paragraphs, and word classes receptive and expressive), each

detailed below.

4.2.2.1.1 TNL. This study used the Oral Narration score from the TNL (raw score: 0-90, the
higher the score the better), which is based on 3 expressive tasks: 1) listening to and retelling a
story about a trip to a fast-food restaurant without visual support, 2) telling a story related to a
sequence of five drawings of a boy late for school, and 3) a picture-elicitation task in which
participants needed to tell a story based on a picture of two children who witness a family of aliens
landing at a park. The internal consistency (coefficient alpha) for the Oral Narration score for
children ages 6-11 ranged from .88 to .87. Two-week test-retest reliability for a sample of 27

children ages 5-10 years was .80 (uncorrected).
4.2.2.1.2 CELF-4 subtests.

Recalling sentences. This subtest focuses on assessment of language memory and expression
by evaluating the child’s ability to a) listen to and attend to spoken sentences of increasing length
and complexity (e.g. Does Mr. Lopez teach reading?), b) maintain this information in working
memory, and c) repeat the sentences verbatim. Errors include omission, repetition, addition,
transposition, and substitution of words or parts of words. Raw scores range from 0-96; the higher
the score the better. Subtest internal consistency (coefficient alpha) for children ages 6-13 ranged
from .86 to .91. Test-retest reliability (Range = 7-35 days, M = 16 days, n = 320) for a sample of
252 children ages 6-13 years ranged from .87 to .92 (uncorrected).

Understanding spoken paragraphs. This subtest is intended to assess receptive language by
evaluating the child’s ability to a) listen and attend to three spoken paragraphs of increasing length
and complexity and b) answer 15 questions about the content regarding main ideas, details,
sequence of events, inferences, and predictions. Raw scores range from 0-15; the higher the score
the better. Subtest internal consistency (coefficient alpha) for children ages 6-13 ranged from .62
to .74. Test-retest reliability (Range = 7-35 days, M = 16 days, n = 320) for a sample of 252 children

ages 6-13 years ranged from .51 to .87 (uncorrected).
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Word classes receptive and expressive. This subtest was designed to assess receptive and
expressive language by evaluating the child’s ability to understand and explain relationships in the
meanings of associated words. The child listens to a set of four words, selects two words that are
related, and explains the association between the words (e.g., Examiner: tell me the two words that
go together: fish, milk, fin, spider. Child: fish & fin. Examiner: How are the words fish and fin
related?). The child is given credit for the expressive component if the receptive component is
correct. Raw scores range from 0-42 for children ages 5-8 and 0-48 for children ages 9-21; the
higher the score the better. Subtest internal consistency (coefficient alpha) for children ages 6-13
ranged from .85 to .91. Test-retest reliability (Range = 7-35 days, M = 16 days, n = 320) for a
sample of 252 children ages 6-13 years ranged from .68 to .90 (uncorrected).

4.2.2.2 Language sample measures. Narrative language samples were collected via the three
expressive tasks of the Test of Narrative Language and an additional picture-elicitation task that
included telling a story based on a picture taken from the Test of Language Competence-Expanded
Edition (TLC-E; Wiig & Secord, 1989). The language sample was audio-recorded on a compact
flash card using a Marantz recorder and transcribed by research assistants in the Child Language
and Literacy Laboratory at the University of Illinois, based on the Systematic Analysis of
Language Transcripts (SALT) conventions (Miller, Iglesias, & Nockerts, 2004). Each twin in a
pair was transcribed by a different research assistant, and transcribers were naive to zygosity, to
avoid potential inflation of MZ twin similarity. Research assistants achieved 85% point-by-point
agreement with an experienced transcriber during training on utterance boundaries and individual
morphemes. Transcription reliability checks confirmed agreement remained between .67 — 1.00
for HVS and .84 — 1.00 for HV7 (see Harlaar et al., 2016 for details). As is recommended for
school-age children, the sample was segmented into communication units (C-units), separating
independent clauses joined by conjoining conjunctions (i.e., and, but, or) into distinct utterances
to avoid inflating the length of utterances (Loban, 1976; Nippold, 1998). Repeated or reformulated
segments were not included in the linguistic analysis. The MZ language samples from HVS and
HV7 averaged 62 (SD = 37, Range = 20 — 297) and 60 (SD = 24, Range = 27 — 236) C-units
respectively. There is support for the validity and reliability of language sample measures up to
age 13 (Heilmann, Nockerts, & Miller, 2010; Miller, Freiberg, Holland, & Reeves, 1992; Miller
et al., 2005; Rice, Redmond, & Hoffman, 2006). Additionally, Harlaar and colleagues (2016)

provided support of social validity and convergent validity of language sample measures for a
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larger WRRMP sample of children at HV5 and HV7. Consistent with Harlaar and colleagues
(2016), specific language sample measures for the present analyses included mean length of
utterance (MLU), number of total words (NTW) and number of different words (NDW), each

delineated as follows.

4.2.2.2.1 MLU. Mean length of utterance is a measure of a child’s productive abilities. It was
calculated by measuring the average length of all complete and intelligible C-units in morphemes.
Consistent with established conventions and prior procedures (DeThorne et al., 2008, 2012;
Harlaar et al., 2016; Miller et al., 2005), bound inflectional morphemes (e.g. past tense -ed, plural
s, present progressive -ing), but not derivational morphemes (e.g. dis- in dishonest, -be in

befriend), were counted as separate morphemes.

4.2.2.2.2 NTW. Number of total words is a measure of a child’s semantic productivity. To
decrease the influence of volubility and maximize the available data, a frequency count of all root
word tokens within the first 30 complete and intelligible C-units was calculated (Harlaar et al.,

2016).

4.2.2.2.3 NDW. Number of different words is a measure of a child’s vocabulary diversity. It
was derived as a frequency count of different word tokens within the first 30 complete and
intelligible C-units (cf. DeThorne, Deater-Deckard, Mahurin-Smith, Coletto, & Petrill, 2011;
Harlaar et al., 2016; Hutchins, Brannick, Bryant, & Silliman, 2005).

4.2.2.3 Language outcomes factor analysis. Latent factor analysis explores underlying hidden
or unobservable factors in a set of measured variables by reducing the measured variables to fewer
latent factors that share a common variance and are free of measure-specific variance and error.
Based on prior work from WRRMP (e.g., DeThorne et al., 2008; Harlaar et al., 2016), language
measures were expected to load on two distinct latent factors based on form of measurement:
standardized language measures (i.e., Formal language) versus language sample measures (i.e.,
Productive language). In the present analyses, Formal and Productive language composites were
computed to maximize available data by standardizing ((X — p) / o), averaging, and re-
standardizing accordingly (M = 0, o = 1). Language composites were scaled so that a higher score

indicates more advanced Formal or Productive language skills.

4.2.3 Environmental measures. Environmental influences in the present study are defined

broadly as non-genetic influences (e.g., extent of breastfeeding) with a focus on child-specific
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variables that can have nonshared effects. NSE influences will be derived via difference scores in
twin-specific measures, thereby representing differential experiences in identical twins reared
within a shared environment. Consistent with prior literature, environmental measures are
delineated as a) perinatal and early postnatal measures, and b) social and linguistic measures (see

Table 4.1 for a summary of the measures included).

4.2.3.1 Perinatal and early postnatal measures. Consistent with prior studies that assess
birthweight and feeding practices based on parent recall (e.g., Mahurin-Smith & Ambrose, 2013;
Mahurin-Smith et al., 2014) these variables were assessed via an intake questionnaire completed
by the parents (usually mothers) upon enrollment to the WRRMP. Specifically, birthweight was
based on a single question, and questions regarding feeding practices focused on initiation and end
date for breastfeeding®’ and formula feeding (specific questions used for analyses are included in
Table 4.1). Parent-reported birthweight has been found to have evidence of high validity (» = .97;
ICC = .94) and reliability (» = 97; ICC = .93) when compared to hospital-recorded birthweight
(Adegboye & Heitmann, 2008; see also Pyles, Stolz, & Macfarlane, 1935). Maternal recall of
breastfeeding onset and duration have also been found to have evidence of high validity and
reliability compared to medical records or prospectively collected data, with validity and reliability
for recall decreasing with time (see Li, Scanlon, & Serdula, 2005 for a review). For example, when
compared to medical records 79% of mothers (n = 64) recalled the breastfeeding duration of
children 1-10 yrs within one month, and 95% within 2 months (Eaton-Evans & Dugdale, 1986).
Similarly, when mothers (n = 146) were asked to recall breastfeeding duration at two different
time points, two years apart (M = 51 and 53 years post- birth), the Spearman rank correlation
coefficient was » = .86 (Tomeo et al., 1999). In the present analyses, birthweight and breastfeeding
duration were scaled so that a higher score indicates increased birthweight or breastfeeding

duration accordingly.
4.2.3.2 Social and linguistic measures.
4.2.3.2.1 Parenting. Assessment of parenting comes from two main sources: a) parent’s self-

reported measures of feelings toward each twin via the Parent Feelings Questionnaire (PFQ), and

b) observer ratings of in-home videotaped dyadic interactions using the Parent-Child Interaction

2" Mothers reported breastfeeding directly from the breast or tube/bottle-feeding expressed milk.
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System (PARCHISY). Both forms of assessment provide an overall positivity and negativity

index, yielding four total measures of parenting, each scaled so that a higher score indicates more

parental positivity or negativity.

Table 4.1. Environmental Measures.

Perinatal & Early

Postnatal Measures Question(s)/Method Scale/Unit
Birthweight 1. What were the weights of the twins at Kilogram
birth?
Extent of 1. Did you (twins’ mother) breastfeed the Months (Bf duration)
breastfeeding twins?
2. Ifyes, when did you begin?
3.  And when did you stop?
Social & Linguistic
Measures Question(s)/Method Scale/Unit
Parenting 1. Parent Feelings Questionnaire: Parent Feelings Questionnaire: each

a. Scale A: consisted of statements such
as “I enjoy hugging and cuddling with
[this child]” and “Sometimes I find it
difficult to be around [this child]”.

b. Scale B: consisted of 10 emotions
toward each child (e.g., happy, sad,
angry, excited, hostile).

