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Abstract
Associations between Sleep, Infant Feeding Methods, Brain Development and Behavior: A
Multimodal Approach to Assess Plasticity in the Brain
Christopher Edward Bauer
Purpose: Sleep-disordered breathing (SDB) is a spectrum disorder that is estimated to effect a
significant proportion of the pediatric population (1-3% in USA). SDB is able to disrupt and
fragment sleep through frequent arousals and intermittent hypoxia. In addition, the long term
effects of SDB in pediatrics have been well-documented; decreases in intelligence quotient (IQ),
executive function, school performance, and alertness have all been observed. Although surgical
treatments can be quite effective, there are no widely accepted prophylactic measures to
prevent SDB development. Recently, breastfeeding duration in infancy has been demonstrated
to be correlated with reduced SDB (lower AHI, RAI, and higher SpO2), as well as increases in IQ,
executive function, and school performance (independent of SDB). The overarching goal of this
dissertation was to examine the potential effects of both breastfeeding duration and SDB severity
on the neurological underpinnings associated with observed behavioral and cognitive deficits;
namely, correlations with white matter structural volume and fractional anisotropy (FA) scores
through diffusion tensor imaging (DTI). Here, I proposed a unique developmental hypothesis
where breastfeeding may ultimately reduce SDB, enabling the preservation of rapid eye
movement (REM) sleep, and leading to healthier neurological white matter development.
Method: Twenty-four children with SDB and 19 healthy controls were imaged using MR
techniques. White matter volume was measured using the central 13 millimeters of the corpus
callosum (CC). DTI of major white matter tracts was also conducted. The SDB group received
neurocognitive testing to assess cognitive performance; the control group was assessed using
real-world academic report cards. Finally, REM sleep was quantified in infants using overnight
polysomnography (PSG), with SDB metrics and infant feeding method also measured.
Results: There was no correlation between infant feeding methods and CC volume in either
group, nor a significant differences between CC volumes in children with SDB versus those
without. However, increased breastfeeding duration was correlated with increased left superior
longitudinal fasciculus (LSLF) and left angular bundle (LAB) FA scores in healthy controls. In 8-9
month old infants, increased breastfeeding duration was also correlated with a reduced
proportion of REM sleep (%TST), and children with exclusive breastfeeding had reduced SDB in
infancy compared to children with any formula feeding. Finally, exclusively formula-fed infants
were diagnosed with “primary snoring” more often than those with any amount of breastfeeding.
Conclusions: The findings in this dissertation revealed associations between breastfeeding, SDB,
REM sleep, and white matter integrity in the brain. These results support the hypothesis that
certain cognitive effects associated with SDB and infant feeding methods may have common
underlying anatomical brain changes that subserve these observed phenomena.

Public Abstract
Associations between Sleep, Infant Feeding Methods, Brain Development and Behavior: A
Multimodal Approach to Assess Plasticity in the Brain
Christopher Edward Bauer
Purpose: Sleep-disordered breathing (SDB) may affect a large number of children (1-3% in USA).
SDB is able to disrupt and change sleep through frequent arousals and depriving the blood and
tissues of oxygen. The long term effects of SDB in children have been well-documented;
decreases in intelligence quotient (IQ), executive function, school performance, and alertness
have all been observed. Although surgical treatments can be quite effective, there are no widely
accepted non-invasive preventative measures for SDB. Recently, breastfeeding duration in
infancy has been shown to be correlated with decreased SDB (lower AHI, RAI, and higher SpO2),
as well as increases in IQ, executive function, and school performance (independent of SDB). The
major goal of this dissertation was to examine the potential effects of both breastfeeding
duration and SDB severity on the biological basis of observed behavioral and cognitive problems.
Here, I proposed a unique developmental hypothesis through which preserved rapid eye
movement (REM) sleep is essential, and that through breastfeeding SDB might be reduced,
leading to healthier sleep and neurological development.
Method: Twenty-four children with SDB and 19 healthy controls were imaged using magnetic
resonance techniques. White matter volume was measured using the central 13 millimeters of
the corpus callosum (CC). Diffusion tensor imaging of white matter tracts was also conducted.
The SDB group received cognitive testing to assess performance; the control group was measured
using real-world academic report cards. Finally, REM sleep was measured in infants using
overnight polysomnography (PSG), with SDB metrics and infant feeding method also measured.
Results: There was no correlation between infant feeding methods and CC volume in either
group, nor any differences between groups. However, children with increased breastfeeding
duration had increased white matter connectivity in the left side of the brain in healthy
controls. In 8-9 month old infants, increased breastfeeding duration was also correlated with
reduced REM sleep, and children with exclusive breastfeeding had less SDB by questionnaire.
Finally, exclusively formula-fed infants were diagnosed with “primary snoring” more often than
those with any amount of breastfeeding.
Conclusions: The findings in this dissertation reveal associations between breastfeeding, SDB,
and REM sleep with quantifiable brain development. These results support the idea that certain
cognitive effects associated with SDB and infant feeding methods may have common underlying
brain changes that can help explain these observed differences in cognition.
Keywords: Sleep-Disordered Breathing, Breastfeeding, Rapid Eye Movement (REM), White
Matter, Brain Development, Magnetic Resonance Imaging (MRI), Polysomnography (PSG)
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Fig 1. Simple model of my proposed dissertation.
The main direct effect of breastfeeding was predicted to involve white matter volume through
previously published mechanisms, such as nutrition, social factors, immune support, and other
miscellaneous factors. However, at least a portion of the variance in this relationship should be
attributed to sleep. I proposed that breastfeeding would be associated with reduced SDB
severity, and that children with reduced SDB severity (or healthy) would have greater white
matter volume than children with greater SDB severity, indicative of healthy maturation of neural
connectivity.
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Fig 2. Full model of my proposed dissertation.
In addition to what was stated in the simple model, the full model explains the mechanism by
which I think sleep is influencing brain development. An increased severity of SDB may decrease
the quality and quantity of REM sleep, resulting in decreased stimulation of neural circuits during
REM sleep (ontogenetic hypothesis). This may ultimately produce the observed phenotype of
decreased white matter volume and quality, which could help explain decreases in
neurocognitive performance observed in children with SDB.
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Fig 3. Flow chart for participants in each stage of aim 1.
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Fig 4. Flow chart for participants in each stage of aim 2.
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Fig 5. Simple scatter plot between breastfeeding duration and fractional anisotropy (FA)
scores for the left superior longitudinal fasciculus (LSLF; temporal portion) and left angular
bundle (LAB).
(Top) Association between breastfeeding duration and LSLF FA scores. A stepwise multiple linear
regression revealed that breastfeeding was the only significant predictor (p = 0.019; R2 = 0.354).
(Bottom) Simple scatter plot between breastfeeding duration and FA scores for the LAB. A
stepwise multiple linear regression revealed that breastfeeding was the only significant predictor
(p = 0.034; R2 = 0.301).
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Fig 6. Flow chart of participation in aim 3b.
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Fig 7. Simple scatter plot comparing breastfeeding duration with % active (REM) sleep.
Multiple regression revealed that even taking into account differences in maternal education
and parental smoking this relationship was significant (p = 0.006; R2 = 0.325). This finding was
actually in the opposite direction as the one predicted.
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Fig 8. Scatter plot depicting breastfeeding duration against infant sleep impairment score.
Controlling for parental smoking, breastfeeding duration was significantly negatively correlated
with transformed impairment scores (p = 0.016), but not after inclusion of maternal education.
The plotted data points are not transformed in this figure.
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Fig 9. Summary of results from Specific Aim 3b.
Black arrows indicate significant results found in this dissertation, which are also supported by
the literature. Green arrows indicate significant results found in this dissertation that, to my
knowledge, have not been reported in previous literature specifically. Red empty arrows indicate
a theoretical relationship which is not supported by either this dissertation or the literature, at
least not in early development (childhood or infancy).
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Fig 10. Summary of results from this dissertation.
Black arrows indicate significant results found in this dissertation, which are also supported by
the literature. Green arrows indicate significant results found in this dissertation that, to my
knowledge, have not been reported in previous literature specifically. Red empty arrows indicate
a theoretical relationship which is not supported by either this dissertation or the literature, at
least not in early development (childhood or infancy).
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Table 1. Demographics for aim 1.
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Table 2. Pearson correlations between breastfeeding variables, sleep variables, and CC size.

***p < 0.001. Feeding method (1= formula, 2= both, 3= breast); breastfeeding duration refers to the
duration of breastfeeding until completely weaned; CC volume (CC_Norm) refers to the total volume
divided by the normalization factor. In order to look at SDB both holistically (SDB_Profile) and traditionally
(AHI only), both were included. The sample size in each correlation is indicated beneath the Pearson value.
The values in this table do not include correction for covariates.
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Table 3. Pearson correlations for neurocognitive measures and feeding methods, sleep
outcomes, and CC volume.

***p < 0.001; *p < 0.05. Significant correlations were detected between breastfeeding duration
and scores on the WJIII_Exec and Day-Night Stroop, between SDB_Profile scores and the PPVT,
and between REM sleep time and scores on the WJIII_Exec and the BRIEF. For all neurocognitive
measures included here, a higher score is more desirable. The sample size for each correlation is
included beneath the Pearson value.
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Table 4. Mean (SD) values for participants who were ever breastfed or who were exclusively
formula fed.
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Table 5. Mean (SD) values for participants who had an AHI >= 1 or an AHI < 1.
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Table 6. Group differences between children with at least one parent who smoked and
children with non-smoking parents.

*p < 0.05
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Table 7. Demographics for participants in aim 2.
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Table 8. Mean (SD) values between the sleep-disordered breathing population in aim 1 and
the healthy population in aim 2.

Apnea-hypopnea index included is for subjects with AHIs greater than one. Although the healthy
population did have larger CCs on average, the difference was not significant in the case of AFNI
(p = 0.155; hedges’ g = 0.586) or Freesurfer (p = 0.217; hedges’ g = 0.700) when correcting by the
normalization factor. Reported volumes are in cubic millimeters.

SLEEP AND BRAIN DEVELOPMENT

xxix

Table 9. General demographics and feeding information for participants in aim 3 part 1.
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Table 10. Mean (SD) values for summary sleep measures obtained through PSG.
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Table 11. General demographics and breastfeeding information for participants who returned
the mailed surveys.
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Table 12. PSG metrics for participants in aim 3b.
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Table 13. Mean (SD) values for various demographics and comparable variables for
breastfeeding groups compared by t-tests, Mann-Whitney U tests, and Pearson’s Chi-Squared
test.

Comparisons between exclusive breastfeeding and any formula-feeding revealed significant
differences in active (REM) sleep and transformed survey scores on infant sleep impairment.
However, these group comparisons must be taken in light of other factors, such as differences in
income, education, and possibly presence of a smoking parent.
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Table 14. Mean (SD) values for demographics and comparable variables for breast and
formula feeding groups compared by t-tests, Mann-Whitney U tests, and Pearson’s ChiSquared test.

Comparisons between exclusive formula-feeding and any breastfeeding revealed significant
differences in active RAI and snore arousal index during active, but not when these variables were
corrected by maternal education and parental smoking using ANCOVA.
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1.0 Introduction
1.1 Preamble
Sleep or sleep-like states have been observed not only in humans, but also in nearly all
mammals, birds, reptiles, fish, and other animals investigated. Indeed, even organisms thought
to be evolutionally distant from humans such as the fly genus Drosophila and the flat worm
Caenorhabditis elegans (C. elegans) demonstrate sleep from a behavioral perspective (Allada &
Siegel, 2008). Furthermore, both rats and flies systematically deprived of sleep will die (Allada &
Siegel, 2008; Rechtschaffen, Gilliland, Bergmann, & Winter, 1983; Shaw, Tononi, Greenspan, &
Robinson, 2002). This evidence, put together, suggests that sleep provides some function
critical to sustaining life while at the same time implying that sleep in humans may have
evolved from the simpler sleep found in other organisms. I proposed for the purposes of this
dissertation that sleep is not only required for the preservation of life but also assists in the
neural development of the organism itself, as others have posited (Marks, Shaffery, Oksenberg,
Speciale, & Roffwarg, 1995; Roffwarg, Muzio, & Dement, 1966). Specifically, I hypothesized that
global white matter development was contingent upon consolidated, high-quality REM sleep
undisturbed by respiratory anomaly that is sometimes observed in the pediatric population
(sleep disordered breathing, SDB).
The following chapter will first outline the characteristics of normal sleep, and discuss
how disordered sleep differs from the normal sleep, how it can develop, and its potential
effects on the brain. Further, this chapter will articulate potential ways to prevent disordered
sleep, possibly ameliorating negative effects on brain development. Finally, the actual
dissertation and aims of the study will be stated.
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1.2 Normative Sleep
In order to appropriately characterize disordered sleep, we must first define normative
sleep. Though much of the sleep research that occurred in the early 20th century involved direct
observation and anecdotal reports of dreaming, technological developments since the 1950s
have allowed us to more precisely monitor the brain. These techniques, which have now
become standard, include electroencephalography (EEG), electrooculography (EOG), and
electromyography (EMG). The electrical recording produced by EEG, EOG, and EMG (which
partially makes up the modern approach of polysomnography (PSG)) can be quite distinctive,
allowing for sleep staging across the night for the individual participant undergoing these
techniques. From these developments, the American Academy of Sleep Medicine (AASM) has
established standardization for how these methods are performed as well as guidelines for
sleep staging and what is considered “normal” for various age groups (Berry, Brooks, et al.,
2015).

1.2.1 Infant Sleep
Infant sleep is perhaps the most difficult to characterize, if only because of the challenge
presented in completing a full PSG montage on a young infant as well as the rapid changes and
indeterminate sleep characteristics present in this age group. For instance, young infants are
generally not classified by the standard sleep stages in adults such as wake, N1, N2, N3, and
REM, but are rather reduced to Active (considered similar to REM), Quiet (considered similar to
NREM), and Indeterminate (Anders, Emde, & Parmelee, 1971; Schade, Bauer, Warren, &
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Montgomery-Downs, 2016). Sleep duration, circadian rhythms, and EEG characteristics are still
quite variable during this time, as they are not fully developed, which adds to the difficulty of
sleep staging. Nevertheless, it was discovered early in modern sleep research that, of the total
amount of time engaged in sleep, the proportion of REM sleep (or Active sleep) was by far the
greatest in the first few days of life (~50%) and diminished rapidly to near-adult proportions by
2 to 3 years old (Roffwarg et al., 1966). This observation has led to speculation that REM sleep
may have an important role in brain development and maturation early in life. This hypothesis
will be further explored in this dissertation.