2. Parent-Child Interaction System:
video-taped sessions of parent-child
interactions were used to rate parent
positive/ negative affect, positive/
negative content/ control and

responsiveness.
Home Reading 1. A) Some parents have the opportunity to
Exposure read with their children. Who reads to

[this child]?
B) On average, how often do these people
read to [this child]?

2. Inatypical week, how many times do you
and [this child] read books together?

3. How often does [this child] ask you to
read books to him/her?

4. Describe how much [this child] enjoys
being read to?

scale had a positivity and negativity
subscale.

a. Scale A: used two 5-point Likert-

type scales (1= definitely untrue

for me, 5= definitely true for me).

b. Scale B: used two 10-point

frequency scales (1= never, 10=
always).
Parent-Child Interaction System:
five 7-point Likert-type scales

A) 0-1: no one reads to [this child],
someone reads to [this child]

B) 1-3 for three possible caregivers:
daily, several times a week, weekly
or less

1-5: more than 3 times per day, once
a day, once a week, once a month,
almost never

1-5: more than 3 times per day, once
a day, once a week, once a month,
almost never

1-4: very much, somewhat, a little,
not at all
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PFQ. Parents (usually mothers) within WRRMP completed the Parent Feelings Questionnaire
(Deater-Deckard, 1996, 2000), thereby providing parental positive and negative feelings towards
each child via two scales, each with a positivity and a negativity subscale. Although the PFQ
focuses on parental feelings, it also encompasses statements targeting parental behaviors and
communication style. Scale A includes 24 statements such as “I usually make an effort to praise
[this child] for good behavior” and “Sometimes I am not happy about my relationship with [this
child]”, and uses a 5-point Likert-type scale (1 = definitely untrue for me, 5 = definitely true for
me). Scale B consists of 10 positive (i.e., amused, excited, happy, joyful, and proud) and negative
(i.e., sad, angry, hostile, frustrated, furious) emotions towards each child, and uses a 10-point
frequency scale (1= never, 10= always). When possible, data were averaged across mothers and
fathers to yield more reliable composite scores and for sex/gender inclusion. Consistent with prior
studies (Deater-Deckard, 2000; Wang, 2013), the positivity subscales (16 total items) were used
to calculate an overall score of parent self-reported positivity; the negativity subscales (18 total
items) were used to calculate an overall score of parent self-reported negativity. An overall
positivity and negativity z-score was computed by standardizing and then averaging the scores
from the two positivity subscales, and doing the same for the two negativity subscales, and
standardizing the averaged scores again (M = 0, 6 = 1). Previous studies using the PFQ have
reported Cronbach’s alpha coefficients from .67 - .87 for the positivity scales and .80 - .93 for the
negativity scales (Deater-Deckard, 2000; Wang, 2013). The PFQ positivity and negativity scales
have shown to be moderately to highly correlated (» = .40 - .70) with other parental affect measures
(Deater-Deckard, 2000), including the warmth and negativity scales of the Parent Report (Dibble
& Cohen, 1974).

PARCHISY. The observer ratings of parent interactions focused on two videotaped 10-min
cooperative-play tasks between the primary parental caregiver (usually mothers) and each twin
separately. Dyads were observed using an Etch-A-Sketch drawing toy (adapted from Stevenson-
Hinde & Shouldice, 1995) with two knobs: one knob for drawing vertically, and another knob for
drawing horizontally (see Appendix B). The dyads were asked to work together to cooperatively
draw a house (see Appendix B). In the second structured interaction, dyads were observed using a
Marble Maze game with two knobs: one knob for tilting, and one knob for rolling (see Appendix
B). The dyads had to work together to navigate a marble by cooperatively tilting and rolling the



119

wooden maze. To encourage cooperation, the parent and the child were each assigned a knob, and
were told not to use each other’s knobs.

Trained research assistants in the Gene-Environment Processes laboratory at the University of
Oregon completed ratings of the two videotaped tasks for each parent-child dyad using the Parent-
Child Interaction System, PARCHISY (Deater-Deckard, 2000; Deater-Deckard, Pylas, & Petrill,
1997). PARCHISY is a global behavioral coding scheme designed for use with children ages 3-12
that has been widely used with various populations to examine naturalistic interactions within
research settings. To avoid potential rater bias, different observers rated interactions between each
twin within a pair and their mother, and observers were blind to zygosity and to the interactions
between the parent and the other twin. All observers reached Cronbach’s alpha > .75 during
training and maintained this level of agreement. Observers rated child-specific parental affect
(positive/negative), content/control (positive/negative), and responsiveness by completing five 7-
point Likert-type scales (from low to high frequency). Positive affect was defined as expressing
emotions with positive valence such as smiling and laughing. Negative affect was defined as
expressing emotions with negative valence such as frowning and a cold/harsh voice. Positive
content/control was defined as the use of praise, explanation, and open-ended questions. Negative
content/control was defined as the use of criticism or intentional physical control of the child’s
hand/arm/body or the child’s knob. Parental responsiveness was defined as the degree and
immediacy with which the parent responded to the child’s questions, comments, and behaviors.
Predictive validity of the measure is supported by associations with various child outcomes,
including socio-emotional adjustment based on parent’s reports (e.g., see Deater-Deckard et al.,
2001). Deater-Deckard (2000) reports Cronbach’s alpha coefficients between .86 (positive
content/control) to perfect reliability with a one point allowance (negative affect, negative
content/control). The Etch-a-Sketch and Marble Maze interactions were rated separately and the
scores were averaged across tasks. Consistent with Mullineaux and colleagues (2009), a WRRMP
longitudinal study, a positivity (i.e., positive affect, content/control, and responsiveness) and
negativity (i.e., negative affect and content/control) composite were computed. To assess the
internal consistency and dimensionality of the scales, Cronbach’s alpha and principal component

analysis were used.

4.2.3.2.2 Home reading exposure. Home reading exposure (HRE) was examined via four

specific items addressing exposure and interest in book reading taken from the WRRMP parental
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questionnaire 2 at HV2 (see Table 4.1): Item 1 was originally derived from Griffin and Morrison’s
(1997) Home Literacy Environment Scale; items 2-4 were originally derived from Petrill and
colleagues (2005). In regard to scale unidimensionality and reliability, Petrill and colleagues
(2005) reported that the Educational Progress Survey, consisting of a largely overlapping set of
questions, loaded on a single factor and demonstrated a Cronbach’s alpha of .90. Specific to the
Home Reading Exposure questionnaire, Item 1.a and 1.b were merged into a 1-10 scale (1 = no
one reads to this child, 10 = three different caregivers read to this child daily). When possible, for
the present analyses, data were averaged across mothers and fathers to yield more reliable
composite scores and for sex/gender inclusion. Similar to Petrill and colleagues (2005), the HRE
scale was evaluated for unidimensionality and internal consistency. A composite score was
computed by standardizing each item, averaging the scores across the items for each child, and
standardizing the averaged scores again (M = 0, o = 1). All Home Reading Exposure items were

scaled so that a higher score indicates increased reading exposure.

4.2.4 Analyses. To examine nonshared environmental influences on language development,
an MZ-difference method was used (Mullineaux et al., 2009; Pike et al., 1996). The MZ-difference
method is a simple, yet sensitive method that posits differences between MZ twins can be used as
an index of nonshared environmental effects. Since MZ twins share approximately all of their
genes, NSE effects can be assessed independent of genetic and shared environmental confounds.
Previous research has suggested the MZ-difference approach is more sensitive to NSE influence
than the multivariate genetic approach (Pike et al., 1996). Although a sensitive measure, the MZ-
difference method does not assess causality or directionality of the relationship between measured
environments and measured language outcomes.

As is customary within the MZ-difference methodology, each twin pair was randomly assigned
as Twin 1 or Twin 2 to control for confounding variance. Preliminary analyses included descriptive
statistics, and monozygotic intrapair correlations for each language composite and environmental
measure to assess the adequacy of the measure for use in NSE analyses (i.e., higher MZ intrapair
correlations would suggest lower overall NSEs). To address the first question, examining the
degree to which differences in environmental factors relate to differences in Formal and Productive
language, relative differences for each environmental measure (e.g., birthweight) were calculated
(Twin 2 environmental score — Twin 1 environmental score) and correlated with relative

differences for each language measure (i.e., Twin 2 language score — Twin 1 language score) at
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mean age 10 (HVS). A correlation of 1.0 would indicate a perfect linear association between the
discordance for the language outcome measure and the discordance for the environmental measure,
whereas a correlation of 0.0 would indicate no linear relationship. Additionally, to address the
second question, examining the extent to which findings replicate across time points, analyses
were replicated in relation to language development at mean age 12 (HV?7).

Finally, to address the third question, exploring NSE effects at the extremes of the language
distributions, simple linear quantile regression conditional on language differences was used.
Quantile regression, developed by Koenker and Bassett (1978), offers an alternative approach to
conditional means regression (e.g., ordinary least squares), by examining the relationship between
an independent and a dependent variable conditional on quantiles across the distribution of the
dependent variable. In relation to the present study, quantile regression allows for the estimation
of the relation between language difference scores and environmental difference scores at the
extremes of the language distribution using the full data set. More specifically, quantile regression
uses the full data set to estimate regression coefficients by using asymmetric weighting of positive
and negative residuals as a function of the quantile of interest (for additional details on quantile
regression see Cade & Noon, 2003; Koenker, 2005; Koenker & Hallock, 2001; Petscher & Logan,
2014). Difference scores were re-calculated for quantile regression so that the score of the twin
with the lower language was subtracted from the score of the twin with the higher language. This
was done to ensure lower quantiles represented the least degree of language difference between
twin pairs and higher quantiles represented the largest degree of difference between twin pairs.
The order used to calculate language difference scores was maintained when calculating

differences in environments.

4.3. Results

4.3.1 Preliminary analyses. Descriptive statistics for each language measure at mean age 10
(HVS) and 12 (HV7), and each environmental variable, presented as raw scores, are summarized

in Tables 4.2 and 4.3.