1.2.2 Pediatric Sleep
Even by early childhood sleep continuity and EEG patterns are much more characteristic
than during early infancy, though these patterns are still developing (Berry, Brooks, et al., 2015;
Schade et al., 2016). By 6 months of age the active, quiet, and indeterminate stages have
usually been replaced with the standard stages used in adults (Anders et al., 1971; Berry,
Brooks, et al., 2015). Young children have a similar amount of each sleep stage as adults, with
slightly more N3 sleep (Biggs et al., 2012; Mazzotti et al., 2014; Schade et al., 2016). The N3
stage is generally associated with the release of various growth factors and human growth
hormone, and is thought to be related to physical regeneration (Schade et al., 2016; Takahashi,
Kipnis, & Daughaday, 1968) . In addition, the presence of high amplitude, slow frequency delta
waves is characteristic of N3 sleep, which is considered the deepest stage of sleep (Biggs et al.,
2012; Chu, Leahy, Pathmanathan, Kramer, & Cash, 2014; Schade et al., 2016). The increased
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amount of N3 sleep in young children relative to adults may therefore be logical in that body
growth and development is more critical during this early life stage.
Sleep duration, EEG characteristics, and sleep staging proportions continue to develop
and change through school-aged children and adolescents, but these changes are much more
modest than earlier in development (Schade et al., 2016).

1.2.3 Adult Sleep
Sleep EEG characteristics are relatively consistent in early and middle adulthood and
standardly scored in healthy individuals (Berry, Brooks, et al., 2015). Healthy adult sleep is
divided into two broad categories; non-rapid eye movement sleep (NREM) sleep and rapid eye
movement (REM) sleep. The NREM sleep is further subdivided into N1 (lightest stage), N2 (nextlightest stage; majority of sleep), and N3 (deepest stage; Carskadon & Dement, 2011). From the
perspective of EEG, N1 can be visualized as relatively low-amplitude, higher frequency (4-7 hz)
theta waves which dominant this stage (Castronovo & Butkov, 2007). Stage N2 is a deeper stage
of sleep than N1, and can be identified by large inflections in the EEG signal known as Kcomplexes, as well as short bursts of increased frequency lasting at least 0.5 second known as
sleep spindles (Carskadon & Dement, 2011; Castronovo & Butkov, 2007). The presence of Kcomplexes or sleep spindles in the EEG is a scoring standard and generally confirms that a
sleeper is in stage N2 (Berry, Brooks, et al., 2015). The final stage of NREM sleep, N3, is the
easiest to identify. Stage N3 consists of very low frequency delta waves (0.5-2 hz) coupled with
large amplitudes (Carskadon & Dement, 2011; Castronovo & Butkov, 2007). This stage is most
closely associated with physical regeneration as human growth hormone (HGH) and other
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growth factors are released, resulting in tissue repair and accelerated immune function
(Schade et al., 2016; Takahashi et al., 1968).
REM sleep is a stage of sleep very different from the NREM stages. During REM sleep, an
individual is typically completely paralyzed with no muscle tone. In addition, REM sleep is
probably most famous for dreaming; during this stage the most salient and memorable
dreaming occurs (Berrien, 1930).
By proportion, about 5-10% of total adult sleep is spend in N1, 45-55% in N2, 15-20% in
N3, and 20-25% in REM sleep (Carskadon & Dement, 2011; Mazzotti et al., 2014; Ohayon,
Carskadon, Guilleminault, & Vitiello, 2004). Note that the total amount of REM sleep in adults is
significantly lower than it was in early infancy (~50%). In addition, healthy adult sleep is
consolidated into these changes with few nocturnal awakenings or interruptions. The adult
sleep cycle is roughly 90 minutes on average and progresses through each of the stages at least
once (Carskadon & Dement, 2011; Castronovo & Butkov, 2007). These cycles tend to contain
more NREM sleep (specifically N3 sleep) earlier in the night, while towards the end of the night
REM sleep becomes more prevalent (Carskadon & Dement, 2011; Castronovo & Butkov, 2007).
In the healthy individual no respiratory problems, including snoring, are present during sleep.

1.3 Disordered Sleep
Sleep disorders are unfortunately very common in the United States for all age groups,
with general sleep disturbance affecting 85% of individuals over 1 year old (Roth & Roehrs,
2003; Sarris & Byrne, 2011) and an estimated 10-30% of 6-month old infants were reported to
have behavioral sleep disorders by parents (Blunden, 2012; Byars, Yolton, Rausch, Lanphear, &
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Beebe, 2011; Morgenthaler et al., 2006). Many of the same disorders which can affect adults
also affect younger age groups as well, but the manifestation of these disorders can vary. Sleep
disorders which have been well studied include, but are not limited to, insomnias (Roth &
Roehrs, 2003; Sarris & Byrne, 2011), narcolepsy (Buttoo, Pandi-Perumal, & Guilleminault, 2016;
Goldbart et al., 2014), parasomnias (Owens & Mohan, 2016; Redington, Mattice, & Eckhardt,
2007), sleep-related movement disorders (Comella, 2014; Manconi et al., 2012; Sotelo, 2007),
central sleep apnea, (Aurora et al., 2012; Javaheri, 2010; Linley, Papadima, & Fabiani, 2007) and
sleep-disordered breathing (Lumeng & Chervin, 2008; Montgomery-Downs, Crabtree,
Capdevila, & Gozal, 2007; Redline et al., 2004; Short & Banks, 2014). This section will briefly
cover the first five, with a heavy emphasis on sleep-disordered breathing.

1.3.1 Overview of Sleep Disorders
Chronic insomnia has an estimated prevalence of 10% in the adult population (Pigeon,
2010; Roth & Roehrs, 2003; Simon & Vonkorff, 1997). Characterized by difficulty initiating
and/or maintaining sleep, insomnia can have adverse behavioral daytime consequences such as
severe sleepiness, memory impairment, and a more frequent number of accidents (Roth &
Roehrs, 2003). In addition, insomnia can affect any age group. Transient insomnia typically will
last only a week or two, while chronic insomnia will range from months to years (Roth &
Roehrs, 2003).
When insomnia occurs by itself it is referred to as primary insomnia, however much
more common is secondary insomnia in which insomnia is actually comorbid with a myriad of
other disorders (Pigeon, 2010; Simon & Vonkorff, 1997). Insomnia appears to be comorbid
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most frequently with psychiatric disorders such as depression and mood disorders, but also
with other sleep disorders such as restless leg syndrome (RLS) and periodic leg movement
disorder (PLMD; Pigeon, 2010; Roth & Roehrs, 2003; Simon & Vonkorff, 1997). Consequences
associated with insomnias are complicated by these comorbidities, but in general transient
insomnia results in loss of attention and daytime sleepiness, while chronic insomnia is
associated with decreased quality of life, decreased productivity, and functional impairment
(Roth & Roehrs, 2003; Simon & Vonkorff, 1997). However, exact effects of insomnia will depend
on other disorders in cases of secondary insomnia (Pigeon, 2010; Roth & Roehrs, 2003).
Narcolepsy with cataplexy, also called narcolepsy type 1, affects about 1 out of every
4,000 people in the general population (Buttoo et al., 2016; Goldbart et al., 2014). Individuals
with narcolepsy suffer from excessive daytime sleepiness (EDS), but also cataplexy (sudden
muscle weakness during wake often evoked by strong emotions), sleep paralysis during wake,
and hypnogogic hallucinations (Buttoo et al., 2016). The etiology of type 1 narcolepsy stems
from the central nervous system’s inability to regulate the sleep/wake cycle. One major current
hypothesis about the cause of narcolepsy, known as the autoimmune hypothesis, has been
proposed due to the strong association in type 1 narcolepsy with mutations in the human
leukocyte antigen (HLA) gene complex which encodes for cell-surface receptor proteins used in
immune function (Giacomini, Tognoli, & Hydes, 2007; Goldbart et al., 2014; Mignot et al.,
2001). Furthermore, the disorder is almost always associated with a loss of orexin (hypocretin)producing cells in the hypothalamus (Buttoo et al., 2016; Goldbart et al., 2014), leading to the
idea that an autoimmune response may target these cell populations. Aside from EDS and other
major symptoms of narcolespy, individuals may also suffer deficits in attention and memory,
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experience increased pain, and suffer from depression or anxiety disorders (Buttoo et al.,
2016). Treatment for narcolespy generally relies on multiple pharmaceutical agents, including
medications to treat EDS, cataplexy, and promote sleep consolidation (Giacomini et al., 2007).
Good sleep hygiene and behavioral therapy may be used to supplement pharmacological
treatments (Giacomini et al., 2007).
Parasomnias are a classification of sleep disorders that are defined as undesirable
physical events or phenomena that occur during sleep, primarily during NREM sleep stage 3 and
REM sleep (Owens & Mohan, 2016; Redington et al., 2007). These disorders are varied, but can
broadly be narrowed into disorders of arousal, REM sleep disorders and other (enuresis,
exploding head syndrome, sleep-related dissociative disorders, etc.; Redington et al., 2007).
Furthermore, arousal parasomnias, REM parasomnias, and other parasomnias are all most
prevalent during childhood and wane significantly with age. Nonetheless, they are present in all
ages.
Although not all parasomnias will be discussed here, some of the more common types
include confusional arousals (arousal-type, NREM), sleep terrors (arousal-type, NREM),
sleepwalking (arousal-type, NREM), REM sleep behavioral disorder (REM-type), and sleep
paralysis (REM-type). Other parasomnias not discussed here include enuresis (bedwetting),
exploding head syndrome (arousal from imagined loud noise or “explosion” in the head during
the wake/sleep transition), nightmares (frightening dreams during REM), sleep-related eating
disorder (eating during sleep; unknown to the individual), sleep-related dissociative disorders
(behaviors throughout the sleep period that can include violence, screaming, running, etc.), and
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sleep-related hallucinations, among others (hypnagogic and hypnopompic hallucinations;
Redington et al., 2007).
Confusional arousals are most common during NREM stage 3 earlier in the night with
the individual exhibiting disorientation, unclear thoughts, agitation, and slowed speech upon
arousal (Owens & Mohan, 2016; Redington et al., 2007). Individual episodes can last between 5
to 60 minutes, and the episodes may persist for 6-12 months (Owens & Mohan, 2016;
Redington et al., 2007). Etiology could include forced awakening from deep sleep, sleep
deprivation, or neurological disorders (Redington et al., 2007).
Sleep terrors occur suddenly and acutely during NREM stage 3 sleep and are
characterized by dramatic loud screaming, crying, lack of responsiveness to others, and the
appearance of panic (Owens & Mohan, 2016; Redington et al., 2007). Although fairly common
in children, they typically last only 5 minutes maximum. Interestingly, although inconsolable
during the sleep terror, children will typically have no memory of the event (Redington et al.,
2007).
Sleepwalking, also known as somnambulism, is ambulatory motor behavior and
sometimes associated purposeless or purposeful tasks during NREM stage 3 sleep (Owens &
Mohan, 2016; Redington et al., 2007). Sleepwalking is much more likely to occur earlier in the
night. Sleepwalking severity can range from mild (barely getting out of bed) to performance of
bizarre and occasionally destructive tasks, such as driving (Owens & Mohan, 2016; Redington et
al., 2007). The affected individual will have little to no recollection of the event or events that
transpired during sleepwalking. Attempts to communicate with a sleepwalking individual are
generally futile, with duration of episodes ranging from several minutes to an hour (Owens &
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Mohan, 2016; Redington et al., 2007). Sleepwalking is much more common in children than in
adults.
REM sleep behavioral disorder is a sleep disorder which involves temporary lack of
muscle atonia during REM sleep, resulting in motor activity (Nevsimalova, Prihodova, Kemlink,
& Skibova, 2013; Redington et al., 2007; Stores, 2008). This could be most appropriately
thought of as “acting out one’s dream”. These behaviors, as in sleepwalking, can range from
simple to complex, and can result in serious injury. However, unlike in sleepwalking, a patient
suffering from REM sleep behavioral disorder will often have their eyes closed as opposed to
wide open (Redington et al., 2007). This disorder is more common during the second half of the
night, and episodes will cease with sudden alertness and awakening.
Sleep paralysis is a condition in which the affected cannot move either during sleep
onset or transition from sleep to wake (Redington et al., 2007). It is usually only voluntary
movements which are paralyzed, with respiratory muscles spared (Nevsimalova et al., 2013;
Redington et al., 2007; Stores, 2008). The episode may last between several seconds to
minutes. Consciousness is maintained throughout the episode, making the experience very
frightening and unpleasant to affected individuals (Redington et al., 2007).
Moving on from parasomnias, the next class of sleep disorders discussed are the sleeprelated movement disorders. Primarily, this includes both RLS and PLMS. Other disorders that
fall under this category include sleep-related leg cramps, sleep-related bruxism (teeth grinding)
and others but will not be discussed here.
RLS is not actually a sleep disorder despite its ability to manifest at night but a wake
disorder (Comella, 2014; Manconi et al., 2012; Sotelo, 2007). Characterized by unpleasant and
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abnormal sensations in the legs at rest, RLS can often have a diurnal pattern becoming
significantly worse at nighttime and preventing an individual from transitioning from wake to
sleep. It is classified as a sleep-related movement disorder due to the impact RLS can have on
sleep and daytime functioning. Individuals with RLS can complain of insomnia or excessive
daytime sleepiness (EDS).
RLS prevalence in the general population has been reported to be anywhere between
2% to 24% (Comella, 2014; Sotelo, 2007), making it difficult to exactly determine how many
people are affected. Although seen in all ages, it is more common in the elderly and twice as
likely in women (Comella, 2014; Sotelo, 2007). Familial history is present in 50-60% of RLS
sufferers (Comella, 2014; Sotelo, 2007). RLS is also often seen in connection with iron deficiency
and iron deficiency conditions, as well as use of dopamine-receptor antagonists (Comella, 2014;
Sotelo, 2007). Treatment of RLS includes both pharmacological and non-pharmacological
interventions, with sleep hygiene coaching, progressive leg exercise, and even placebo utilized
in the case of the latter (Comella, 2014; Sotelo, 2007). Dopaminergic agonists, especially those
that target the D3 receptor, are considered to be the frontline treatment options (Comella,
2014; Manconi et al., 2012; Sotelo, 2007). Other treatment options include other opioids or
benzodiazepines, or even iron supplementation in the case of low iron levels (Sotelo, 2007).
Periodic leg movements of sleep (PLMS) are repetitive, rhythmic movements and jerks
of the lower limbs during sleep that occur every 5 to 90 seconds and in a string of at least 4
movements (Becker & Forester, 2007; Haba-Rubio et al., 2016; Manconi et al., 2012). Although
the clinical relevance of PLMS as a primary symptom is disputed (Becker & Forester, 2007;
Manconi et al., 2012), they are seen in 80-90% of individuals with RLS (Becker & Forester, 2007;
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Comella, 2014; Manconi et al., 2012). A common etiology between RLS and PLMS may exist, but
is controversial (Manconi et al., 2012).
Prevalence of PLMS is fairly high with one study indicating 28.6% of the adult general
population suffer from PLMS at least 15 times per hour (Haba-Rubio et al., 2016). It seems to be
less common in 5-17 year old children, with only 1.5% meeting the same criterion (Marcus et
al., 2014). It should be noted that although a diagnosis of PLMS, which can only be diagnosed
with PSG, is suggestive of RLS, the presence of PLMS alone is not sufficient (Becker & Forester,
2007). RLS can only be diagnosed through patient interview (Becker & Forester, 2007).
Although PLMS may occur with or without cortical and autonomic arousals (Becker &
Forester, 2007; Manconi et al., 2012), recent research suggests PLMS may be the symptom of
these arousals and not the cause (Manconi et al., 2012). If true, treatment of PLMS alone may
have limited utility (Manconi et al., 2012). Nevertheless, PLMS is typically treated with
dopaminergic agents, similar to that of RLS (Becker & Forester, 2007; Manconi et al., 2012).
Central sleep apnea (CSA) is neurological condition in which the central nervous
systems fails to start or maintain the action of respiratory muscles to make breathing possible
(Aurora et al., 2012; Javaheri, 2010; Linley et al., 2007). During a CSA event, specific neurons in
the pons and the medulla responsible for breathing fail to stimulate respiratory effort (Aurora
et al., 2012; Javaheri, 2010; Linley et al., 2007). This is in stark contrast to SDB and OSA, where
respiratory effort is present, but there is a lack of respiration due to a blockage or obstruction
within the airway. By definition, the CSA event must result in at least 10 seconds of no
breathing and no effort for it to be classified as an apnea.
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Clinically, CSA only constitutes about 5-10% of all apnea cases (Linley et al., 2007). In full
disclosure, CSA is not a singular disorder but actually has numerous specific causes (Aurora et
al., 2012; Javaheri, 2010; Linley et al., 2007). Unfortunately, CSA has been strongly linked with
systolic heart failure (Aurora et al., 2012; Javaheri, 2010; Linley et al., 2007) with an estimated
31% of individuals with systolic heart failure worldwide also suffering from CSA (Javaheri, 2010).
Treatments for CSA is limited, but some promising options include continuous positive airway
pressure (CPAP; Aurora et al., 2012; Linley et al., 2007), adaptive servo-ventilation (also a
positive airway pressure device, but adaptive; Aurora et al., 2012), and to some extent certain
medications (Aurora et al., 2012; Linley et al., 2007). Positive airway pressure devices are
generally considered to be the standard treatment for CSA, which uses pressurized air to
maintain airway width and ensure continued respiration (Aurora et al., 2012; Linley et al.,
2007).
Sleep-disordered breathing (SDB) is a serious condition which, as the name implies,
disrupts breathing during sleep and results in chronic and frequent intermittent hypoxias, some
of which can last in the tens of seconds (Kohler et al., 2009; Lumeng & Chervin, 2008;
Montgomery-Downs et al., 2007; Redline et al., 2004; Short & Banks, 2014). SDB is a spectrum
disorder, and can range from mild snoring to severe obstructive sleep apnea. Individuals are,
unfortunately, often unaware of their own affliction (arousals from hypoxia do not reach level
of consciousness), and requires another person to notice really severe snoring or witness
apneas and recommend treatment. Furthermore, the chronic intermittent hypoxias not only
cause needless physical stress on the body, but also significantly fragments sleep (Daurat, Foret,
Bret-Dibat, Fureix, & Tiberge, 2008; Gozal & Pope Jr., 2001; Kohler et al., 2009; Lumeng &
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Chervin, 2008). Sleep fragmentation, specifically in the context of the respiratory arousals from
SDB, is often comprised of small continuous chunks of sleep separated by numerous brief
respiratory arousals. Therefore, sleep fragmentation represents non-consolidated, highly
interrupted sleep which can be quantified using AHI (defined below), along with other metrics.
Finally sleep fragmentation can vary based on the stage of sleep; sleep fragmentation need not
be, and very rarely is, uniform across the night.
SDB is caused by soft tissue collapse within the airway, causing an obstruction which
interferes with respiration during sleep. The precise soft tissue area which causes the
obstruction can vary by age group; in children it is often cause by enlarged tonsils or adenoids
(Kohler et al., 2009), while adults tend to suffer from blockages that originate at the back of the
tongue or nasal passage. These blockages cause the primary symptoms of SDB; they are the
source of the apneas and hypopneas and often can produce loud snoring. This snoring, if
significantly severe, could be loud enough to force a sleeping partner out of the room or
possibly resonate the entire house (Ayalon, Liu, & Ancoli-Israel, 2004).
From a quantitative perspective SDB severity is generally measured using the widely
cited apnea-hypopnea index (AHI; Berry et al., 2015). AHI is calculated by counting the number
of apneas (which consist of complete stoppage of breathing) and hypopneas (under-breathing,
or partial breathing) that occur per hour over the course of a sleeping period. Therefore, the
higher the AHI the more severe the SDB. Also, in order to be considered a clinical event that is
included in AHI calculation, the respiratory incident must last a minimum of 10 seconds and be
associated with a 3-4% oxygen desaturation. Finally, it should be noted that SDB is often
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associated with obstructive apneas (where there is measured respiratory effort, but little or no
actual airflow through the esophagus) more than any other apneas.
Physiological consequences of SDB that occur in all age groups include excessive sleep
fragmentation, chronic oxygen desaturation, and possible alterations to sleep architecture
(Daurat et al., 2008; Gislason & Benediktsdóttir, 1995; Gozal & Pope Jr., 2001; Lumeng &
Chervin, 2008; Redline et al., 2004; Short & Banks, 2014). Extreme fatigue and sleepiness during
the day can also result (Ayalon et al., 2004). Many other serious consequences also exist, but
are generally age-specific, and thus will be discussed in the upcoming sections.

1.3.2 Sleep-Disordered Breathing in Adults
Moderate to severe SDB is thought to affect 10% of men 30-49 years of age, and 17% of
men 50-70 years of age (it is noticeably less in women; 3% and 9% respectively; Peppard et al.,
2013). Aside from the traditional health consequences of daytime sleepiness, fatigue,
irritability, sleep fragmentation and chronic deoxygenation during sleep (Ayalon et al., 2004;
Beebe & Gozal, 2002; Grigg-Damberger & Ralls, 2012; Peppard et al., 2013), the major longterm risk for adults is often cardiovascular (Arzt, Young, Finn, Skatrud, & Bradley, 2005; Ayalon
et al., 2004; Nieto et al., 2000). SDB has in particular been linked to increased risk of
hypertension and increased risk for stroke (Arzt et al., 2005; Nieto et al., 2000). As such, adults
with SDB have a higher risk of premature death (Ellen et al., 2006; Weaver et al., 2012) and
individuals with sleep apnea are more likely to be involved in motor vehicle accidents (Ellen et
al., 2006). Due to the potentially vast array of health maladies associated with SDB, diagnosis
and treatment is essential.
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The best course of treatment for SDB varies based on the age of the individual. In adults,
the treatment of choice is continuous positive airway pressure (CPAP), which has been
demonstrated to be fairly effective overall (Weaver et al., 2012). Continuous positive airway
pressure works by providing continuous pressure within the airway such that it prevents the
collapse of soft tissues. The goal of CPAP, of course, is to provide sufficient pressure during all
phases of respiration to prevent obstruction and the cessation of breathing. Although other
treatments are available, such as pharmaceuticals and oral-nasal devices, CPAP remains the
most common and arguably most effective treatment available to adults (Ayalon et al., 2004;
Weaver et al., 2012).

1.3.3 Sleep-Disordered Breathing in Children
Childhood, for the purposes of this section, refers to any individual between the ages of
2-18 years old, unless otherwise indicated. Approximately 1-4% of children of all ages suffer
from OSA, the most severe form of SDB, according to conservative estimates (Lumeng &
Chervin, 2008; Schade et al., 2016), although the entire range of SDB has been associated with
deficits (Bourke et al., 2011a, 2011b; Grigg-Damberger & Ralls, 2012; Perfect, Archbold,
Goodwin, Levine-Donnerstein, & Quan, 2013). Furthermore, there is reason to believe that
these estimates may be too low as 10-20% of all children under the age of 7 may suffer from
“habitual snoring”, the primary symptom of SDB, as indicated by maternal report (Bonuck et al.,
2011; Lumeng & Chervin, 2008). These data suggest that SDB may be significantly
underdiagnosed, at least among younger children. This is of some concern as SDB during
childhood, a sensitive phase of development as a whole, has been linked to decreases in
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neurocognitive outcomes (Bourke et al., 2011a; Halbower et al., 2006; Karpinski, Scullin, &
Montgomery-Downs, 2008; Kohler et al., 2009), school performance (Bourke et al., 2011a;
Gozal & Pope Jr., 2001), increases in behavioral problems (such as attention difficulties,
adaptive functioning, and social functioning [Bourke et al., 2011b; Chervin et al., 2006; Jackman
et al., 2012; Perfect et al., 2013]), as well as other negative outcomes (Chervin et al., 2006).
More specifically, some of the documented negative neurocognitive effects include impaired
executive function (Bourke et al., 2011a; Halbower et al., 2006; Karpinski et al., 2008; Kohler et
al., 2009), inhibition control (Karpinski et al., 2008; Kohler et al., 2009), working memory
(Halbower et al., 2006; Karpinski et al., 2008; Kohler et al., 2009), mental flexibility (Bourke et
al., 2011a), and strategic planning (Bourke et al., 2011a; Karpinski et al., 2008; Kohler et al.,
2009). Although commonly reported in diagnosed childhood SDB, even habitual snoring alone
has been linked to daytime sleepiness in school-aged children (Chervin et al., 2002).
Behaviorally, the presence of SDB is correlated with ADHD-like symptoms such as hyperactivity
and inattention (Chervin et al., 2002; Jan, Yang, & Huang, 2011; Perfect et al., 2013), and
although not exclusive to SDB, it has been reported in one study that 83.3% of ASD individuals
had sleep-related complaints by survey (Ming, Sun, Nachajon, Brimacombe, & Walters, 2009).
This result was partially supported by PSG (Ming et al., 2009). Furthermore, it has been found
that in children with ASD there is a higher prevalence of SDB (Ming et al., 2009), and ASDaffected individuals often suffer snoring, apneas, and sleep fragmentation (Ming et al., 2009;
Tsai et al., 2012). Finally, and perhaps most sobering of all, is that the developmental effects
conferred upon children with SDB may be irreversible in some cases (Bonuck & Grant, 2012;
Bourke et al., 2011a; Kohler et al., 2009). Even after 6 months of adenotonsillectomy treatment,
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it was reported that 3-12 year old children who had SDB had a 10 point reduction in IQ
compared to age-matched controls (Kohler et al., 2009; Schade et al., 2016).
On a lighter note, childhood SDB can usually be treated. Like in adults, both CPAP and
orthodontic appliances are reasonable methods for SDB correction (Guilleminault, Lee, & Chan,
2005). However, the most common treatment for pediatric OSA and SDB is actually
adenotonsillectomy (Guilleminault et al., 2005; Kohler et al., 2009). This treatment option
involves surgical removal of the adenoids and/or tonsil tissues which can often become swollen
or enlarged in children and block the airway during sleep. Research studies focused on
treatment efficacy have suggested that adenotonsillectomy is reasonably effective and can lead
to improvements in cognitive, academic, and behavioral outcomes (Friedman et al., 2003;
Marcus et al., 2013; Schade et al., 2016), although this is not always the case (Kohler et al.,
2009; Marcus et al., 2013). Orthodontic equipment could also be effective for children, but its
use is relatively uncommon and research in this area is sparse (Guilleminault et al., 2005).
Continuous positive airway pressure, which is very effective for adults, is less so for children
mainly due to compliance issues and parental training (Archbold, 2013; Archbold &
Parthasarathy, 2009). Nevertheless, with the correct training program and approach this
method can be effective (Archbold, 2013; Archbold & Parthasarathy, 2009).
Although adenotonsillectomy and other treatments have been effective in managing
SDB, the ideal scenario would involve mastering SDB prophylactics. One preventative measure
recently proposed to combat SDB is breastfeeding (Montgomery-Downs et al., 2007). Although
not a treatment, results from this study of 4-8 year old children demonstrated that the greater
the duration of breastfeeding as an infant, the greater the reduction in SDB at a later age by
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correlation (Montgomery-Downs et al., 2007). This study quantified SDB using AHI values, while
gathering infant feeding information by parental report. Although subsequent research in this
area is definitely needed, this study shows some promise in preventing SDB altogether earlier,
thus preventing the need for later, invasive treatments during childhood.