4.3.1.1 Language outcomes. In general, descriptive language outcomes were consistent with
developmental expectations. Specifically, productive language scores increased slightly from HV5
to HV7 (Miller et al., 2005), and mean standardized scores from the CELF-4 subtests approximated

normative means. In particular, standard scores from the sentence repetition task (i.e., Recalling
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Sentences), a relatively sensitive marker of language impairment (e.g., Conti-Ramsden, Botting,
& Faragher, 2001), indicated that the majority of the scores were within (71-72%) or above (22%)
one standard deviation from the mean across time points. Only 6-7% of the scores were below one
standard deviation from the mean, demonstrating the MZ sample primarily consisted of children
with typical or above average language skills.

Consistent with prior work (e.g., DeThorne et al., 2008; Harlaar et al., 2016), the present data
set revealed high correlations among productive language sample measures (.70 to .89 among
MLU, NTW, and NDW), and moderate to high correlations among the standardized language
measures (.31 to .64 among TNL, and the 3 CELF subtests) within both home visits (HV5 and
HV7). In contrast, there were small to moderate correlations across language sample measures and
the standardized language measures (.16 to .46). An oblique latent factor analysis confirmed
language sample measures and standardized-test scores loaded onto two separate factors.
Language sample measures loaded highly on the latent Productive language factor at HVS and
HV7 (>.80), whereas loadings of the standardized language measures on the Formal language
factor were moderate to large (.48 - .98). Cronbach’s alpha for the Productive language factor was
.93 at both HV5 and HV7, indicating excellent internal consistency. Cronbach’s alphas for the
Formal language factor were .81 (HVS) and .75 (HV7), indicating good and acceptable internal
consistency respectively. As expected, language composites were found to correlate substantially
with extracted latent factor scores (Productive language: » = .97 to .99; Formal language: » = .91

to .99).
4.3.1.2 Environmental variables.

4.3.1.2.1 Birthweight. One pair of twins with parent-reported birthweight greater than three
times the inter-quartile range was considered an extreme outlier and was removed from the sample.
Consistent with twin pregnancies, on average twins weighed approximately 2.4 kg at birth. As
expected, birthweight correlated highly with gestational age (HVS: »=0.67, p =< .001; HV7: r =
0.70, p = <.001); gestational age did not differ within twin pairs.

4.3.1.2.2 Breastfeeding. Between 79% (HVS5 sample) and 83% (HV7 sample) of mothers
reported breastfeeding. Extent of breastfeeding was log-transformed (natural log) due to positive

skew.
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4.3.1.2.3 PFQ. Overall, parents reported experiencing higher positivity than negativity towards
their child. On average, parents reported positive statements were definitely true for them, and
rated the frequency with which they experienced positive emotions with a 9 out of 10 (1 = never,
10 = always). In contrast, on average parents reported negative statements were somewhat untrue
for them, and rated the frequency with which they experienced negative emotions with a 2 out of
10. PFQ positivity scales A and B were reflected and log transformed (natural log) due to negative
skew; variables were re-scaled so that the higher the score, the more parent self-reported positivity.
In turn, PFQ negativity scales A and B were log transformed (natural log) due to positive skew.
Cronbach’s alpha coefficients ranged from .71 - .73 for the positivity scales and .78 - .80 for the

negativity scales, indicating acceptable to good internal consistency.

4.3.1.2.4 PARCHISY. Similar to self-reported parenting, twins had higher positivity than
negativity scores for parent-observed measures. For example, on parent-observed positivity
measures parents scored on average a 3 in positive affect towards their child, a 4 in positive
content/control, and a 6 in responsiveness (1-7 Likert-type scale), indicating a few/several
instances of positive affect (i.e., smiling, laughing), moderate amounts of positive content/control
(i.e., reliance on explicit directions with at least one instance of praise, explanation, or
questioning), and substantial responsiveness in which the parent responded to most of the child’s
comments, questions, and behaviors, with no delay, with only 1 or 2 instances of non-
responsiveness. In contrast, on average parents scored a 1 on parent-observed negative affect and
negative content/control, indicating no negative affect and no negative content/control were
displayed. The PARCHISY negativity composite was highly positively skewed, therefore an
inverse (reciprocal) transformation was used. The composite was re-scaled so that the higher the
score, the more parent-observed negativity. There were moderate to high correlations between
parent-observed positivity measures (.48 to .53 among positive affect, positive content/control and
responsiveness), and substantial correlations between parent-observed negativity measures (.65
among negative content/control and negative affect). In contrast, there were small to moderate
correlations across positivity and negativity measures (- .18 to - .30). Principal Component
Analysis confirmed the PARCHISY measures loaded highly onto two components accounting for
73 - 74% of the variance, a positivity component (eigenvalue = 2.44 - 2.45, percentage variance =
48.82 — 48.92%) and a negativity component (eigenvalue = 1.22 — 1.25, percentage variance =

24.48 — 24.97%). Cronbach’s alpha for the positivity component ranged from .75 - .76; Cronbach’s
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N Mean SD Min Max
Language Outcomes at 12 (raw score)
Standardized Language Measures
CELF-4: Recalling sentences (0-96) 226 68.56  12.85 35.00 93.00
CELF-4: Understanding spoken paragraphs (0-15) 198 10.77 3.09 1.00 15.00
CELF-4: Word classes rec. and exp. (0-42/48) 226 19.23 6.26 1.00 35.00
TNL: Oral Narration Score (0-90) 209 52.08 11.23 17.00 78.00
Language-sample Measures
Mean Length of C-Unit 172 9.28 1.35 5.79 14.26
Number of Total Words (30 C-units) 186 250.83 39.71 155.00 351.00
Number of Different Words (30 C-units) 186 121.78 15.43 79.00 173.00
Environmental Variables
Birthweight (kilogram) 226 2.44 0.57 0.88 4.08
Breastfeeding (months) 216 4.28 6.19 0.00 36.00
Parenting at 7 (raw score)
PFQ-Positivity
A (5-point Likert-type scale: 11-55) 156 52.58 3.70 31.00 55.00
B (10-point frequency scale: 5-50) 156 43.76 4.40 25.00 50.00
PFQ-Negativity
A (5-point Likert-type scale: 13-65) 156 25.70 9.03 13.00 50.00
B (10-point frequency scale: 5-50) 156 11.75 4.47 5.00 26.00
PARCHISY -Positivity (7-point Likert-type scales)
Parent positive affect 140 3.08 1.11 1.00 7.00
Parent positive content/control 140 4.20 1.63 1.00 7.00
Parent responsiveness 140 6.05 0.93 3.00 7.00
PARCHISY-Negativity (7-point Likert-type scales)
Parent negative affect 140 1.21 0.49 1.00 3.50
Parent negative content/control 140 1.25 0.60 1.00 5.50
Home Reading Exposure at 7
1. Freq. anyone reads to child (1-10 scale) 154 5.12 1.63 1.00 10.00
2. Freq. parent & child read together 154 342 0.72 1.00 5.00
(5-point Likert-type scale)
3. Freq. child elicits being read to 154 2.97 0.94 1.00 5.00
(5-point Likert-type scale)
4. Extent child enjoys being read to 153 3.72 0.57 1.50 4.00

(4-point Likert-type scale)

Note. CELF-4 = Clinical Evaluation of Language Fundamentals-Fourth Edition; Rec. = Receptive; Exp. = Expressive;
C-unit = Communication unit; TNL = Test of Narrative Language; PFQ = Parent Feelings Questionnaire; PARCHISY
= Parent-Child Interaction System; Freq. = Frequency. All measures/variables are scaled such that a higher score

indicates more/higher language/environmental variable.
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N  Mean SD Min Max
Language Outcomes at 12 (raw score)
Standardized Language Measures
CELF-4: Recalling sentences (0-96) 216 7698 1122  42.00 96.00
CELF-4: Understanding spoken paragraphs (0-15) 184 1241 2.27 5.00 15.00
CELF-4: Word classes rec. and exp. (0-48) 214 26.87 6.43 11.00 42.00
TNL: Oral Narration Score (0-90) 183  58.29 821 22.00 76.00
Language-sample Measures
Mean Length of C-Unit 175 9.92 1.37 6.56  14.85
Number of Total Words (30 C-units) 177 267.29 4194 163.00 426.00
Number of Different Words (30 C-units) 177 13041 16.19 94.00 196.00
Environmental Variables
Birthweight (kilogram) 210 243 0.60 0.88 4.08
Breastfeeding (months) 202 5.06 7.13 0.00  37.00
Parenting at 7 (raw score)
PFQ-Positivity
A (5-point Likert-type scale: 11-55) 146  52.33 376 31.00 55.00
B (10-point frequency scale: 5-50) 146  43.60 4.45 2500 50.00
PFQ-Negativity
A (5-point Likert-type scale: 13-65) 146  26.63 9.37 13.00 50.00
B (10-point frequency scale: 5-50) 146  12.22 4.83 5.00 26.50
PARCHISY -Positivity (7-point Likert-type scales)
Parent positive affect 136 3.09 1.08 1.00 7.00
Parent positive content/control 136 4.20 1.63 1.00 7.00
Parent responsiveness 136 6.04 0.92 3.00 7.00
PARCHISY-Negativity (7-point Likert-type scales)
Parent negative affect 136 1.21 0.50 1.00 3.50
Parent negative content/control 136 1.26 0.60 1.00 5.50
Home Reading Exposure at 7
1. Freq. anyone reads to child (1-10 scale) 146 5.12 1.61 1.00  10.00
2. Freq. parent & child read together 144 3.38 0.72 1.00 5.00
(5-point Likert-type scale)
3. Freq. child elicits being read to 144 2.99 0.88 1.00 4.00
(5-point Likert-type scale)
4. Extent child enjoys being read to 145 3.71 0.57 1.50 4.00

(4-point Likert-type scale)

Note. CELF-4 = Clinical Evaluation of Language Fundamentals-Fourth Edition; Rec. = Receptive; Exp. =
Expressive; C-unit = Communication unit; TNL = Test of Narrative Language; PFQ = Parent Feelings
Questionnaire; PARCHISY = Parent-Child Interaction System; Freq. = Frequency. All measures/variables are
scaled such that a higher score indicates more/higher language/environmental variable.
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alpha for the negativity component was .79 for both the subsample of children from HVS5 (who
also had PARCHISY data at HV2), and the subsample of children from HV7 (who also had
PARCHISY data at HV?2).