1.3.4 Sleep-Disordered Breathing in Infants
Children are susceptible to the negative consequences of SDB in numerous ways, but
infants are likely even more so. Although infants are rarely diagnosed with SDB due to the
inherent difficulty in ordering sleep tests for this age group, it is estimated that between 1220% of infants snore habitually, which is the primary symptom of SDB (Byars et al., 2011;
Schade et al., 2016). Even among infants with mild SDB it has been shown that snoring through
the majority of the first year of life is correlated to decreased scores on developmental
instruments compared to controls (Grigg-Damberger & Ralls, 2012; Piteo et al., 2011; Schade et
al., 2016). In addition, 2-4% of infants are suspected to suffer from OSA (Robison, Wilson,
Otteson, Chakravorty, & Mehta, 2013; Schade et al., 2016). This same study indicated that OSA
even in infancy could be associated with behavioral problems immediately (Robison et al.,
2013; Schade et al., 2016). It is therefore essential to have any SDB-spectrum disorder treated
as soon as possible, not only to mitigate negative consequences associated with infancy but
also to prevent the childhood deficits which are more thoroughly documented and potentially
difficult to reverse (Barnes et al., 2009; Key, Molfese, Brien, & Gozal, 2009; MontgomeryDowns, Jones, Molfese, & Gozal, 2003; Schade et al., 2016).
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Since infants are rarely tested for SDB using polysomnography, the gold standard for
diagnostic testing (Marcus et al., 2012; Tan, Gozal, Ramirez, Bandla, & Kheirandish-Gozal, 2014),
it is logical to conclude that infants are also rarely treated. Despite the lack of SDB treatment
for this age group, recent evidence has suggested there is a preventative measure that mothers
can employ (Brew et al., 2014; Montgomery-Downs et al., 2007). A greater duration of
breastfeeding throughout infancy, as opposed to formula-feeding, has been shown to be
significantly correlated with lower AHI values (Montgomery-Downs et al., 2007) and reduced
risk of habitual snoring (Brew et al., 2014) in children. Although evidence in this area is still
somewhat preliminary, this may suggest that infant feeding methods might have a later effect
on SDB severity in those afflicted, or lower the probability of disease development entirely. The
precise mechanism for how this might occur will be discussed in the upcoming sections.

1.4 Infant Feeding Methods
Mothers of young infants are generally presented with a continuum of 3 choices as to
how to feed their child initially; exclusive breastfeeding, mixture of breastfeeding and formulafeeding, or exclusive formula-feeding. Certainly these methods might change as the child grows
before being weaned to solid foods, but at least for the first few months mothers often develop
a set pattern of feeding (Kent et al., 2013). Breastfeeding, and sometimes exclusive
breastfeeding, is often associated with a wide range of beneficial effects (J. W. Anderson,
Johnstone, & Remley, 1999; Brew et al., 2014; Deoni et al., 2013; Galbally, Lewis, McEgan,
Scalzo, & Islam, 2013; Isaacs et al., 2008; Isaacs, Fischl, Quinn, Chong, & Gadian, 2010; Kafouri
et al., 2013; Kramer et al., 2008; McCrory & Murray, 2013; Mindell, Du Mond, Tanenbaum, &
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Gunn, 2012; Montgomery-Downs et al., 2007; Mortensen, Michaelsen, Sanders, & Reinisch,
2002). There are some who are critical of the breastfeeding literature, specifically regarding its
causal contribution to any beneficial outcomes observed because of the many confounding
variables related to breastfeeding that are present (A. Anderson & Burggren, 2014), particularly
the effect of socioeconomic status. Therefore, the recommendation that mothers should
breastfeed their infants remains controversial. In the following sub-chapter, infant feeding
methods and potential effects on sleep, brain development, and behavioral and academic
outcomes will be discussed. In particular, the effects breastfeeding might have on SDB will
emphasized as this relationship will be central to my proposed dissertation.

1.4.1 Infant Feeding Methods and Sleep
The studies which have investigated effects of breastfeeding on the developing infant’s
general sleep quality have generally been equivocal. On one hand, there is evidence to suggest
that breastmilk may have larger quantities of melatonin than formula milk (Engler, Hadash,
Shehadeh, & Pillar, 2012; Schade et al., 2016). Melatonin is not only known to induce sleepiness
during the night, but also to assist in circadian regulation. Therefore, lower levels of melatonin
in formula milk may result in overall less consolidated sleep and less developed circadian
rhythms than their breastfed peers, though this would need to be supported by additional
scientific studies. Also, infant breastfeeding has been linked to a reduction in infantile colic
(Engler et al., 2012; Schade et al., 2016).
On the other hand, infant breastfeeding is associated with negative aspects of sleep as
well. Infants who were breastfed may have more difficulty sleeping by themselves (Galbally et
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al., 2013) and have less consolidated sleep with an overall increase in sleep fragmentation from
close proximity to the mother (Galbally et al., 2013; Mindell et al., 2012; Schade et al., 2016).
Self-report surveys also have indicated that breastfed infants may have more nocturnal
awakenings than non-breastfed infants, and that these awakening may also be longer (Engler et
al., 2012; Galbally et al., 2013; Mindell et al., 2012; Schade et al., 2016), although this may be
because movement from the parent is waking the child rather than any intrinsic properties of
breastfeeding (Ramamurthy et al., 2012; Schade et al., 2016). Indeed, by the age of 9 months,
differences in awakenings between breastfed and formula-fed infants are no longer present
(Mindell et al., 2012; Schade et al., 2016). Therefore, it may be that although some negative
sleep consequences exist, they could be short lived. Despite this, there are other observed
effects of breastfeeding that may imply a positive long-term developmental impact.

1.4.2. Breastfeeding and Sleep-Disordered Breathing
Although the link between breastfeeding and SDB is still, relatively speaking, in its
infancy, there is growing evidence that this type of feeding can have a protective effect from
snoring and breathing problems during sleep (Brew et al., 2014; Galbally et al., 2013;
Montgomery-Downs et al., 2007), both immediately (Galbally et al., 2013) and later in life (Brew
et al., 2014; Montgomery-Downs et al., 2007). In a population of habitually-snoring children, it
was discovered that not only was breastfeeding exposure predictive of decreased SDB severity,
but that there was a dose-dependent effect in which the duration of breastfeeding was
correlated with reduced disease measured by AHI (Montgomery-Downs et al., 2007). Although
it is not yet known how infant feeding methods could have protective effects against SDB
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mechanistically there are several hypotheses. Regardless, the few studies which have
investigated this relationship seem to indicate that breastfeeding might be able to reduce the
severity of SDB in affected children, if not prevent disease development altogether.

1.4.3. Breastfeeding and Brain Development
Many of the studies which focus on the link between breastfeeding and brain
development progress by either looking at the brain indirectly using a neuroimaging
methodology and asking about breastfeeding information retrospectively, or by collecting
neurocognitive information such as IQ to infer brain function from this information. Since the
latter will be discussed in the next sub-section, this section will focus on the neuroimaging
research between feeding methods and brain development. Generally speaking, MRI is the
candidate of choice for these types of studies due to its excellent spatial resolution and deep
brain imaging, lack of radioactive exposure in children, and general lack of wires and extensive
setup.
MRI studies that have investigated this link usually have focused on white matter (Deoni
et al., 2013; Isaacs et al., 2008, 2010), although not always (Kafouri et al., 2013). The white
matter in the brain is representative of axonal connections between neurons and is generally
quantified either through volumetric analysis throughout the brain in various regions or by
using diffusion tensor imaging (DTI). The DTI analyses used are thought to be indicative of
axonal quality and degree of connectivity between regions; thus a higher DTI score would be
viewed more favorably. The reason for this is relatively simple: DTI is a measure primarily of the
diffusion of water molecules in particular regions of the brain. Since water inside white matter
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axons should be constrained by the walls of these axons, a higher DTI value would imply that
less water is flowing perpendicular to the axon and therefore that axon may be more heavily
myelinated or lack structural damage. In contrast, a lower DTI value in the white matter implies
either a poorly myelinated axons in the region or structural damage to those axons (Soares,
Marques, Alves, & Sousa, 2013; Wozniak & Lim, 2006). Although DTI is becoming more and
more commonly used to assess white matter structure over volumetric analysis, white matter
volumes are still heavily relied upon (Frazier, Keshavan, Minshew, & Hardan, 2012; Hardan et
al., 2009; Haut et al., 2006; Paus et al., 2008; Shashi et al., 2012; Toplak, West, & Stanovich,
2013).
In breastfeeding research in particular, an increased consumption of breastmilk
(reported as percentage of expressed breastmilk in diet) is positively correlated with total white
matter volume in both the right and left hemispheres in adolescence, especially in males (Isaacs
et al., 2010). A different study had found that breastfeeding duration was positively correlated
with a measure of white matter microstructure, thought to be indicative of greater white
matter maturity (Deoni et al., 2013). In that study, the myelin water fraction (fraction of water
bound to myelin in a particular voxel) was used to assess white matter microstructure quality.
Other studies have focused more on breastfeeding and grey matter, one of which found that a
high nutrient diet early in life was correlated with caudate volume size, a subcortical greymatter structure, compared to adolescents who had a low nutrient diet early in life (Isaacs et
al., 2008). A similar study found that the duration of exclusive breastfeeding was associated
with grey matter cortical thickness in both the inferior and superior parietal lobule in
adolescents, which is a region comprised of mostly the association cortex (Kafouri et al., 2013).
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I found it more likely that the white matter effects reported in Issacs et al. (2010) and
Deoni et al. (2013) were more pertinent to the proposed pathway for my dissertation proposal.
Although also discussed later, the study by Issacs et al. (2010) found an association not only
between increased breastfeeding and white matter volume, but also an association between
white matter volume and IQ. This is in contrast to Kafouri et al. (2012) which did not find a
correlation between cortical thickness and intelligence. Since my proposed model ultimately
predicted that SDB would be correlated with neurocognitive measures (such as IQ), it was more
likely that any proposed mechanism would involve white matter development. Furthermore,
Deoni et al. (2013) found a relationship between breastfeeding duration and the microstructure
of the white matter, suggesting perhaps not only a volumetric effect but also one of axonal
quality. Finally, although Issacs et al. (2008) had found a correlation between nutrition and
caudate volume in the brain, this effect was only associated with early diet not necessarily the
full experience of breastfeeding, and as such inferences taken from that study for the purposes
of this dissertation must be limited.

1.4.4 Breastfeeding and Neurocognitive Outcomes
Studies much more commonly, at least in breastfeeding research, have relied on
maternal questionnaires for infant feeding methods information and inferring brain function
from neurocognitive measures. Breastfeeding has been repeatedly correlated with later
increased performance on neurocognitive measures in humans (J. W. Anderson et al., 1999;
Horwood & Fergusson, 1998; Isaacs et al., 2010; Kramer et al., 2008; McCrory & Murray, 2013;
Mortensen et al., 2002), particularly on IQ tests (Horwood & Fergusson, 1998; Isaacs et al.,

SLEEP AND BRAIN DEVELOPMENT

26

2010; Mortensen et al., 2002). Additionally, increased duration of breastfeeding is likewise
correlated with increased academic performance (Horwood & Fergusson, 1998; Oddy, Li,
Whitehouse, Zubrick, & Malacova, 2011). Although these studies are by definition correlational,
many of them have controlled for covariates such as age and socioeconomic status. The sheer
volume of research in this area is suggestive of a possible causal link. Therefore, carefully
controlled quantitative studies which investigate the brain in relation to these cognitive
changes are necessary to help explain any possible mechanisms by which infant feeding
methods may confer observable effects.

1.5 Significance of White Matter in the Brain
The human brain is a complex and magnificent organ which contains several layers of
organizational structure. On a macrostrucural level, the human brain is comprised of the more
evolutionarily conserved brain stem, subcortical structures, and the “newly” evolved neocortex.
The brain stem, specifically the medulla, pons, and midbrain are responsible for life-critical
functions such as respiration, cardiac function, sleep, and certain neural reflexes such as pupil
dilation and restriction. Moving in the superior plane brings us to the subcortical structures
such as the thalamus, hypothalamus, hippocampus, amygdala, caudate, globus pallidus and
putamen. Generally, these structures have a significant role in many, many cognitive functions,
but to name a few include hunger, thirst, reproduction, short term memory consolidation,
anger and aggression, and strong emotional experience. Most importantly in the context of my
dissertation, the sub-cortex is filled primarily with the axonal connections, or “wiring”, between
neocortical neurons and certain subcortical regions. The axonal connections are referred to as
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the “white matter” in the brain, whereas the cell bodies (Soma, dendrites, etc.) in the cerebral
cortex are referred to as the “grey matter”. These cortical regions in the brain are responsible
for probably what most of the lay population would consider to be the functions that separate
humanity from other animals. These functions include logic, decision-making, inhibition and
self-control, planning and analytical thought (prefrontal and frontal regions), sensory
integration and motor function, speech processing and verbal communication (posterior frontal
and temporal regions), spatial reasoning and function, event association (parietal regions) and
visual processing (occipital region), among others (Johnson, 2001).
The behaviors associated with grey matter are well documented, but perhaps unknown
to most of the lay population, white matter also plays a large role in cognition and behavior.
Multiple sclerosis, an autoimmune disease which attacks the myelin sheath in the brain, can
produce unpredictable and unusual behaviors and phenotypes depending on which region of
white matter is under attack (Trapp & Nave, 2008). In this subsection the white matter
anatomy, neuroimaging methodology, associated behaviors and neurocognitive functioning,
possible developmental disorders, and plasticity will be discussed.

1.5.1 Anatomy and Function
As white matter really just represents the axons of other neurons in different areas of
the brain, along with the associated glia that support and myelinate them, these regions can be
viewed functionally as regions responsible for signal transduction between neural systems in
the brain. The “white” that is observed in this tissue, at least from the post-mortem brain,
actually comes from the lipid layers that insulate and myelinate them which are produced from
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the central nervous system oligodendrocytes. Generally, axons that are heavily myelinated
(having more myelin- a fatty substance which insulates the axon and assists in the continued
propagation of action potentials) are able to transmit signals more efficiently than axons that
are more lightly myelinated and, as such, a greater volume or density of white matter is
assumed to reflect greater signal transmission and communication between neural system
axons that are linked in that region, since the white matter volume and density is primarily a
function of myelin.

1.5.2. Imaging and Methodology
The methodology used to investigate white matter volume and anatomy in humans
relies heavily and primarily on MRI as opposed to other imaging modalities. This is partially
because white matter is located deeper in the brain and therefore surface only modalities are
not effective (EEG, NIRS), and partially due to the spatial and temporal resolution necessary to
image white matter, as well as the intrinsic mechanism in how MRI works compared to other
imaging modalities.
The majority of white matter imaging relies either on volumetric analyses, which infer
white matter function from the sheer volume of tissue labeled as white in any given region, or
DTI, which is a measure of water diffusion through white matter tissues. In some sense the
volumetric vs. diffusion tensor imaging can be viewed as a quantity vs. quality approach, as DTI
attempts to measure the underlying myelination and white matter microstructure quality from
the diffusion of water in these regions. It is important to note that although DTI is assumed to
represent white matter integrity and quality, this is not a direct measure of it. Although white
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matter volume is commonly used today to assess brain structure, DTI is rapidly growing as an
MRI brain imaging technique.

1.5.3. Association with Neurocognitive and Behavioral Outcomes
Few people would find white matter fascinating unless white matter actually can affect
cognition, behavior, or some recognizable disease. Increased white matter volume is correlated
with increased IQ scores in children (Isaacs et al., 2010) and adolescents born preterm
(Northam, Liégeois, Chong, Wyatt, & Baldeweg, 2011). Additionally, fractional anisotropy (FA)
scores calculated from DTI (measure of directionality of water diffusion) indicate that the
development and maturity of certain white matter regions (frontal and temporal regions) may
be correlated with neurocognitive performance in children and adolescents (Nagy, Westerberg,
& Klingberg, 2004). Other studies have reported similar findings between white matter
development and maturity and cognitive performance (Deutsch et al., 2005; Liston et al., 2006;
Mabbott, Noseworthy, Bouffet, Laughlin, & Rockel, 2006). Infants born pre-term who had
abnormalities in white-matter structure had more severe neurocognitive impairment at age 4-6
compared to pre-term infants without these abnormalities (Woodward, Clark, Bora, & Inder,
2012). However, and perhaps most importantly in this study, the pre-term infants without
abnormal white matter structure had no difference in later neurocognitive performance
compared to healthy controls, which is suggestive that white matter maturation might be
directly involved in observed difference between neurotypical and preterm children. Together,
these studies suggest that enhanced myelination of existing axonal connections and perhaps
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the addition or expansion of such connectivity between brain regions may have an important
role in neurocognitive and behavioral development in pediatric populations as they age.

1.5.4 Association with Developmental Disorders
Examination of white matter abnormalities and microstructure in the context of certain
developmental disorders at this point is somewhat speculative and controversial. Nevertheless,
there are studies which have linked white matter characteristics to disorders such as autism
spectrum disorders (ASD) and attention deficit hyperactivity disorder (ADD and ADHD). There is
data to support that the developmental trajectory of white matter in ASD infants is different
than healthy controls (Wolff et al., 2012). Specifically, when looking at FA values in 6 month old
infants (before meeting ASD criteria) it was found that those who would eventually meet ASD
criteria at 2 years of age actually had higher FA scores, but that these FA scores changed little
over time and ultimately resulted in lower FA scores at 2 years old compared to controls. This
study was able to find that white matter differences could actually precede the development of
ASD criteria, suggestive of a possible mechanistic link between ASD and white matter. Other
studies investigating ASD and white matter have found that certain white matter regions have
lower FA values, and therefore assumed reduced development and maturation, in children,
adolescents, and adults with autism (Keller, Kana, & Just, 2007; Shukla, Keehn, & Muller, 2011).
This collection of work may indicate that early observed differences in white matter could
persist into later childhood and adulthood.
White matter maturation may also be linked to ADHD. Among children and adolescents,
it has been found that individuals with ADHD have white matter abnormalities as measured by
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DTI FA scores (Ashtari et al., 2005; Hamilton et al., 2008; Silk, Vance, Rinehart, Bradshaw, &
Cunnington, 2009) as well as in adults who had childhood ADHD (Makris et al., 2008). Generally,
these studies indicate that white matter FA scores are decreased in ADHD, although not always
(Silk et al., 2009). Although there is a general consensus that at least some of the white matter
regions have decreased integrity in children with ADHD, what regions exactly are implicated can
differ. Two regions which have been replicated in multiple studies include the cingulum (Makris
et al., 2008; Silk et al., 2009) and superior longitudinal fasciculus (Hamilton et al., 2008; Makris
et al., 2008; Silk et al., 2009), both of which are major white matter tracts in the brain. Although
more research needs to be done in this area to draw definitive conclusions, these studies lay
the groundwork for more neuroimaging to be conducted on certain developmental disorders.
Although children with SDB often have hyperactive and ADHD-like symptoms (Chervin et al.,
2002; Chervin, Ruzicka, Archbold, & Dillon, 2005; Jan et al., 2011; Owens, 2009), investigation
between possible common neurological outcomes remain controversial.

1.6 Rapid Eye Movement (REM) Sleep and Brain Development
Thus far I have concentrated primarily on the effects of SDB on children, the effects of
infant feeding methods on children, and the significance of white matter. However, what I have
not yet articulated is actually the central question of my dissertation: how can sleep actually
have an effect on the developing brain? Why, mechanistically, would breastfeeding improve
SDB, and why would this have any effect on sleep, specifically REM sleep? These are a few
questions I aim to answer in this section.
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REM sleep is a stage of sleep quite distinct from the other NREM stages. Characterized
by rapid, darting movements of the eyes, low muscle tone, and functional paralysis, it has
fascinated researchers for decades, being the first stage of sleep scientifically studied (Aserinsky
& Kleitman, 1953a, 1953b, 1955a, 1955b). One of the early observations made about REM sleep
is that the amount of sleep in newborn infants consists of a huge amount of the total amount of
sleep (~50%) and diminishes very quickly, falling to about 25% by even 2-3 years of age
(Roffwarg et al., 1966). This observation, coupled with behavioral and eeg observation during
REM sleep in infants has led to the hypothesis, called the ontogenetic hypothesis, that REM
may actually play a critical developmental role in the early nervous system (Marks et al., 1995;
Roffwarg et al., 1966). This hypothesis is further supported by the significant volume of
literature pertaining to REM-dependent learning and memory, although these were
demonstrated in adult populations (Karni, Tanne, Rubenstein, Askenasy, & Sagi, 1994; Smith,
Nixon, & Nader, 2004). Both human studies of sleep deprivation and invasive animal research
has also furthered this hypothesis (Roffwarg et al., 1966). Therefore, in addition to the
observation of a high proportion of REM sleep early in development, REM sleep has also been
associated with learning and memory, both of which require synaptic plasticity and changing
neural networks in the brain.
The ontogenetic hypothesis states that REM sleep may promote neural maturation in
the developing nervous system through intense electrical discharges from neurons within the
brain (Roffwarg et al., 1966). Indeed, activity during this stage can be vigorous and is thought to
originate in the pons, some coming up through the thalamus and some projecting straight into
the cortex (Roffwarg et al., 1966). Since it has been shown that a lack of neural stimulation can
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prevent structural development and neural network maturation, and that proper stimulation
and neural activity can produce the opposite -- well developed and responsive networks (Katz &
Shatz, 1996) -- it may be that REM-specific activity during sleep provides a mechanism for the
development and maturation of critical networks. Furthermore, the activity and stimulation
provided during REM sleep may spare developmentally critical circuits from synaptic pruning
that necessarily occurs in early childhood, as stimulated circuits will not be eliminated as
opposed to rarely used circuits and connections during the normal developmental process (Katz
& Shatz, 1996; Roffwarg et al., 1966).
Maturation of neural networks induced through REM could be achieved through the
production of additional connections, or through the myelination of existing connections (Katz
& Shatz, 1996; Roffwarg et al., 1966). Since mature healthy circuits are almost always
myelinated, and thickening of the myelin is localized around the axon, myelin is actually a great
marker to measure neural network growth and maturation. Since the “white matter” in
structural MRI scans originate from the lipid-rich signal from the myelin, MRI actually provides a
great macroscopic measurement white matter maturation in the brain. This will become very
important for my dissertation.
Where SDB fits into the question of REM sleep’s importance in brain development and
white matter is related to its ability to disrupt sleep. It is my contention that SDB sufficiently
fragments sleep to such an extent that sleep architecture will be disrupted, preventing the
normal healthy progression through sleep stages and reducing the overall amount of REM
sleep, as it is typically present at the very end of the sleep cycle. Therefore when SDB is present
individuals should also have a reduced quantity REM sleep which is fragmented. I hypothesize
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that this effect will manifest in children as reduced global white matter connectivity, as
disrupted REM sleep will insufficiently stimulate important neural networks.
Finally, what about breastfeeding? How, mechanistically, would breastfeeding reduce
the severity of SDB? Unfortunately, the precise mechanism for how this could occur, if it occurs,
is not known. However, two hypotheses exist for how it might be possible (MontgomeryDowns, 2013; Montgomery-Downs et al., 2007). The first hypothesis proposes a morphological
change in an infant’s airway due to prolonged breastfeeding as opposed to bottle-feeding.
According to this theory, the morphological changes associated with breastfeeding presumably
restructure and move soft tissues around the upper airway in such a fashion that it reduces the
likelihood of collapse during sleep (Montgomery-Downs, 2013; Montgomery-Downs et al.,
2007). This could be possible due to the unique muscle coordination that must be achieved
during suckling from breastfeeding as opposed to bottle-feeding, which could promote healthy
jaw formation and other beneficial structural changes around the airway (Montgomery-Downs,
2013; Montgomery-Downs et al., 2007).
A second hypothesis centers around the introduction of breastmilk itself, rather than
the structural changes associated with suckling (Montgomery-Downs, 2013; MontgomeryDowns et al., 2007). In this scenario, it could be possible that breastmilk helps to provide
immune support to the infant that reduce infection in the airway. Overall reduction of
infection, and severity of infection, would thus also reduce inflammation and possible
hypertrophy or airway tissues that are often associated with SDB (Montgomery-Downs, 2013;
Montgomery-Downs et al., 2007). Reduction of inflammation and airway tissue growth due to
chronic infection may provide a mechanism for how breastfeeding could reduce SDB.
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Ultimately, independent of mechanism, I predict that pediatric individuals with SDB who were
breastfed will not only have reduced disease severity, but increased global white matter
connectivity through preservation of internal REM sleep stimulation.
In summary, I argue in this dissertation that breastfeeding will be positively correlated
with reduced SDB, or healthier sleep, and that reduced SDB will likewise be correlated with
better quality and quantity of REM sleep. More REM sleep should translate into better
maturation of neural networks and white matter development, which should be able to be
detected via MRI. I hypothesize that SDB and white matter development are linked, but this
linkage is indirect and relies on the theoretical importance of REM sleep on development.

1.7 Putting it All Together: Breastfeeding, Sleep-Disordered Breathing, and White Matter
Development
The purpose of this doctoral dissertation was to attempt to reconcile and integrate
infant feeding methods, sleep-disordered breathing, white matter development, and
neurocognitive performance into a single overarching developmental hypothesis which
attempted to infer some mechanistic pathway for the purposes of intervention for children
with unhealthy sleep. In sum, breastfeeding may have positive benefit in reducing SDB severity,
thus contributing to more healthy sleep (Montgomery-Downs et al., 2007). The amount of
breastmilk consumed or the duration of breastfeeding until weaning seems to be related to
white matter changes in the brain (Deoni et al., 2013; Isaacs et al., 2010). Breastfed children,
compared to children who have never been breastfed, often show significant improvements in
neurocognitive function, and quite often IQ scores (J. W. Anderson et al., 1999; Horwood &
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Fergusson, 1998; Isaacs et al., 2010; Kramer et al., 2008; McCrory & Murray, 2013; Mortensen
et al., 2002). It is also true that children with SDB have worse performance on neurocognitive
tasks (Bourke et al., 2011a; Chervin et al., 2002; Halbower et al., 2006; Jan et al., 2011;
Karpinski et al., 2008; Kohler et al., 2009; Perfect et al., 2013) than healthy controls. Effects that
have been reported in particular have been deficits in executive function (Bourke et al., 2011a;
Halbower et al., 2006; Karpinski et al., 2008; Kohler et al., 2009), academic performance
(Chervin et al., 2002), and various problems with behavior (Chervin et al., 2002; Jan et al., 2011;
Perfect et al., 2013). Given that the deficits seen from a lack of breastfeeding are very similar to
deficits seen from SDB, further investigation into a possible shared mechanism involving
neurodevelopment may be reasonable, and will be examined in this dissertation.
The major consequences of pediatric SDB, or SDB at any age, are the chronic and
persistent sleep fragmentation caused by hypoxia, and the oxygen desaturation associated with
said hypoxias. One of the suspected results of chronic sleep fragmentation is a general
disruption of sleep architecture (Redline et al., 2004; Short & Banks, 2014). Since the lighter
stages (N1 and N2) of sleep have an earlier onset than N3 sleep and REM sleep, which usually
require the sleeper to have been asleep for at least a few minutes, if not longer, it is logical that
a disorder which invokes frequent arousals and sleep disruption would severely hinder
progression of sleep into these later stages. The idea that SDB may reduce REM sleep quantity
has been supported by literature (Redline et al., 2004). Therefore, beneficial effects from REM
sleep that may ordinarily be conferred in healthy children might be denied to children with SDB
in some capacity if the disease is present early in development.
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In order to fully conceptualize this project, I would like to refer the reader to Fig 1. In its
simplest form, I proposed that an increased duration of breastfeeding (the length of time until
an infant is completely weaned from breastmilk) would be positively correlated with white
matter development as has been previously reported (Deoni et al., 2013; Isaacs et al., 2008). I
proposed that the main constituents of this relationship may involve factors such as
introduction of enhanced nutrition, immune support, mother-infant bonding, and other
miscellaneous factors. Nevertheless, I further proposed that at least of portion of this
relationship can be attributed to sleep. Increased breastfeeding duration has been negatively
correlated to SDB severity (Montgomery-Downs et al., 2007), and as such I suspected that a lack
of breastfeeding (or decreased duration of breastfeeding) would be correlated with increased
SDB severity, or more disordered sleep. Since I predicted that healthy sleep is positively
correlated with increased white matter development, a general lack of healthy sleep induced by
SDB should decrease white matter development through chronic fragmentation of sleep and
deoxygenation of brain tissue. In short, I predicted that the main effect of breastfeeding on
white matter development would involve various other factors, but there would at least be a
partial mediation effect of sleep on white matter, which can be influenced by breastfeeding
itself.
The full model for my dissertation can be explained in Fig 2. In addition to what was
explained previously, this model goes into further detail in that it proposes by which
mechanism SDB severity causes white matter changes. As articulated by Roffwarg et al. (1966),
REM sleep may have a developmentally important role in brain development through the
repeated stimulation of cortical neural networks which are critical for development. Such
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stimulation of these networks is thought to spare the connections from later developmental
pruning. Therefore, REM sleep may provide a developmental function in which it strengths and
assists in maturation of important neural connections, leading later to their myelination. If true,
such myelination and maturation of white matter neural processes should be able to be
macroscopically measured using MRI. Referring back to Fig 2, I predicted that a higher severity
of SDB would be correlated with a decrease in REM sleep (and continuity) due to chronic
obstruction and a lack of proper progression through sleep staging. Subsequently, I believed
that the decrease in REM sleep specifically would be associated with decreased white matter
development. Furthermore, it was predicted that the decreases in white matter development
would be correlated with decreases in neurocognitive measures. In essence, this project
attempted to explain how sleep may or may not affect real brain changes, and how these
changes might ultimately manifest into behavior.