4.3.1.2.5 HRE. Ttem 1 of the Home Reading Exposure scale indicated that on average two
caregivers (e.g., parents, siblings, sitters, relatives), or one caregiver and the child themselves read
to each child several times a week, with a mean score of 5 in a 1-10 scale (1 = no one reads to this
child, 10 = three different caregivers read to this child daily). The second and third items indicated
on average parent(s) and child read together once a week, and children asked their parent(s) to read
to them once a week, with mean scores of 3 on 5-point Likert-type scales (1 = almost never, 5 =
more than 3 times per day). Finally, the fourth item indicated on average children enjoyed being
read to very much, with a mean of 4 on a 4-point Likert-type scale. Inter-item correlations for the
HRE scale were moderate to large (» = .33 to .62). The four items were found to load on one
component using principal component analysis (eigenvalue = 2.49 to 2.52, percentage variance =
62.31 to 63.02%), indicating the scale is unidimensional. Cronbach’s alpha ranged from .79 to .80,
indicating acceptable to good internal consistency. The HRE composite was reflected and log
transformed (natural log) due to negative skew. The composite was standardized again, and re-

scaled so that higher scores indicate increased home reading exposure.

4.3.1.3 MZ correlations based on individual twin scores. All measures, with the exception of
birthweight, were standardized either in the process of computing the composite or to ease
interpretation of means and variances. Tables 4.4 and 4.5 list means, standard deviations, and MZ
twin correlations based on individual twin scores, for language composites and environmental
measures. Even though child sex/gender was controlled for in the primary analyses through use of
same-sex/gender twins, we assessed mean differences between girls and boys for all environmental
measures and language outcome measures using independent samples z-tests. As expected based
on prior literature (e.g., UNICEF & WHO, 2004), boys were significantly heavier than girls for
both the HVS sample (#214.95) = 3.32, p = .001) and the HV7 sample (#(208) = 3.38, p = .001).
Sex/gender differences were also found for the Formal and Productive language composites at
mean age 12 (Table 4.5), with girls having more advanced language skills than boys for Formal
language (#(214) = -2.02, p = .045), and Productive language (#159.37) = -2.12, p = 0.04).

However, these differences vanished for the subsample of children who had language data at mean
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Table 4.4. Means, standard deviations, and MZ correlations (rMZ) based on
individual twin scores for language composites at mean age 10 (HVS5) and
environmental measures.

No.of Mean SD rMZ

pairs
Language Outcomes at 10 (z- score)

Formal language All 115 0.00 1.00 0.827%*
Boys 48 -0.13 1.00 0.76**
Girls 67 0.09 0.99 0.86**

Productive language All 97 0.00 1.00 0.18%
Boys 43 -0.11 1.09 0.25+
Girls 54 0.09 0.92 0.10

Environmental Measures

Birthweight All (kilogram) 113 2.44 0.57 0.837#*
Boys 46 258 0.50 0.78**
Girls 67 234 0.59 0.85%*

Breastfeeding All (months) 108 428 6.19 1.00%*
Boys 46 4.07 4.70 1.00%*
Girls 62 444 7.1 1.00%**

*parenting at 7 (z-score)

PFQ-Positivity All 78 0.00 1.00 0.77**
Boys 30 -0.09 1.12 0.83%*
Girls 48 0.06 0.92 0.73%*

PFQ-Negativity All 78 0.00 1.00 0.80**
Boys 30 0.01 1.14 0.80**
Girls 48 -0.01 091 0.82%*

PARCHISY-Positivity All 70 0.00 1.00 0.49**
Boys 27 -0.11 1.01 0.50%**
Girls 43 0.07 0.99 0.50**

PARCHISY-Negativity All 70 0.00 1.00 0.51**
Boys 27 0.11 1.14 0.68**
Girls 43 -0.07 0.90 0.34*

Home Reading Exposure at 7 All (z-score) 78 0.00 1.00 0.90%**

Boys 30 -0.16 1.09 0.95%*
Girls 48 0.10 0.93 0.85%*

Note. One-tailed p-values: +p=.05; *p<.05; **p<.01. Boy/girl distinction is based on
binary parent identification of "sex" with options "girl" or "boy", thereby conflating
sex and gender. PFQ = Parent Feelings Questionnaire; PARCHISY = Parent-Child
Interaction System.

% Correlations between parenting measures (i.e., PFQ All & PARCHISY All) indicated a significant association
between PFQ-Negativity All and PARCHISY-Negativity All (#(132) = .16, p = .03, one-tailed).
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Table 4.5. Means, standard deviations, and MZ correlations (rMZ) based on
individual twin scores for language composites at mean age 12 (HV7) and
environmental measures.

No. of Mean SD rMZ

pairs
Language Outcomes at 12 (z- score)

Formal language All 108 0.00 1.00 0.80%**
Boys 42  -0.17 1.01 0.77*%*
Girls 66 0.11  0.98 0.827%*

Productive language All 89 0.00 1.00 0.22%*
Boys 33 -020 0.86 0.13
Girls 56 0.12 1.06 0.24*

Environmental Measures

Birthweight All (kilogram) 105 243  0.60 0.84%*
Boys 40 2.60 0.54 0.77%*
Girls 65 232 0.61 0.86%*

Breastfeeding All (months) 101 5.06 7.13 1.00%*
Boys 40 476 4.96 1.00%*
Girls 61 525 827 1.00%**

*Parenting at 7 (z-score)

PFQ-Positivity All 73 0.00 1.00 0.76%*
Boys 27  -0.07 1.15 0.82%*
Girls 46 0.04 0.90 0.72%%*

PFQ-Negativity All 73 0.00 1.00 0.83%*
Boys 27  -0.01 1.12 0.78**
Girls 46 0.01 0.93 0.88**

PARCHISY-Positivity All 68 0.00 1.00 0.527%*
Boys 26 -0.11 097 0.58**
Girls 42 0.07 1.02 0.51**

PARCHISY-Negativity All 68 0.00 1.00 0.51%*
Boys 26 0.11 1.14 0.70**
Girls 42 -0.07 090 0.33*

Home Reading Exposure at 7 All (z-score) 73 0.00 1.00 0.88**
Boys 27  -0.19 1.12 0.94**
Girls 46 0.11 091 0.82%*

Note. One-tailed p-values: *p<.05; **p<.01. Boy/girl distinction is based on binary
parent identification of "sex" with options "girl" or "boy", thereby conflating sex and
gender. PFQ = Parent Feelings Questionnaire; PARCHISY = Parent-Child Interaction
System.

% Correlations between parenting measures (i.e., PFQ All & PARCHISY All) indicated a significant association
between PFQ- Positivity All and PARCHISY- Positivity All (#(126) = .16, p = .04, one-tailed).
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age 12 (HV7) as well as parenting and/or reading data at mean age 7 (HV2). No other sex/gender
differences were found *.

The greater the MZ correlation, the greater the MZ concordance and vice versa; MZ
correlations less than 1.0 indicate variables are appropriate for use in NSE analyses. For the HV5
sample (Table 4.4), MZ twin correlations ranged from .18 for Productive language to .82 for
Formal Language; for environmental measures, MZ twin correlations ranged from .49 for parent-
observed positivity (i.e., PARCHISY) to 1.0 for breastfeeding duration. For the HV7 sample
(Table 4.5), MZ twin correlations ranged from .22 for Productive language to .80 for Formal
Language; for environmental measures, MZ twin correlations ranged from .51 for parent-observed
negativity (i.e., PARCHISY) to 1.0 for breastfeeding duration. As expected based on prior work
(e.g., Harlaar et al., 2016), MZ correlations were higher for Formal language than Productive
language. MZ correlations were also higher for parent self-reported positivity/negativity (i.e. PFQ)
and home reading exposure compared to parent-observed positivity/negativity (i.e. PARCHISY).
This is expected given that parents rated their identical twins for the PFQ and HRE measures,
whereas naive trained observers rated the parent-child interactions (i.e., PARCHISY measures).
Given extent of breastfeeding had a perfect correlation, indicating negligible twin differences, NSE

analyses were not conducted on this environmental measure.
4.3.2 Primary analyses.

4.3.2.1 MZ difference correlations. To address the key questions about potential associations
between discordance in environmental measures and language outcomes (questions 1 and 2), NSE
experiences were derived via difference scores in identical twins reared within a shared
environment. Tables 4.6 and 4.7 display correlations between MZ differences in language
outcomes (Formal and Productive at mean ages 10 and 12) and MZ differences in birthweight,
parenting, and home reading exposure. Independent sample #-tests were employed to directly
examine potential sex/gender disparities in the difference scores; no significant effects emerged at

p < .05 (not shown); consequently, sex/gender was not utilized as a covariate within the key

% As a means to examine the relation between language outcomes and general cognition, correlations were conducted
between language composites and the Block Design subtest of the Wechsler Adult Intelligence Scale (WAIS). This
subtest is one of the five subtests that make up the performance IQ index of the WAIS and measures visual-motor
skills, ability to analyze geometric patterns, and part-whole recognition skills. As expected, significant correlations
emerged between the Block Design subtest and Formal language across time points (» = 0.26 — 0.28, p <.001, one-
tailed), and smaller correlations emerged with Productive language (HVS5: »=0.17, p = .01, one-tailed; HV7: »=0.11,
p = .07, one-tailed).
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correlational and regression analyses. MZ difference correlations by sex/gender, however, are
reported in Appendix C for descriptive purposes.

Of the 24 total correlation coefficients for the full unselected samples, five reached significance
and one reached marginal significance, which is greater than the one significant correlation that
would be expected by chance. Effect sizes ranged from small (i.e., PFQ-Positivity discordance
predicted 4% of Formal language discordance at HV7) to medium (i.e., PFQ-Negativity
discordance predicted 20% of Formal language discordance at both HVS & HV7).