1.7.1 Specific Aim 1
The purpose of the first Specific Aim in this dissertation was to examine the relationship
between breastfeeding, SDB, and white matter changes in the brain. In order to investigate this,
approximately 25 children (4-8 years old) with SDB were recruited from a local sleep clinic to
undergo several structural MRI scans. White matter was assessed by using corpus callosum (CC)
volume, as the CC is the dominant interhemispheric structure in the brain. I predicted that SDB
mediates the relationship between breastfeeding and white matter development (see Fig 1).
The central hypothesis for this Specific Aim was that breastfeeding duration and CC volume is
positively correlated, but that at least a portion of the variance is attributed to SDB. CC volume
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was measured by summing together the central 13mm of individuals participants. Additionally,
neurocognitive measures were also collected for these participants, and as such correlations
between breastfeeding, CC volume, and cognitive performance were examined.

1.7.2 Specific Aim 2
The goal of Specific Aim 2, like Specific Aim 1, was to investigate the relationship
between infant feeding methods and white matter changes in the brain. However, unlike in the
previous aim, only healthy children (do not have SDB) were recruited for MR imaging. Twentyfive participants were recruited and volumetric measurements on the CC in the images were
conducted. The central hypothesis of Specific Aim 2 was that breastfeeding is positively
correlated with CC volume, as was proposed in Specific Aim 1. The key to Specific Aim 2 is that,
since none of the children had a diagnosis or symptoms of SDB, the correlation between
breastfeeding and CC was hypothesized to have a lower magnitude than it was in Specific Aim 1
due to the loss of the partial mediator SDB (refer to Fig 1). Ergo, although a similar effect was
predicted in both Specific Aims 1 and 2, the overall effect was predicted to be stronger in
Specific Aim 1 since the children in that sample suffer from SDB. CC volume was measured the
same way as it was in Specific Aim 1. Other methodological procedures will be discussed in
detail in the following sections.

1.7.3 Specific Aim 3
The purpose of Specific Aim 3 was to investigate the possible link between infant
feeding methods, SDB severity, and amount and architecture of REM sleep in a very young
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population. In order to obtain as much information of possible, this aim was divided into two
different experiments. The first experiment consisted of direct polysomnography of infants and
children (6 months- 6 years) recruited to the lab and assessed for both SDB and general sleep
architecture. The second experiment utilized a longitudinal survey for which PSG measures
were previously acquired for 8-9 month old infants in order to obtain infant feeding methods
information, as well as follow-up on SDB related questions 11-12 years later to look at longer
term effects.

2.0 Methods
2.1.0 General Measures
2.1.1 Magnetic Resonance Imaging (MRI)
Magnetic resonance imaging (MRI) is one of the newest and widely used neuroimaging
techniques. The core principle of MRI relies on the discovery of nuclear magnetic resonance
(NMR) years earlier which, from a basic perspective, describes that atomic nuclei are able to
interact with and absorb radiofrequency, and that this radiofrequency can alter the resonance
of atomic nuclei at a precise frequency that is influenced by several factors (Blink, 2010;
Haacke, Brown, Thompson, & Venkatesan, 1999; Schild, 1999). Although a full review of MRI
physics is outside the scope of this dissertation, a brief review is warranted.
In MRI, the resonance frequency of an atomic nucleus is determined by the Larmor
equation, which takes into account both the strength of the magnetic field and the
gyromagnetic ratio (a ratio that accounts for the differences in resonance frequency between
different nuclei and is determined by nuclear composition). It is important to note that atomic
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nuclei have their own unique resonance frequency. In MRI (unlike NMR) the major nuclei that
are measured are the hydrogen atoms in water. Although the resonance frequency to disrupt
the spin of a hydrogen atom in a water molecule will be the same for every water molecule
(assuming the magnetic field strength is constant), the frequency required to disrupt a
hydrogen nuclei in, for example, glucose, would be different. Therefore, specific resonance
frequencies enable targeted imaging of the brain based on the concentration of water molecule
distribution throughout the tissue.
Spin is an inherent property common to all protons (hydrogen nuclei) in which the
charged particle rotates along an axis, generating its own local magnetic field (Blink, 2010;
Haacke et al., 1999; Schild, 1999). Since these protons have a magnetic field themselves, they
are sensitive to external magnetic fields as well. Therefore, when these protons enter the
magnetic field that is generated in MR imaging, their own magnetic field will be aligned along
that of the bore of the MRI. Although these nuclei are now aligned with the MRI magnetic field,
they are still resonating at their own resonance frequency. The resonance of these nuclei can
be thought of as a “wobbling” of the local magnetic alignment around the axis of the MRI
magnetic alignment.
The central magnet in the MRI produces the constant magnetic field, also known as B0.
The MRI can also contain various gradient coils, which can subtly alter the B0 in different
locations along the longitudinal axis of the magnet. This allows for signal localization (changing
B0 changes the resonance frequency, and therefore attenuates the incoming signal- will be
talked about more a little later). Another important component of the MRI includes the
radiofrequency (or RF) coils. These coils are able to transmit electromagnetic energy in the
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radiofrequency range out into the bore. This concept is critical to the function of MR imaging:
the radiofrequency used by the RF coils must match the resonance radiofrequency of the nuclei
of interest (in this example, hydrogen nuclei in water molecules), as only the targeted nuclei are
the ones which will produce a response (Blink, 2010; Haacke et al., 1999; Schild, 1999).
The fact that protons will only become excited (absorb radiofrequency, disrupt
alignment with the main magnetic field) at a precise frequency (dictated by Lamor frequency)
allows for specific targeting of areas in the body, although the reason for this may not be
obvious for non-MRI experts. The gradient coils which are contained around the bore of the
magnet subtly change the B0 across the longitudinal axis of the MRI. However, because B0 is
part of the Lamor equation, it means that each proton at specific locations along the
longitudinal axis of the MRI has its own specific resonance frequency. Therefore, by subtly
changing the radiofrequency emitted by the RF coils one can target specific hydrogen nuclei in
water in different areas of the body. The range of frequency applied (through electromagnetic
near-field effects; not radiating radio waves) can also be adjusted to determine how large of an
area to excite (Schild, 1999).
As it turns out in MR imaging, producing a coherent image isn’t just about receiving RF
energy after an RF exciting pulse is released; the receipt of this energy is time-sensitive (Blink,
2010; Haacke et al., 1999; Schild, 1999). Two commonly used imaging methodologies in MRI
include T1-weighted imaging and T2-weighted imaging. After particular protons are excited by
an RF pulse, they not only become misaligned with the main magnetic field, but also briefly
become aligned in phase (basically meaning all the local magnetic fields of the excited protons
all point in the same direction) perpendicular to the longitudinal magnetic field. After a short
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amount of time, these protons will “relax” or lose phase coherence (the local magnetic fields of
the excited protons begin to no longer point in the same direction) changing the local magnetic
field and transmitting RF frequency to the receiving coils. The amount of time it takes for these
protons to become sufficiently dephased from one another in the plane perpendicular to the
main magnetic field results in the T2* (T2 star) relaxation time. Sometimes, a refocusing pulse
or “echo” pulse will be used to allow the protons which lose phase coherence to regain it again
after a brief period of time. The time it takes for these out of phase protons to regain phase
along the echo pulse axis is the T2 relaxation time. In T2-weighted imaging, either a single spinecho or multi-echo approach could be used, resulting in scans that can last significantly longer
than T2* relaxation with a single pulse. Receiving coils are able to collect the RF signal that is
transmitted due to nuclear relaxation, and hence 3 dimensional reconstruction techniques can
later be applied based on the relaxation of interest (T2*, T2, or T1). The receipt of this RF
frequency by the RF coils (through induced electromotive force (EMF); not radiating radio
waves) is ultimately what will produce different intensities in imaging space, producing a
coherent image after reconstruction (Schild, 1999). Higher signals in particular regions will
correspond with different brain tissues, based on water density, allowing for precise tissue
differentiation.
In T1-weighted imaging, the proton relaxation is not measured as a loss of phase
coherence as is the case in T2 imaging, but rather the total time that it takes the protons to lose
enough excitation energy to flip completely back and realign with the magnetic field (Blink,
2010; Haacke et al., 1999; Schild, 1999). That is, the time required for T1 relaxation is quite
longer than that of T2*, as the protons must first lose phase coherence and have random
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distribution in the perpendicular axis (T2*) before relaxing further and realigning themselves
with the main axis of the magnet. Counter intuitively, T1-weighted scans can often actually be
shorter than the T2-weighted scans, since in T2 imaging the protons can be given multiple pulse
echos to optimize tissue differentiation.
As it turns out, the relaxation time of the hydrogen nuclei in water will differ based on
its surrounding environment. Water in the cerebrospinal fluid (CSF) and other areas of the brain
where water is largely unbounded will be able to move around more freely, leading to longer T1
and T2 relaxation times (Blink, 2010; Haacke et al., 1999; Schild, 1999). In contrast, water
molecules that are contained within lattice and matrices, such as water within myelin tissue,
will have more interaction with the surrounding matrix and result in shorter T1 and T2
relaxation times. As a result, designing imaging sequences that take advantage of these
different relaxation times can produce an image with excellent soft tissue contrast between the
CSF, grey matter, and white matter within the brain. As a rule of thumb, T1-weighted imaging is
better for looking at grey matter/white matter tissue contrast and white matter volume
measurements, while T2-weighted is more sensitive to abnormalities within the tissues
themselves while slightly sacrificing grey/white matter contrast. Since my particular research
question in this dissertation involved white matter measurements, I used T1-weighted scans
when possible.
In summary, structural MRI is a complicated endeavor but ultimately produces high
resolution images with excellent soft tissue differentiation useful both clinically and in research.
In research, such images are extremely useful for conducting volumetric measurements and
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also examining tissue abnormalities in the brain. Although the most basic variant of MR
imaging, this technique remains incredibly useful.

2.1.2 Diffusion Tensor Imaging (DTI)
DTI relies on diffusion-weighted images (DWI) that map the movement of water
molecules throughout brain tissues. In particular, DTI analyses the diffusion of water in the
brain per voxel both in totality and along particular vectors of interest within the bore of the
magnet (Soares et al., 2013). The amount of water diffusion along a vector, or multiple vectors,
can alter the magnetic field, resulting in an attenuated signal (signal change) that can be
detected.
DTI usually involves the acquisition of several different parameters, but the most
commonly reported in scientific publications involve mean diffusivity (MD) and fractional
anisotropy (FA). Mean diffusivity reports the total amount of water diffusion present in a
particular voxel, while fractional anisotropy is a measure of the directionality of this diffusion.
FA values are reported between 0 and 1; 0 reflects diffusion which is equal in all vectors, while
1 reflects diffusion that is entirely encompassed within a single vector to the exclusion of all
others.
Application and interpretation of DTI generally focuses on white matter microstructure
and strength of connectivity within the brain (Soares et al., 2013). This type of imaging operates
under the assumption that water molecules located within neural axons (the white matter) will
be restrained by cellular membranes and myelin around the axons and result in diffusion along
a particular vector. In CSF and grey matter, the assumption is that because water can more
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freely move around those water molecules will diffuse in more random directions and not along
any particular vector. Therefore, white matter should be much easier to identify compared to
other tissue types. Furthermore, when comparing between white matter tissues, it is thought
that higher FA scores represent higher quality axonal connections with greater amounts of
myelination, and perhaps even axons which are larger in diameter, all of which are thought to
contribute to more complete connectivity and enhanced strength of connections in those areas
of interest. Another underlying assumption is that axons which are more heavily myelinated or
larger in diameter are so due to frequent usage, and that the enhanced structural aspect of
these axonal characteristics are correlated with underlying functional components. If these
assumptions are not met, the utility of DTI in such an applications would be severely limited.