4.3.2.1.1 RQI1: To what extent are MZ differences in environmental measures associated with
MZ differences in language outcomes at mean age 10 (i.e., HV'5)? Regarding the initial research
question addressing correlations between MZ differences in environmental measures and
differential language outcomes at the HVS time point (Table 4.6), only one significant effect
emerged for the full sample. Specifically, Formal language discordance significantly correlated
(r(76) = -.45, p < .001) with discordance in parent self-reported (i.e., PFQ) negativity, with the
twin with more parent self-reported negativity at age 7 demonstrating less advanced Formal

language skills at age 10. This moderate association accounted for 20% of the variance.

4.3.2.1.2 RQ2. To what extent do associations between discordance in candidate
environmental measures and language outcomes replicate across time points (i.e., HV5 and HV7)?
Regarding the second research question, the same correlations across environmental measures
were examined in regard to language outcomes at a later time point (HV7); see Table 4.7.
Specifically, the moderate negative association between discordance in parent self-reported (i.e.,
PFQ) negativity and Formal language was replicated at this later time point, with the same 20%
effect size (r(71) = -.45, p < .001). Of interest, three additional significant and one marginally
significant correlations emerged in the full sample at this later time point that were not observed
at HVS. Specifically, two correlations reached significance for Formal language discordance:
discordance in birthweight (#(103) = .23, p = .008) and Home Reading Exposure at mean age 7
(r(71) = .21, p = .04), with small effect sizes of 5% and 4% respectively. These effects suggested
that the lighter born twins were more likely to have less advanced Formal language skills than their
heavier-born co-twins, and the twins who received more parent-reported home reading exposure
at mean age 7 displayed higher Formal language scores at mean age 12. One additional association

reached marginal significance with Formal language discordance, parent self-reported (i.c., PFQ)



Table 4.6. Correlations between MZ differences in language at
mean age 10 (HVS5) and MZ differences in environment.

Table 4.7. Correlations between MZ differences in language
at mean age 12 (HV7) and MZ differences in environment.

Environmental Formal  Productive
Measures Language Language
Birthweight -0.02 0.02
Parenting at 7
PFQ-Positivity 0.13 0.02
PFQ-Negativity - 0.45%* -0.09
PARCHISY-Positivity 0.03 0.01
PARCHISY-Negativity 0.05 -0.02
Home Reading Exposure at 7 0.12 -0.15

Environmental Formal  Productive
Measures Language Language
Birthweight 0.23** 0.22*
Parenting at 7
PFQ-Positivity 0.19+ -0.08
PFQ-Negativity - 0.45%* 0.01
PARCHISY-Positivity -0.07 -0.04
PARCHISY-Negativity 0.18 0.04
Home Reading Exposure at 7 0.21% 0.01

Note. One-tailed p-values: *p<.05; **p<.01. N = 61-113 pairs.
PFQ = Parent Feelings Questionnaire; PARCHISY = Parent-
Child Interaction System.

Note. One-tailed p-values: +p=.05; *p<.05; **p<.01. All: N=
57-105 pairs. PFQ = Parent Feelings Questionnaire;
PARCHISY = Parent-Child Interaction System.
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differential positivity (7(71) = .19, p = .05), accounting for 4% of the variance. This relation suggested that higher parent self-reported
positivity was associated with higher Formal language outcomes. In turn, only one significant correlation emerged for Productive
language discordance, and that was birthweight discordance ((84) = .22, p = .02), with a similar effect to that observed for Formal
language discordance. Specifically, the lighter born twins had lower Productive language scores than their heavier-born co-twins, with
birthweight predicting 5% of the variance.

In sum, HV7 revealed more significant correlations, with five significant or marginally significant correlations for the full sample at
HV7, compared to only one reaching significance at HVS. Four of the five significant correlations at HV7 involved Formal language
outcomes, with only one involving Productive language (i.c., birthweight discordance). The only significant association across both
Formal and Productive language discordance was observed with birthweight discordance at HV7. The only significant correlation that

replicated across both time points was the moderate negative relation between parent self-reported negativity and Formal language.
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4.3.2.2 RQ3: To what extent does the association of discordance in environmental measures
and language outcome measures differ based on the extent of language discordance? Quantile
regression provides the opportunity to explore the relationship between environmental discordance
and language discordance conditional on quantiles across the language discordance distribution.
By examining the relationship at different quantiles, we were able to assess whether the
relationship between a given NSE candidate and language differs based on the extent of language
discordance. For example, birthweight discordance may not account for minor discrepancies in
language outcomes, but it may account significantly for large discrepancies between twins in
language outcomes. In addition to examining such nuances, a benefit of this technique is that it
uses the full data set to estimate parameters.

Consistent with use of the methodology (Cade & Noon, 2003; Koenker, 2005; Koenker &
Hallock, 2001; Petscher & Logan, 2014), two forms of evidence were considered to assess NSE
effects at the extremes of the language distributions: a) significance testing for quantiles of interest
(0.2, 0.8) as presented in Tables 4.8 and 4.9, and b) quantile slope plots for 9 selected quantiles
(0.1,0.2, ..., 0.9) as presented in Figures 4.2 and 4.3. The 20™ and 80" quantiles were selected as
they represent the extremes of the distribution while increasing the number of twins represented
by the selected quantiles, and decreasing the sampling variation compared with the 10™ and 90"
quantiles. For example, Cade and Noon (2003) reported sampling variation and estimation
uncertainty generally increases at the tails of the distribution compared to the center of the
distribution (see also Chernozhukov & Umanstev, 2001). Quantile slope plots are presented to
more richly characterize rates of change across the distribution, as sampling variation can quickly
change from one quantile to another, particularly at the extremes (Cade & Noon, 2003). More
specifically, Tables 4.8 and 4.9 report parameter estimates (95% confidence intervals) for selected
quantiles and significance tests for differences between quantiles, conditional on MZ language
differences at mean age 10 and 12. Confidence intervals (CIs) that do not contain zero (the null
value), are considered significantly different from 0 at the .05 level (significant values are in bold).
Coefficients further from 0 represent a greater effect. The relationship between the environmental
measures and the language measures for conditional quantile functions is also represented in
Figures 4.2 and 4.3 through quantile slope plots. Strongest effects are those significantly different
from 0 at the .8 quantile and/or significantly different between the .2 and .8 quantiles (see Tables

4.8 & 4.9), and with increased rates of change (in absolute value) as represented by the quantile
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slope plots (see Figures 4.2 & 4.3). As expected, wider confidence intervals were observed for the
tails of the distribution, particularly for the upper quantiles. Associated intercept plots (not shown)
confirmed that twins at lower quantiles of language difference have lower language differences,

and twins at higher quantiles of language difference have higher language differences.

4.3.2.2.1 NSE effects at the extremes of the language discordance distribution at mean age 10.
For the HV5 sample, there were no significant coefficients at the 0.2 or the 0.8 quantiles for Formal
language (Table 4.8). Significance tests for differences between the 0.2 and the 0.8 quantiles
revealed an unexpected significant difference for parent self-reported differential positivity (Range
= 0.05 to -0.19; Coefficient difference = 0.24), and an expected significant difference for parent
self-reported differential negativity (Range = -0.05 to -0.38; Coefficient difference = 0.33). The
quantile slope plots (Figure 4.2, left panel) provide further support for parent-reported differential
negativity as coefficients remain fairly constant for the lower third of the quantiles (-0.01 to -0.05),
moderately increase (in absolute value) for the central third of the quantiles (-0.04 to -0.18), and
increase (in absolute value) by a factor greater than two in the upper third of the quantiles (-0.18
to -0.39). This indicates that parent-reported differential negativity appears to become more
strongly related to Formal language difference for quantiles representing greater language
differences, with increased negativity associated with less advanced language skills. In contrast,
the quantile slope plot does not provide support for parent-reported differential positivity. The
quantile slope plots for Formal language also demonstrate a positive trend for Home Reading
Exposure discordance, with small coefficients from the 10" to the 40™ quantile that remain fairly
constant (ranging between 0.07 to 0.12), and with larger coefficients from the 50™ to the 90
quantile (ranging between 0.17 to 0.34), with CIs at two quantiles excluding zero.

For Productive language, there was one coefficient that was significantly different from 0 at
the 0.2 quantile, birthweight (Table 4.8). Quantile comparison tests also revealed unexpected
significant differences between the 0.2 and the 0.8 quantiles for birthweight (Range = 0.21 to -
0.69; Coefficient difference = 0.48). Except for the 20™ quantile, the quantile slope plot for
birthweight (Figure 4.2, right panel) shows ClIs that include zero across the distribution and widen
for the upper third quantiles demonstrating the quantile slope plot does not provide support for
differing associations between the extremes of the language distribution. Finally, the quantile slope
plot for parent self-reported differential positivity conditional on productive language quantile

demonstrates a positive trend, with coefficients continuously increasing from the 0.3 quantile to



Table 4.8. Parameter estimates (95% CI) for selected quantiles and significance tests for differences between
quantiles, conditional on MZ language differences at mean age 10 (HV)5).

Quantile Comparison

Quantile 02vs. 0.8
0.2 95% CI 0.8 95% CI F p
Formal Language at 10
Birthweight 0.03 -0.04,0.18 -0.11 -0.36,0.22 0.47 0.49
Parenting at 7
PFQ-Positivity 0.05 -0.23,0.09 -0.19 -0.25,0.26 5.75 0.02
PFQ-Negativity -0.05  -0.19,0.05 -0.38 -0.49,0.04 4.42 0.04
PARCHISY-Positivity 0.04 -0.06,0.09 -0.02 -0.13,0.15 0.81 0.37
PARCHISY-Negativity 0.05 -0.01,0.08 -0.01 -0.13,0.20 0.49 0.49
Home Reading Exposure at 7 0.12 -0.10,0.40 034 -0.14,0.43 1.63 0.20
Productive Language at 10
Birthweight 0.21 0.03,0.50 -0.69 -0.81,0.81 4.62 0.03
Parenting at 7
PFQ-Positivity 0.14  -0.06, 0.49 0.53  -0.40,0.55 2.49 0.12
PFQ-Negativity 022 -0.43,0.34 0.13 -0.58,0.14 0.12 0.73
PARCHISY-Positivity -0.01  -0.22,0.17 -0.06 -0.21,0.21 0.11 0.74
PARCHISY-Negativity -0.06 -0.15,0.08 -0.15 -0.25,0.43 0.48 0.49
Home Reading Exposure at 7 -0.23 -0.74,044 -0.07 -0.44,0.76 0.41 0.53

Note. PFQ = Parent Feelings Questionnaire; PARCHISY = Parent-Child Interaction System.