2.1.3 Polysomnography (PSG)
The gold standard in sleep research, polysomnography (PSG) primarily draws from the
same technology as conventional electroencephalography (EEG) through the use of conductive
electrodes on the scalp which measure electrical potentials which originate from the brain.
However, unlike traditional EEG, PSG overall requires fewer sensors on the head and more
sensors on the face and body. Using several different signal sources, differences in sleep state
can be ascertained (Berry, Brooks, et al., 2015).
Before the actual application and use of PSG setup the electrode placement must be
considered. There are several different methods that can be employed for placement, but in
PSG the international 10/20 measuring system is the most commonly used standardized system
(Leary, 2007). Briefly, this system relies on measurements of the head to determine the precise
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placement of these electrodes, which are calculated based on distance between head
landmarks (from the indentation at the top of the nose between the eyes [nasion] to the back
of the head at the bulge [inion]; between the indentations above the ear canal [preauricular
points]; head circumference). A typical PSG-EEG montage will include at least bilateral
electrodes occipitally and centrally, but can also include electrodes placed frontally. In the
current study (Aim 3), the international 10/20 system coupled with 6 exploratory electrodes
(bilateral occipital, central, and frontal) were used, which is the standard plus two optional
exploring electrodes (frontal).
In addition to head EEG placement, bilateral electrooculography was used to measure
eye movement and score REM sleep. Chin electromyography is used to measure general muscle
tone and is also important in the scoring of REM and between sleep and wake. Bilateral anterior
tibialis electromyography was implemented to score leg movements and help indicate arousals.
Electrocardiogram was employed mainly for safety reasons.
Respiratory effort was measured using respiratory inductance plethysmography, a
technique which relies on piezo-crystals which, when stressed or stretched, will generate
voltages (Leary, 2007). These crystals are applied to sinusoidal bands which are wrapped
around the body, and are stretched and relaxed as the body alters circumference in response to
breathing, generating an indirect measure of effort. Respiratory belts were placed just beneath
the ribcage and around the thorax.
Airflow was measured via nasal cannula with pressures sensors, CO2 sensors (common
addition for pediatric studies; Berry et al., 2015), and thermistor (measures breathing through
temperature changes). Respiratory scoring was based on waveform (Berry, Brooks, et al., 2015).
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Snore microphone was attached to check for PSG-validated snoring, and pulse oximetry was
applied to measure blood oxygen level, which takes advantage of the different infrared
absorption properties of hemoglobin when bound and unbound to oxygen.
All data (in aim 3) were collected with detachable multichannel bedside amplifiers (Embla
N7000; Natus Medical Incorporated, Pleasanton, CA, USA) and associated patient unit.

2.2 Specific Aim 1
2.2.1 Description of Procedures
The sample used for the first Specific Aim were 29 children between 4 and 8 years old
and for whom there was suspicion of SDB at a local sleep clinic. Children who were scheduled
to receive clinical screening and possible diagnosis of SDB at Dr. Clawges’ pediatric sleep
practice at the WVU Sleep Disorders Center were recruited and evaluated for eligibility to
participate. Recruited participants had varying durations of breastfeeding and methods of
feeding, as well as severities of SDB (as measured by AHI). The research personnel were able to
acquire a full overnight polysomnography report of the participants that was carried out and
generated by Dr. Clawges’s pediatric sleep practice (WVU Sleep Evaluation Center).
Parents of qualifying children were approached in the waiting room of their clinical visit
and, if they agreed to participate, were scheduled to come to the MRI scanner at the Center for
Advanced Imaging in Ruby Memorial Hospital associated with West Virginia University at a later
date. Upon the day of arrival, participants and their parents were taken to a research
laboratory and had the protocol explained and any questions answered. Adult consent and
child assent were then administered. It was immediately after consent that infant feeding
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methods (Appendix A), breastfeeding duration, and other general demographics (Appendix A)
were acquired regarding the child participant via parental report (often maternal). Behavioral
information for the purposes of screening and participant treatment (Appendix B), and an MRI
safety form (Appendix C) were also completed. It is important to note that investigators were
blinded to breastfeeding status and SDB severity until after MRI analysis was complete. Blinding
was achieved in these preliminary stages by having the parents of participants place their
answers into sealed envelopes.
Following consent and general paperwork the participants were taken to a mock
scanner to become acclimated to the MRI environment. Parents were also present in the room
and assisted the researchers in comforting the participant. The mock scanner was
approximately the same as the actual MRI scanner dimensions, with a slightly smaller bore
diameter and motorized table to move people in and out. The participants were asked to lay
down on the table, place their head in the mock head coil, and were moved down to the center
of the bore using the table motor. Once in the center, a researcher would then move to a small
window where the participant could see them and read them a children’s story (often “The
Poky Little Puppy” by Janette Sebring Lowrey), which could vary based on the child’s
preference. After the story, participants were then removed from the bore and then either
decided they wished to continue to the actual MRI scanner, or stop the study and go home
(parents would receive a 50 USD gift card as compensation in the latter case, while children
were given a small age-appropriate toy (1-5 USD in value)). Exact procedures and chronology
may have varied based on the level of cooperation of the pediatric participant.
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Subjects were then guided to the Center for Advanced imaging which houses the 3 Tesla
Siemens Verio MRI scanner (Iselin, NJ). Parents were asked to stay back in the control room
(where they could still see their children through the viewing window) while the participants
were asked to lay down on the motorized table for the MRI after confirming the child had no
metal in/on their person. Initial setup for the participants included head support, leg support,
hearing protection, a heated blanket if desired, etc. A mirror reflecting the image of a television
screen within the MRI room is also attached to the head coil to allow the participants to watch
a movie of their choice during the imaging, the audio of which was streamed through dualpurpose hearing protection/audio streaming ear plugs. Participants were not given a squeeze
ball for quick exit; instead a researcher remained in the scanning room at all times and
monitored the participant during the scans. Although the participants were all asked to remain
as motionless as possible, the researcher monitoring the participant during the scans would
sometimes remind the child to stay still if they were moving too much by gently touching their
leg. Children were not sedated at any point during the study.
Participants were all placed in the supine position and aligned along the Frankfort plane
as much as possible. An 8-channel head coil was used for every participant, while a 4 channel
neck coil was used only if the child’s entire head and neck did not fit inside the head coil
(typically used on older children). A localizing scan was used to ensure the participants head
and neck were completely within the field of view.
There were two general classifications of T2-weighted protocols which were used; a
slower, better resolution T2 scan (~6 mins) for cooperative subjects and a faster, poorer
resolution T2 scan (~3 mins) for less cooperative subjects at the discretion of the research staff.
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Although exact scanning parameters did vary throughout the course of the study, generally
speaking the slower T2 scans were acquired in either the sagittal or axial plane with 1.04 x 1.04
x 2 mm3 voxels, with slice thickness in plane of acquisition being the worst resolution. Other
scanning parameters (repetition time (TR) = 9180 ms -10560 ms; echo time (TE) = 70 ms, Flip
angle = 150, matrix size= 192 x 192, FOV= 199 x 199 mm2) were kept as constant as possible,
but did vary on occasion.
The other class of T2-weighted scan (faster scan) also had the same caveats of variability
as the slower T2, but generally had constant parameters (1.04 x 1.04 x 3 mm3 voxels, repetition
time = 750 ms, echo time = 9.4 ms, flip angle = 150, matrix = 192 x 192, FOV= 199 x 199 mm2).
Again, the T2 image chosen was based on the cooperative nature of the participants. Many
participants received multiple T2 scans, sometimes both fast and slow, and the best scan (by
eye, at the discretion of a trained researcher [me]) was chosen for analysis. A table of the
different T2 scans analyzed and corresponding participant is presented in Appendix D.
The T1 (magnetization-prepared rapid gradient-echo; MPRAGE) scans had variable
parameters for different participants, partially due to trying to find the optimal scanning
parameters for imaging children. Generally, the images were acquired in the axial plane (two of
the participants were acquired in the sagittal plane; 571 and 885) with voxel sizes of 0.625 x
0.625 x 1.5 mm3. The two scans acquired in the sagittal plane were also this same voxel size,
except with the resolution being worse in the sagittal plane also opposed to the axial plane in
the axially acquired images. Three additional participants, although acquired in the axial plane,
had voxel sizes of 0.45 x 0.45 x 0.9 millimeter (993), 0.625 x 0.625 x 1.2 millimeter (686) and
0.62 x 0.625 x 0.9 (568). Despite the differences in acquisition plane and resolution, all scans
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but one shared the same repetition time (TR= 2300 ms), echo time (TE= 3.77 – 3.81 ms), flip
angle (flip angle= 9), matrix size (matrix size= 384 x 312) and field of view (FOV= 195 x 240
mm2). Only one participant (993) had different parameters (TR= 1900 ms, TE= 2.99 ms, Flip
Angle = 9, Matrix = 512 x 448, FOV = 201 x 230 mm2). MPRAGE scans were approximately 10
minutes in length. The MPRAGE selected parameters can be viewed in Appendix E.
The field of view for all of the participants was generally centered on the upper airway.
Partially because of this, along with the consideration that researchers needed to make the
scans as quick as possible to reduce burden on a pediatric population, the top portion of the
brain was sometimes not included in the image. The reason for centering the image on the
upper airway is that these images were also intended for a different project currently
undertaken by the lab’s primary investigator (my advisor, Hawley Montgomery-Downs).
Although this omission in the scans created a challenge for data processing and normalization,
the CC was often left intact thus arguably not affecting the study sample on that particular
measure.
Once all of the scan sequences were acquired the participants were taken out of the
scanner. Parents received a 165 USD gift card for their time and travel while participants were
given a small toy. A gift receipt for the gift card was signed by both parents and investigators.
Depending on the parents availability, the participants were then escorted to another
area for behavioral and neurocognitive testing with a graduate research assistant (Pamela
Tessier; also blinded to breastfeeding duration and PSG outcomes) either subsequent to the
scanning or on another day. Total testing time was between 35-50 minutes and included a
battery of seven assessments that are well-validated for this age group. These assessments
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mostly focused on executive functioning, as this type of functioning in particular has been welldocumented in its impairment in SDB pediatric populations (Archbold, Giordani, Ruzicka, &
Chervin, 2004; Karpinski et al., 2008). The neurocognitive tests employed during this session
included the Color-Form Test/Progressive Figures (mental flexibility; Reitan & Wolfson, 1985),
the Day-Night Stroop Task (inhibition control; Gerstadt, Hong, & Diamond, 1994), WoodcockJohnson Tests of Cognitive Abilities (WJ-III Exec) Executive Processes Cluster (strategic
planning/mental flexibility; Taub & McGrew, 2004; Woodcock, McGrew, & Mather, 2001), the
WJ-III COG Numbers Reversed (working memory; Taub & McGrew, 2004; Woodcock et al.,
2001), Peabody Picture Vocabulary Test 4th Edition (PPVT-4) (verbal IQ; Dunn & Dunn, 2007),
and the Behavior Rating Inventory of Executive Function (BRIEF; well-rounded measure of
executive function; Gioia, Isquith, Guy, & Kenworthy, 2000). Neurocognitive measures were
scored by the same graduate research assistant (GRA) that conducted the tests (Pamela
Tessier).

2.2.2 Data Processing
After image acquisition during the MRI session the raw digital imaging and
communications in medicine (DICOM) files were transferred from the control station to the
research laboratory. DICOM files for all scans were viewed for quality using the free DICOM
viewing software OsiriXTM (version 3.7.1). After initial inspection, DICOM files for both the T2
and MPRAGE images were converted into “head” and “brik” files using the open-source
software Analysis of Functional NeuroImages (AFNI; [Cox, 1996]). AFNI has a command called
To3d, which can convert raw slice by slice DICOM files into a 3d image that can be interpreted
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using AFNI. All scans used for analysis were converted in this way. After conversion, these files
were registered along the anterior commissure- posterior commissure (ACPC) line, but further
registration into Talairach space did not occur when considering this pediatric sample. It did not
seem appropriate to apply further registration using the Talairach transition to pediatric brains
because the dimensions and accuracy of such transformation can be highly variable with a
young population (Giedd & Rapoport, 2010). It is important to note that the registration
process resampled the native voxels from the T2 and MPRAGE scans into 1 millimeter x 1
millimeter x 1 millimeter voxels.
Once all of the scans were properly registered, manually drawn regions of interest
(ROIs) were drawn around the CC of each individual on both T2 and MPRAGE scans by an
investigator blinded to feeding methods and sleep outcome. All CC ROIs included the entire
callosal body, but excluded areas such as the fornix and peripheral white matter. In order to
measure as much of the CC as possible, the central 13 millimeters of the structure was
measured in every individual. There is some precedence for using this measurement thickness
(Frazier et al., 2012; Hardan et al., 2009), but mostly was chosen because it allows peripheral CC
imaging but does not extend too far as to confuse general peripheral white matter with the CC.
I was blinded to the identity of the participants while drawing manual ROIs, as well as
other critical information such as infant feeding methods, sleep characteristics, general
demographics, and neurocognitive measures. This was done using a unique 3-letter coding
scheme that was totally independent from the experimental coding and was known only to the
blinder (Caitlin Montgomery). This blinding was maintained while the second CC rater (Paula
Webster) also performed the tracings. Both verbal and written instructions for ROI drawing
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were provided (Appendix F). The ROIs were drawn by both raters (I had drawn all the
participant’s ROIs [four for intra-rater reliability]; Paula also drew four participants from aim1).
Both inter-rater reliability and intra-rater reliability (only for me) were calculated using
intraclass correlation coefficient (ICC) in Statistical Package for the Social Sciences (SPSS;
[Appendix G]). The total intra-rater ICC for all 4 scans in aim 1 using a two-way mixed model
with absolute agreement and average measures yielded an ICC = 0.997, p < 0.001. The interrater reliability measurements for all 4 scans yielded an ICC = 0.931, p = 0.038. Taken together,
both the inter-rater reliability and the intra-rater reliability using intraclass correlation
coefficient was found to be excellent (0.997 and 0.931, respectively). Although second
measurements for the primary rater and measurements from the secondary rater was used to
calculate ICC, ultimately only the primary rater’s first measurement was used for analysis.
In addition to general blinding of the participant’s identity, the raters were also blinded
to any airway tissues that might create bias. Since the images in this aim included the upper
airway of the children, and because I am a sleep researcher with intimate knowledge of how
tonsillar and adenoidal size can influence sleep-disordered breathing, these tissues were
masked using a simple numerical overlay which can be drawn in AFNI. The exact procedure for
this can be viewed in Appendix H.
The procedure for the actual drawing of the ROIs themselves was quite simple. The 3d
registered images were open and viewed in AFNI as the anatomical underlay. Immediately after
this step, the overlay which contained the aforementioned blinding ROI for upper airway tissue
was loaded onto the screen. The first slice to be considered for CC ROI measurement was the
mid-sagittal slice, which is clearly labeled after registration. The CC was then subdivided into 3