Table 4.9. Parameter estimates (95% CI) for selected quantiles and significance tests for differences between
quantiles, conditional on MZ language differences at mean age 12 (HV7).

Quantile Comparison

Quantile 02vs. 0.8
0.2 95% CI 0.8 95% CI F P
Formal Language at 12
Birthweight 0.00 -0.10,0.22 0.41 0.11, 0.60 6.18 0.01
Parenting at 7
PFQ-Positivity 0.09 -0.08,0.18 0.17 0.03, 0.36 0.14 0.71
PFQ-Negativity -0.01  -0.26,0.10 -0.44 -0.58,-0.10 5.28 0.02
PARCHISY-Positivity -0.06  -0.09,0.03 -0.04 -0.22,-0.01 0.05 0.83
PARCHISY-Negativity 0.03  -0.05,0.06 0.04 -0.16,0.13 0.01 0.93
Home Reading Exposure at 7 0.05 -0.09,0.13 0.26 -0.18,0.45 1.14 0.29
Productive Language at 12
Birthweight 022  -0.24,0.51 0.71 0.26, 1.61 1.07 0.30
Parenting at 7
PFQ-Positivity -0.04 -0.37,0.14 0.13  -0.07,0.43 0.48 0.49
PFQ-Negativity 0.00 -0.15,0.53 033  -0.60, 0.66 1.26 0.26
PARCHISY-Positivity -0.06 -0.13,0.00 -0.10 -0.25,0.37 0.04 0.84
PARCHISY-Negativity 0.00 -0.08,0.04 0.15 -0.05,0.25 1.47 0.23
Home Reading Exposure at 7 0.11  -0.31,0.51 -0.24 -0.38,0.66 0.60 0.44

Note. PFQ = Parent Feelings Questionnaire; PARCHISY = Parent-Child Interaction System
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Coefficient by Quantile
for Formal Language at HV5

Coefficient by Quantile
for Productive Language at HV5
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Figure 4.2. Quantile regression on language difference at mean age 10 (HVS) for environmental measures.
Coefficients are represented by blue dots/line; gray shaded area indicates 95% confidence interval (CI). Ordinary least
squares regression is included for comparison and represented by the red solid line; red dashed lines indicate 95% CI.
PFQ = Parent Feelings Questionnaire; PARCHISY = Parent-Child Interaction System; HRE = Home Reading
Exposure.



Coefficient by Quantile
for Formal Language at HV7
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Coefficient by Quantile

for Productive Language at HV7
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Figure 4.3. Quantile regression on language difference at mean age 12 (HV7) for environmental measures.
Coefficients are represented by blue dots/line; gray shaded area indicates 95% confidence interval (CI). Ordinary least
squares regression is included for comparison and represented by the red solid line; red dashed lines indicate 95% CI.
PFQ = Parent Feelings Questionnaire; PARCHISY = Parent-Child Interaction System; HRE = Home Reading

Exposure.
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the 0.8 quantile from 0.02 to 0.53, with confidence bands excluding zero for the central third of

the quantiles.

4.3.2.2.2 NSE effects at the extremes of the language discordance distribution at mean age 12.
For the HV7 sample, coefficients were significantly different from zero at the 0.8 Formal language
difference quantile for birthweight, PFQ-Positivity and PFQ-negativity (Table 4.9) but not at the
0.2 quantile. Significance tests for differences between the 0.2 and the 0.8 quantiles revealed
significant differences for birthweight discordance (Range = 0.00 to 0.41; Coefficient difference
= 0.41) and for parent self-reported differential negativity (Range = -0.01 to -0.44; Coefficient
difference = -0.43) only. The quantile slope plots (Figure 4.3, left panel) provide strong support
for stronger NSE effects for twin pairs more discordant in language for birthweight discordance
and parent self-reported differential negativity. In both cases, coefficients remain closer to zero for
the lower third of the quantiles (Bw: -0.03 to 0.07; PFQ-Neg: -0.01 to -0.08), moderately increase
(in absolute value) for the central third of the quantiles (Bw: 0.07 to 0.18; PFQ-Neg: -0.08 to -
0.17), and increase (in absolute value) by a factor greater than two in the upper third of the quantiles
(Bw: 0.18 t0 0.52; PFQ-Neg: -0.17 to -0.56). This indicates that birthweight discordance and parent
self-reported differential negativity appear to become more strongly related to Formal language
difference for quantiles representing greater language differences, with decreased birthweight and
increased parent self-reported negativity associated with less advanced language skills. In contrast,
the quantile slope plot provides moderate support for parent-reported differential positivity, with
coefficients gradually increasing from 0.02 at the 10™ quantile to 0.17 at the 80™ quantile, and
rapidly increasing to 0.45 at the 90™ quantile, with Cls at two upper quantiles excluding zero. This
indicates parent-reported differential positivity becomes more strongly associated with Formal
language difference for the upper quantiles, with increased parent self-reported positivity related
to more advanced language skills. Although the quantile slope plots for Formal language also
demonstrate a slight positive trend for home reading exposure discordance, all Cls include zero
(i.e., no significant differences emerged across the distribution).

For Productive language, there was one coefficient that was significantly different from 0 at
the 0.8 quantile, birthweight (Table 4.9). Quantile comparison tests did not reveal any significant
differences between the 0.2 and the 0.8 quantiles. The quantile slope plots (Figure 4.3, right panel)

provide further support for birthweight discordance as coefficients remain fairly constant for the
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lower third of the quantiles (ranging between 0.19 to 0.22), and become larger for the central and
upper third of the quantiles (ranging between 0.25 to 0.96).

ks

In sum, in relation to RQ3, strongest support for increased NSE effects at the extreme of the
language discordance distribution was found for measures that demonstrated a) significant
differences from 0 at the .8 quantile and/or significant differences between the .2 and .8 quantiles,
and b) increased rates of change (in absolute value) as represented by the quantile slope plots. At
mean age 10 (HVY), this pattern of effects was seen for parent self-reported differential negativity
conditional on Formal language difference quantiles. At mean age 12 (HV7) this same pattern of
effects was observed for parent self-reported differential negativity, with additional effects
observed for discordance in parent self-reported positivity and birthweight, all conditional on
Formal language difference quantiles. In addition, NSE effects were also observed for birthweight
discordance conditional on Productive language difference quantiles at this later home visit. As
such, only effects for parent self-reported differential negativity conditional on Formal language
difference replicated across home visits. Other effects worth highlighting include those with
increased rates of change (in absolute value), with confidence intervals excluding zero in at least
two central to upper quantiles across the distribution. This pattern of effects was seen at mean age
10 only (HVS), for HRE discordance conditional on Formal language difference quantiles, and

parent self-reported differential positivity conditional on Productive language difference quantiles.

4.4. Discussion

This study is the first to use an MZ difference approach to examine candidate nonshared
environmental effects on language development. Overall, distinct patterns of effects were observed
based on form of assessment, child age, and extent of MZ pair discordance. Of the environmental
variables considered, twin differences in parent self-reported negativity demonstrated the most
robust effect, accounting for 20% of variance in twin Formal language discordance at both time
points (at mean ages 10 and 12 years). Significant but smaller effects (4-5%) also emerged for twin
discordance in birthweight and home reading exposure, with marginal significance for parent self-
reported positivity in association with language outcomes, primarily Formal language, at the later

time point (HV7). In general, quantile regression findings indicated stronger NSE effects as twin



139

language discordance increased. Stronger NSE effects with increasing language discordance is
consistent with prior MZ difference studies (e.g., Asbury, Dunn, Pike, & Plomin, 2003; Asbury et
al., 2006a). The overall modest effect sizes are consistent with other studies using the MZ
difference approach (e.g., Asbury et al., 2006a; Mullineaux et al., 2009). Similar to candidate
genes, candidate nonshared environmental influences may have small effect sizes in isolation (e.g.,
Plomin, DeFries, Craig, & McGuffin, 2003) but still offer viable pathways for intervention and
community support. The remaining discussion focuses on a) differential effects across data

sources, b) study limitations, and ¢) implications for future research.
4.4.1 Differential effects across data sources.
4.4.1.1 Differential effects based on form of assessment.

4.4.1.1.1 Differences across language measures. Consistent with DeThorne and colleagues
(2008) and Harlaar and colleagues (2016), NSE influences differed in degree and significance
based on form of language assessment (Formal vs. Productive). Based on prior work from
WRRMP which reported higher nonshared environmental effects on Productive rather than Formal
language (i.e., Harlaar et al., 2016), we anticipated stronger influences of the NSE candidates on
Productive language. Although our pattern of MZ correlations suggested greater overall NSE
effect for Productive relative to Formal language (comparable to findings from Harlaar et al.,
2016), the effects of our candidate nonshared environmental measures were primarily observed
for Formal language. More specifically, only birthweight demonstrated significant associations
with both forms of language measurement and those effects only reached significance at the later
time point (mean age 12). At least three interpretations for the differing results across Formal and
Productive language measures have been previously postulated, none of which are mutually
exclusive (e.g., Harlaar et al., 2016; Mahurin-Smith, DeThorne, & Petrill, in press). First, there are
modality differences between the two composites; Formal language includes both receptive and
expressive language measures, while Productive language is considered primarily expressive in
nature (although elements of the narrative tasks also draw to some extent on language
comprehension). Second, the nature of the tasks differ in terms of adult-directedness and
flexibility. Consistent with standardized test procedures, Formal language tasks are more adult-
directed with specific items designed explicitly to differentiate children’s abilities. In contrast, the

language sample measures, even though elicited through stories from standardized tools (TNL,



140

TLC-E) allow for more linguistic flexibility/creativity. For example, if a child can’t recall a
specific vocabulary word while telling a story, they can simply choose a synonym without
“penalty”. Third, the two forms of assessment likely differ in regard to the extent they draw upon
nonlinguistic skills/factors such as executive functioning (e.g., see Mahurin-Smith et al., in press
for attention mediating effects on Formal language), motivation, compliance, stress, and
sociocultural practices (e.g., Allan, 1992; Fleege, Charlesworth, Burts, & Hart, 1992; Nippold,
2009; Speltz, DeKlyen, Calderon, Greenberg, & Fisher, 1999).

4.4.1.1.2 Differences across parenting measures. Self-reported parenting findings suggest
decreasing negativity and enhancing positivity, as defined herein, is likely to be beneficial for
children, at least children from some cultural-linguistic groups. However, it is interesting to note
that similar NSE effects did not emerge for parent-observed measures of positivity/negativity. It
was particularly surprising to find robust significant associations emerged for self-reported
parenting negativity (i.e., PFQ), but not for observed parenting negativity (i.c., PARCHISY), given
both measures are designed to measure parenting. One possibility is that the PFQ and the
PARCHISY are measuring different components of parenting; whereas the PFQ focuses more on
parenting affect (e.g., Sometimes I am not happy about my relationship with [this child]), the
negativity measure of PARCHISY is a measure of both parenting affect and content/control. A
second possibility is that the null results were related to the fact that parent-observed negativity
ratings were highly positively skewed, with average scores of 1, indicating most parents did not
display any negative content/control or negative affect during the cooperative-play tasks. It is also
possible that parent-child dyads may act differently in response to being videotaped/observed (i.e.,
observer effect), and cultural norms on middle-class White/European Americans may pressure
parents into displaying less negativity, especially for short observed tasks (i.e., 20 minutes of
structured interaction). A related possibility is that the results are a reflection of the cultural
homogeneity of our sample; our sample did not represent a diverse set of sociocultural groups or
a diverse set of parenting styles, such as neglectful parenting. Finally, it is possible that

PARCHISY is not as sensitive in picking up the smaller differences detected by the PFQ.

4.4.1.2 Differential effects across time points. This study demonstrated more significant NSE
associations with language at mean age 12 relative to mean age 10, with birthweight and Home
Reading Exposure reaching statistical significance, and parent self-reported positivity reaching

marginal significance. This could be viewed as consistent with prior studies reporting increased
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NSE influences during adolescence relative to the childhood years (DeThorne et al., 2008, 2012;
Harlaar et al., 2016). The reasons for such an increase are less clear, but we provide three possible
interpretations, none of which are mutually exclusive. First, prior behavioral genetic work (e.g.,
Scarr & McCartney, 1983) has suggested that NSE effects increase generally with age as
individuals gain more freedom to personalize their own environments according to their individual
proclivities. Even though in the present case genetic proclivities were controlled within twin pair,
genomes may be differentially expressed as a result of differences in internal and external
environmental factors, which in turn can shape how individuals respond to other environmental
factors. This complex web of development leads to increasingly individualized trajectories over
time.

A second possible contributor to the increase in NSE effects at the later time point relates to
the onset of adolescence, a sensitive period of development marked by neurological, biological,
physical, social, emotional, and cognitive changes. Brain development during adolescence is
associated with structural and functional maturation of language brain regions, and increased
plasticity, which suggests more receptivity to environmental influences (APA, 2002; Dahl, 2004;
Huttenlocher, 1994; Peper et al., 2009; Steinberg, 2005). Whereas at age 10 children are on the
cusp of childhood and adolescence, 12-yr-old children are in the midst of puberty and adolescence,
which may serve to augment NSE effects. It is also possible that the moderating factors (e.g., diet)
that may mitigate the effect of NSE influences (e.g., birthweight) on language development change
from late childhood to early adolescence.

Third and finally, it is possible that task demands on language assessments shift somewhat
between time points. As an example, both 10- and 12-years olds begin at the same start point on
the CELF subtests, therefore requiring the older child to complete more items in order to achieve
the same standard score. Consequently, it’s possible that CELF scores at the 12-year-old time point
are more influenced by nonlinguistic skills/factors such as sustained attention capabilities than at

the 10-year-old time point.

4.4.2 Limitations. Two key limitations are worth highlighting from the present study. First,
the quasi-experimental nature of twin-difference methodology does not assess causality or the
directionality of any potential associations. For example, it is likely that discordance in parent self-
reported negativity is linked to bidirectional effects in which differential child attributes influence

parenting and differential parenting style influences child attributes (e.g., Caspi et al., 2004;
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Deater-Deckard, 2000). Likewise, the association between parenting style and child attributes
could be mediated by other factors, such as school experiences. Such nonshared environmental
factors can influence epigenetic processes and ultimately result in phenotypic differences. A
second key limitation relates to the relative homogeneity of our sample in terms of race/ethnicity,
SES, parental education, family structure, and child ability. Consequently, to the extent these
variables correlate with differences in the environmental measures studied (i.e., birthweight,
parenting, home reading exposure, and breastfeeding), our effect sizes may be an under- or
overestimation. For example, consistent with the quantile regression findings, NSE effects may be
stronger for children at increased risk of language impairments. There is also evidence that the
same environmental measure may have differential effects within different demographic groups,
such as is reported for negative-intrusive parenting and child language development in African

American relative to European American families (Pungello et al., 2009).

4.4.3 Implications for Future Research. Despite limitations, the present study offers a unique
advantage compared to many studies of environmental effects on child language development: it
specifically controls for sex/gender, age, and genetic effects. Within this context, parenting,
birthweight, and home reading exposure all emerged as significant nonshared environmental
influences on language development. Future work should continue to study the path of
individualized developmental trajectories and attempt to replicate effects using a variety of
methodologies (e.g., Asbury, Dunn & Plomin, 2006), including use of other MZ datasets with
increased power, varied ages, different forms of assessment, and more demographically diverse
families. Moreover, additional candidate NSE influences should be examined; in particular,
nutrition, stress, illness, accidents, and exposure to toxins are all promising candidates based on
prior work (e.g., Asbury et al., 2006b; Rogers et al., 2015; Verduci et al., 2014). Although our
breastfeeding measure did not demonstrate adequate discordance for NSE analyses, further
research examining breastfeeding specifically is warranted. Finally, to the extent that the effects
for the environmental measures within the present study are causal, further research should work
to elucidate the underlying mechanisms. For example, genetically sensitive intervention studies
can shed more light into the causal relationship between candidate NSE influences such as
parenting style and language outcomes. Studies exploring associations between differential
experiences and behaviors and epigenetic differences are also needed (e.g., see Wong et al., 2014).

Assessment of both mediating factors that may explain a given relationship, and moderating
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factors that may mitigate the impact of an environmental experience on brain development will
also contribute to the characterization of NSE effects on language development. Findings from the
present study contribute to the broader literature on the etiology of child language differences by
highlighting the complex web of gene and environmental contributions to development over time,

and offering evidence of potential nonshared environmental factors worthy of further examination.
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CHAPTER 5:

Conclusion

The present work focused on understanding what contextual factors influence children’s
communication development and the processes by which they do so. A more detailed
understanding of such developmental processes can help shape health-related social policy and
improve the quality of life for individuals with neurodevelopmental communication impairments
and their families. As highlighted in Chapter 1, the present dissertation was grounded in the
dynamic systems theory of development (Lerner, 2006; Oyama, Griffiths, & Gray, 2001; Smith &
Thelen, 2003; Thelen, 2005; Thelen & Smith, 2006) and a distributed model of communication
(DeThorne & Miller, 2014; Hengst, 2015), both of which emphasize development as a dynamic
and context-dependent system that unfolds over time and is shaped by a myriad of causal
influences. In the paragraphs that follow I review key findings from Chapters 2 through 4 and how
they have contributed to my understanding of communication development and

neurodevelopmental communication impairments, and discuss implications and future directions.

Aside from genetics, research exploring the causal influences on communication development
has primarily focused on examining the influence of linguistic factors, and has highlighted the
need to develop more effective evidence-based interventions, particularly as it relates to
maintenance and generalization effects (e.g., Paul, 2008). Chapter 2 of the present dissertation
explicitly assessed the effectiveness of a speech-language intervention in six children 2-4 years of
age with various neurodevelopmental conditions. Despite the broad range of treatments available
for speech and language development, few target the important milestone of multisyllabic
productions and even fewer incorporate both speech and language approaches. This intervention
study focused on facilitating multisyllabic productions using an integrated speech-language
approach in children who were at the single-word stage of development. We provided multimodal
input and provided the opportunity for multimodal output using a myriad of supports and
strategies. More specifically, the treatment combined a) motor practice using VocSyl, a novel
computerized software to provide real-time visual feedback, and b) child-centered developmental
play using a mid-tech speech-generating device (GoTalk 20+) to model and elicit productions
within naturalistic interactions. Treatment strategies used ranged from tactile and visual

articulation cues to phonological simplification of the multisyllabic targets.
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By using the same data set included in DeThorne, Aparicio Betancourt, Karahalios, Halle, and
Bogue (2015), Chapter 2 highlighted the contributions of within-participant methodologies to
understanding individual trajectories and shaping clinical and educational practice. Overall, this
study provided converging within-participant evidence for the use of a multimodal, integrated
speech-language intervention to facilitate multisyllabic productions, albeit with substantial
individual variability. More specifically, the single-case experimental design revealed more
conservative estimates of treatment effect compared with the group results presented in DeThorne
and colleagues (2015), in which a functional relationship between the intervention and
multisyllabic productions was established for only three of the six participants. In support of
maintenance and generalization effects, five of the six children were able to maintain or increase
their gains on the multisyllabic treated targets based on a five-week post-treatment maintenance
session, and all children showed gains in control (untreated) targets, as well as gains in
multisyllabic productions more broadly based on pre- and post-intervention communicative
development expressive vocabulary inventories. In addition to assessing the effectiveness of the
intervention, a second aim of the present study was to address the complementary role of individual
science in uncovering knowledge. Single-case designs, a type of within-participant methodology,
allow you to assess causal relationships, similar to group designs, while providing a more in-depth
characterization of individual children over time, and offering the flexibility to tailor interventions
to the needs of individual children. They offer specific advantages for healthcare and educational
providers such as increasing the feasibility for the designs to be implemented in applied contexts,

and have the potential to better match individual children’s profiles with specific interventions.

As a complement to the behavioral intervention study presented in Chapter 2, Chapter 3,
recently published in ACM Transactions on Accessible Computing, explored the novel use of
noninvasive biosensors to measure electrical conductance across the skin during intervention as a
potential support for communication (Aparicio Betancourt, DeThorne, Karahalios, & Kim, 2017).
Given the moderate to high comorbidity between neurodevelopmental communication
impairments and socioemotional and behavioral difficulties (Qi & Kaiser, 2004; Redmond & Rice,
1998; Toppelberg, Medrano, Morgens, & Nieto-Castafion, 2002), there is interest in exploring the
role of technology in supporting communication practices involving  children with
neurodevelopmental disabilities. Skin conductance has been widely used as a marker for emotional

arousal; it is mediated by sympathetic cholinergic sudomotor nerve fibers stemming mainly from
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the ipsilateral limbic hypothalamic source (Benedek and Kaernbach 2010; Boucsein, 2012).
However, traditionally its use has been limited to highly controlled settings, with restricted external
validity. Nonetheless, recent technological advancements have led to the introduction of
ambulatory biosensors, making in situ studies of electrodermal activity (EDA) more feasible.
Chapter 3 specifically draws on user experience from two interventions, the speech-language
therapy described in Chapter 2 and occupational therapy (Snodgrass et al., 2015), to explore the
benefits of in situ skin conductance assessment in eight children, ages 2-11, with
neurodevelopmental communication impairments. During the speech-language intervention
(Aparicio Betancourt, DeThorne, & Karahalios, 2013), we examined the association between in
situ skin conductance and off-line behavioral coding of emotional valence (i.e., affect), as well as
the association among different skin conductance measures, as area under the curve is relatively
unexplored. Skin conductance response frequency was higher for high positive and high negative
emotional valence ratings compared to neutral ratings, providing evidence of concurrent validity
for in situ skin conductance assessment, albeit with a small effect size (i.e., 2.3%). In regard to
associations between skin conductance measures, significant moderate to high correlations were
observed. Specific to skin conductance level area under the curve, findings suggested this measure
may be mediated by similar psychophysiological or neurological sources than skin conductance

response frequency.

During the occupational therapy intervention reported in Chapter 3, we examined the effects
of a pressure vest on academic engagement, challenging behaviors, and skin conductance as
children with neurodevelopmental disabilities often have difficulties with sensory integration, and
pressure vests are commonly used within occupational therapy as a means to help regulate
physiological arousal. Use of the pressurized vest however, was not associated with skin
conductance or either of the two behavioral measures. Preliminary guidelines focused on
behavioral and technical findings associated with the use of biosensors to measure skin
conductance in situ across both the speech-language and occupational therapy studies. To
illustrate, we recommended specific strategies to assist with desensitization to novel stimuli, such
as the use of a social story, and provided recommended thresholds to use for data analysis. Our
aim was to contribute to the development of reliable noninvasive technology for measuring
emotional arousal via skin conductance in applied settings, by highlighting that although it is

feasible to record EDA in situ, both behavioral and technical challenges remain. We concluded
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that skin conductance assessment holds qualified promise in facilitating communication with the
hope of building better environments to support the learning and social interaction of children with

neurodevelopmental communication impairments.

Finally, Chapter 4 specifically addressed the need to explore contextual influences on
communication development, beyond linguistic factors. More specifically, the work in this chapter
emerged from our prior work which indicated a need to study a) a broader range of environmental
influences on child language development while acknowledging the complex interplay between
genetic and environmental influences (Rogers, Nulty, Aparicio Betancourt, & DeThorne, 2015);
and b) the source of nonshared environmental (NSE) influences on language that increased with
age and potentially differed based on assessment context (Harlaar, DeThorne, Mahurin-Smith,
Aparicio Betancourt, & Petrill, 2016). This chapter used a longitudinal MZ twin difference
approach, a genetically-sensitive design, to examine candidate nonshared environmental
influences on language development. We assessed the extent to which discordance in specific
environmental variables (i.e., birthweight, home reading exposure at age 7, and parenting at age
7) was associated with discordance in Productive and Formal language at mean ages 10 and 12
years. Although we originally intended to examine breastfeeding as an environmental variable as
well, it did not demonstrate the requisite MZ discordance needed for such analyses. For the
remaining environmental variables considered, significant effects emerged for birthweight, home
reading exposure, and self-reported parenting, primarily in association with Formal language at
the later time point, with effect sizes ranging from 4% to 20%. NSE effects were also moderated
by the extent of MZ twin language discordance, with effects increasing with increased language
discordance. To the extent that the effects are causal, this work has implications for the future of
prenatal care, access to early intervention for children born low birthweight, and development of
subsidized culturally-atuned programs that aim to reduce parent stress, increase family access to
literacy-based materials/practices, and strengthen parent-child relationships. Findings also
underscore the need to incorporate multiple forms of assessment in clinical and educational

settings.

Altogether, my dissertation work highlights the need to study a wide array of contextual factors
influencing communication development, the need to incorporate diverse and complementary
methodologies, and the need for the development of effective communication supports for children

with neurodevelopmental communication impairments. Communication permeates every aspect
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of life, from academic achievement to mental health, and it is particularly relevant to understand
communication development within a multicausal, dynamic, and context-dependent framework
that acknowledges the complex interplay between genetic and environmental influences. Future
work within the intersection of communication science and neuroscience should prioritize
uncovering candidate environmental influences on communication development and their
associated mechanisms in order to develop more effective and individualized interventions and

supports.
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APPENDIX A:
Social Story Akin to That Used as a Desensitization Strategy during the SL-EDA Study

| get to come to the | can wait in the lobby.
Speech Building to play.

Mariana will come get me. First, we will put the
bracelets on my ankles.

1. Affectiva, 2012
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Then we can play with the ball.

2. © Alexlmx / Fotolia

Then we have quiet time.

Then we practice our words
on the computer.

S

3. © Ulzanna / Fotolia
4. © Mayer-Johnson / Boardmaker®
5. © Mayer-Johnson / Boardmaker®

6. © Mayer-Johnson / Boardmaker®

Now we get to play!

When it's time to go,
we get to sing & clean-up.

7. © Rasstock / Fotolia

Then, we will take the
bracelets off my ankles.

8. Affectiva, 2012
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Sometimes, it's hard to leave.

o f/ \.
Wy 10. Bye

9. © Mayer-Johnson / Boardmaker®
10. © Mayer-Johnson / Boardmaker®

When I'm not ready to go,
sometimes | resist. It's hard for
people to carry me. That's not fun.

11.

Mariana could help me walk to the car.

ﬁ o
' 13.

12. © Mayer-Johnson / Boardmaker®
13. © Mayer-Johnson / Boardmaker®

Then | can come back
in a couple of days!

11. © Mayer-Johnson / Boardmaker®

In the car, | can have a treat!

14.

14. © Mayer-Johnson / Boardmaker®
15. © Mayer-Johnson / Boardmaker®

1

Leaving can be hard, but | can do it!
6.

16. © Yuryimaging / Fotolia
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APPENDIX B:

PARCHISY Cooperative-Play Tasks

~ masic Etch A Shetcld screen

Figure B.2: Example of a marble maze game
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APPENDIX C:
MZ Difference Correlations in Language Outcomes and Environmental Measures

for the Full Samples and for Subsamples of Boys and Girls.

Of the 72 total correlation coefficients, fifteen reached significance and one reached marginal
significance, which is greater than the four significant correlations that would be expected by

chance.

Table C.1. Correlations between MZ differences in language
at mean age 10 (HVS5) and MZ differences in environment.

Environmental Formal  Productive
Measures Language Language
Birthweight All -0.02 0.02
Boys 0.16 -0.06
Girls -0.17 0.11
Parenting at 7
PFQ-Positivity All 0.13 0.02
Boys 0.34* -0.26
Girls -0.07 0.20
PFQ-Negativity All - 0.45%* -0.09
Boys - 0.34* 0.23
Girls - 0.52%* - 0.30%
PARCHISY-Positivity All 0.03 0.01
Boys 0.01 -0.19
Girls -0.01 0.09
PARCHISY-Negativity All 0.05 -0.02
Boys 0.10 0.13
Girls 0.05 -0.09
Home Reading Exposure at 7 All 0.12 -0.15
Boys 0.37* -0.21
Girls 0.01 -0.07

Note. One-tailed p-values: *p<.05; **p<.01. All: N = 61-113
pairs. Boys/Girls: N =25-67 pairs. Boy/girl distinction is based
on binary parent identification of "sex" with options "girl" or
"boy", thereby conflating sex and gender. PFQ = Parent
Feelings Questionnaire; PARCHISY = Parent-Child
Interaction System.



Table C.2. Correlations between MZ differences in language
at mean age 12 (HV7) and MZ differences in environment.

Environmental Formal  Productive
Measures Language Language
Birthweight All 0.23** 0.22%*
Boys 0.19 0.39*
Girls 0.29* 0.16
Parenting at 7
PFQ-Positivity All 0.19+ -0.08
Boys 0.29 -0.11
Girls 0.13 -0.09
PFQ-Negativity All - 0.45%* 0.01
Boys -0.47%* -0.08
Girls - 0.45%* 0.08
PARCHISY-Positivity All -0.07 -0.04
Boys - 0.06 -0.29
Girls - 0.06 0.04
PARCHISY-Negativity All 0.18 0.04
Boys 0.29 0.30
Girls 0.10 -0.06
Home Reading Exposure at 7 All 0.21* 0.01
Boys 0.53* 0.28
Girls 0.07 -0.05

Note. One-tailed p-values: +p=.05; *p<.05; **p<.01. All: N=
57-105 pairs. Boys/Girls: N = 21-65 pairs. Boy/girl distinction
is based on binary parent identification of "sex" with options
"gir]" or "boy", thereby conflating sex and gender. PFQ =
Parent Feelings Questionnaire; PARCHISY = Parent-Child
Interaction System.
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