SLEEP AND BRAIN DEVELOPMENT

56

sections: anterior, central, and posterior in order to look more closely at particular areas of the
CC. These subdivisions were manually determined by taking the anterior-most point of the CC
on mid-sagittal slice and measuring the distance to the posterior-most point. The length of the
CC was then sub-divided into 3 and beginning and endpoints for the 3 areas were determined.
If the total length was not divisible by 3, an extra voxel was given based on priority; anterior
had first priority, posterior had second priority. For example, if the length of the CC was 68 mm,
then the anterior portion would be 23 mm, the posterior portion 23 mm, while the central
portion would only be 22 millimeter in length on the central slice.
After the lengths of the three subdivisions were determined, a 2 dimensional CC ROI
was drawn on the mid-sagittal slice. The overlay containing the blinding ROI had already been
loaded, arbitrarily given a value of 4 to contrast with the 3 subdivisions of the CC. The anterior
region was assigned a value of 1; the central region a value of 2, and the posterior region a
value of 3. This numerical system was maintained for all subsequent 2-dimensional ROIs. With
the sagittal plane as the main plane that was used to draw the ROIs, the brain was moved
through in one millimeter steps out to six millimeter from the midline in each direction, for a
total of 13 millimeter thickness using 13 one-millimeter slices. Although the axial and coronal
planes were used to some extent in drawing the ROIs, they were used much more heavily for
post-hoc CC correction. After all 13 sagittal ROIs were drawn, the CC was viewed through the
whole brain on both the other two planes. Typical areas that needed adjustment included the
inferior-anterior regions, the inferior-central regions which could be confused with fornix and
other tracts, and superior-posterior regions that were hard to differentiate from general white
matter. After the CC ROIs were “finalized” the total volume for each subsection was determined
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using the “3droistats” command in AFNI which provides statistics for masked regions. This
program will count the number of non-zero voxels (and separate them based on voxel value),
and since all voxels were resampled to isotropic one millimeter voxels it was easy to determine
the cubic millimeters of each sub-region. The total CC volume was calculated by adding all three
of the sub-region volumes together. These data are presented in Appendices I and J.
In addition to manually drawn ROIs, I also used a semi-automated approach to
determine CC thickness. This procedure involved using Freesurfer software (version 5.3; Fischl
et al., 2004) to automatically determine the CC boundary. Automated CC measurements using
the same software and procedure have been conducted (Shashi et al., 2012). However, since
Freesurfer is only able to read T1 anatomical images, only the participants who had received an
MPRAGE scan were included (therefore, most of the participants in this aim were excluded,
since the T2 images were the most predominant). As a result, the sample size for this particular
experiment in this aim was six (11 participants with MPRAGE, five failed automatic processing),
with only four showing any strong indicators of SDB.
The first step in the semi-automated pipeline was to enter the raw files to be
reconstructed into Freesurfer using the command recon-all. Recon-all is a particularly powerful
tool which will convert the raw images into a 3-dimensional brain image, perform registration,
skull-stripping, whole-brain segmentation (labeling of grey and white matter areas, including
cerebellum and to some extent brain stem), image smoothing, and cortical parcellation and
mapping. Although there are numerous setting and parameters that can be adjusted, in this
application only the default settings were used. If any of the datasets failed in the
reconstruction, they were excluded (5 failed automatic Talairach and were excluded). The result
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is a reconstruction of the whole brain where all brain regions are labeled. In this particular
application the command “mri_cc” was used to customize CC measurement. Using the
segmentation file without CC segmentation as an input, I specified the CC to be divided into 5
equal segments and extend segmentation 6 millimeter off the midline. The resulting file was
named “cc.mgz” and was later visually inspected to ensure quality.
After all the participants were processed in this manner, a volunteer (Paula Webster)
was recruited to blind the main investigator (me) from participant identity. The blinder changed
the names of all the participants to a three-letter code randomly assigned and which was
unknown to the investigator. A second rater (Caitlin Montgomery) was also blinded to the
participants’ identity, and was given both verbal and written instructions (Appendix K) to draw
the CC in the Freesurfer software. Intraclass correlation coefficient (ICC) was performed
between raters for the Freesurfer measurements, as well as intra-rater reliability for only the
main investigator (Appendix L). Since participants from aim 1 and 2 were combined, the ICC
reflects both the ICC for aims 1 and 2. The intra-rater reliability ICC when testing all 6 MPRAGE
images used in this analysis yielded a value of 0.997 (p < 0.001). The inter-rater reliability ICC
under the same conditions was 0.973 (p < 0.001) for all 6 MPRAGE images. Taken together, this
data suggests that the reliability between raters for this semi-automated method is
outstanding.
After the blinding process, the main investigator would open up the files associated with
the participants and edited the CC ROIs already produced by Freesurfer to remove errors.
Errors commonly occurring in the Freesurfer segmentation ROIs include overestimation around
the fornix, overestimation in the anterior regions on the more medial slices (confusion between
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CC and other white matter tracts in the area), and overestimation in the lateral periphery
where the CC begins to diffuse out into general white matter. There was rarely any
underestimation of the CC.
Quantification of the measurement was conducted using the mri_segstats command
which takes an inputted ROI and converts it into a table which provides volumetric
measurements for all of the segmented regions in the brain. These measurements are provided
in cubic millimeters for the entire segmented region. Only CC_anterior, CC_midanterior,
CC_central, CC_midposterior, and CC_posterior were included in the analysis. These subdivision
were summed together to produce the entire CC volume. These data can be viewed in
Appendix M.
There was an additional reliability measurement which was recorded as well. In order to
check the quality and reliability of both the manual tracing and the semi-automated method,
measurements from 6 participants were entered into SPSS and an ICC was calculated.
Measurements between the methods occurred several weeks apart and while the rater was still
blinded. The ICC between the manual and semi-automated method on 6 participants using the
same rater is reported to be 0.887, p < 0.001. Therefore, reliability between the two methods
was very good.
Generally speaking, studies which measure CC volume will report not just the raw CC
measurements, but normalize these measures to some other measurement such as total
intracranial space (Giedd et al., 1996; Haut et al., 2006; Prigge et al., 2013). This method is used
to try to control for other factors in CC size such as total head size, which is considered a
confounding factor in many studies (including this one). In this study, because the field of view
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of the MR images centered around the throat and upper airway (see scan parameters above),
often the top of the brain was not included in the images. As such, total intracranial space was
not an option of normalization here.
Instead, I sought for a different method of normalization. After attempting multiple
different normalization methods, I had decided that the measure represented as brain anteriorto-posterior distance multiplied by brain width was the most appropriate for normalization (see
correlation table (Appendix N)). This was able to be determined because, although most of the
images did not include the top of the head, there was a proportion of participants for which the
top of the head was included (Two participants from Specific Aim 1, 17 participants from
Specific Aim 2). The experimental normalization methods that I had been testing on these same
participants were correlated with their “eTIV” (estimated total intracranial volume) measure
estimated in Freesurfer as part of the recon-all command (Fischl et al., 2004). The
measurements from the different normalization methods tested and descriptions are included
(Appendix O). Therefore, the measure ultimately used in the CC comparison was the total
volume of the ROI divided by the normalization factor (anterior-to-posterior distance multiplied
by brain width). It is important to note that this normalization factor was applied both to the
semi-automated Freesurfer method of CC measurements and the manual CC measurements
made in AFNI.
The normalization factor itself was calculated using the AFNI program. After ACPC
registration, the graphical user interface (GUI) contains the option to proceed to Talairach
registration. Though the manual ROI data set was not subjected to Talairach registration, this
process can be used to determine some basic brain measurements. Included in the reported
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statistics include distance from anterior-to-posterior most point in the brain, anterior
commissure to posterior commissure (inter-commissural distance) and distance from left most
point to right most point (brain width). It was these measurements that were multiplied and
become the normalization factor. Although not ideal, in the absence of the entire brain the
factor showed reasonable correlation to eTIV calculated by Freesurfer (r = 0.814, p < .001). CC
volumes and sub-volumes were ultimately multiplied by the inverse of the normalization factor.
The neurocognitive measures used are already published, and scores were generated
following the published instructions by a graduate research assistant (Pamela Tessier). Selected
neurocognitive outcomes are included in Appendix P.
Basic demographic and infant feeding method information was obtained through survey
and other study forms and entered into excel before later transfer to SPSS. Infant feeding
information is included in Appendix Q. The sleep measures were acquired off-site at Dr.
Clawges’ pediatric sleep practice, transferred from the report into excel, and later transferred
again into SPSS (Appendices R). Therefore, the information under investigation for this aim
include demographic information, infant feeding methods, sleep information, CC volumetric
measurements, and neurocognitive scores.

2.3 Specific Aim 2
2.3.1 Description of Procedures
In the second Specific Aim 22 healthy children were recruited to participate for MRI
imaging. The parents of these children were screened and contacted on the basis of their
participation in a separate sleep survey also associated with our WVU sleep laboratory. If
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parents had indicated that their child had no breathing problems during sleep or surgical
removal of the tonsil and adenoids they were considered “healthy” and eligible to participate.
Surveys used to recruit parents were online surveys available for public participation
(Appendix S). Advertisements for these surveys came in multiple forms, ranging from small halfsheet flyers (given to approximately 10 locals schools, 20 local daycares, 3 local businesses,
pediatric wards of Ruby Memorial Hospital, etc.), to tear-off flyers (posted around the campus
of WVU; in particular the life sciences building [LSB] and health sciences center [HSC] as well as
Ruby Memorial Hospital), to large banners hung in prominent public areas. Electronic
advertisements were administered through university news flyers, and social media was used
to some extent (Facebook; Appendix T). News of the study was additionally spread through
word of mouth. Participants did not necessarily have to take the survey to participate; they also
had the option to call the lab, where they were screened to ensure their child did not have SDB.
The online survey itself was registered to www.surveymonkey.comand consisted of
questions regarding demographics, sleep characteristics about their child, and contact
information. In order to qualify for this particular study, participants had to indicate that their
child was between 4 and 8 years old, and had responded that their child either “never” or
“rarely” snored, as well as indicated “never” or “rarely” on other SDB related questions. A table
of participant’s responses is provided (Appendix U).
The procedure for intake of the participants on the day of arrival, signing consent forms
and demographics paperwork, mock scanning, and actual MRI scanning was identical to the
procedures used in Specific Aim 1. The consent and assent forms for this aim did vary slightly
from aim 1. The only differences for this particular aim was that T2-weighted scans, although

SLEEP AND BRAIN DEVELOPMENT

63

acquired, were not analyzed as the T-1 MPRAGE were higher quality and included the entire
brain in the field of view. The T2-weighted images were useful in a separate study not directly
related to this dissertation. Also, total scanning time was slightly longer for this Specific Aim due
to the addition of a ~7 minute diffusion-weighted scan for DTI analysis.
As was the case in Specific Aim 1, the T1-MPRAGE scans had variable parameters for
different participants, partially due to trying to find the optimal scanning parameters for
imaging children. The images were generally acquired in either the axial plane (149, 234, 316,
333, 483, 555, 682, 755, 863, and 951) or the sagittal plane (119, 135, 296, 341, 454, 511, 654,
694, 722, 749, 888, and 972). Axially acquired images had 0.45 x 0.45 x 0.9 mm3 voxels with
repetition time = 1900 ms, echo time = 2.99 ms, flip angle = 9, matrix = 512 x 448, and field of
view = 201 x 230 mm2. Sagittal acquired scans had 1 x 1 x 1 mm3 voxels, repetition time = 2250
ms, echo time = 4.63 ms, flip angle = 9, matrix = 256 x 256, and field of view = 256 x 256 mm2.
Two additional participants (296 and 888), although acquired in the sagittal plane, had the
same scanning parameters as the axial images.
The diffusion-weighted images were acquired in the axial plane in 2 x 2 x 2 mm3 voxels.
Additional parameters for the scan include repetition time = 9000 – 9700 ms, echo time = 98
ms, flip angle = 90, matrix = 1152 x 1152, and field of view = 2304 x 2304 mm2. The DTI scan
acquisition was about 7 minutes in duration.
Once all of the scan sequences were acquired the participants were taken out of the
scanner. Parents were then asked to provide the child’s report card, if applicable (not all of the
participants were school-aged). Parents received a 150 USD gift card for their time and travel
while participants were given a small toy.
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2.3.2 Data Processing
Unlike in aim 1, there were no additional sleep outcome variables collected in aim 2
since all participants should theoretically be healthy sleepers. All MRI variables, including both
manual (Appendix V) and semi-automated CC tracing (Appendix W) with instructions for
multiple raters were measured identically as in aim 1. As in the previous aim, ICC was calculated
between raters for both the manual (Appendix X) and semi-automated (Appendix M) portions
of the CC tracings.
In the manual tracings, using all 6 participants from both aims (4 from aim 1, 2 from aim
2) yielded an intra-rater ICC of 0.994 (p < 0.001) and an inter-rater ICC of 0.862 (p < 0.050)
indicating good reliability. In the semi-automated tracings, using all 6 participants from both
aims yields an intra-rater ICC of 0.997 (p < 0.001) and an inter-rater ICC of 0.973 (p = 0.001) as
previously reported. Finally, a comparison between manual tracings and automated tracings of
the same participants yielded an ICC of 0.811 (p < 0.001). In aim 1, this same measurement was
reported to be 0.887; this indicates pretty good reliability between the two methods in both
aims.
Breastfeeding information was collected in the same manner as in aim 1, and the data
for this is displayed in Appendix Y. Neurocognitive testing in this aim did not occur, but was
replaced with recent academic performance using standardized report cards (Appendix Z).
However, only 53% of participants with an MRI elected to provide a report card, partially due to
some children really being too young to have a standardized report card, and partially due to
some children having homeschooling or the parents simply declined to participate in this
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section. Report cards were generated by Monongalia county schools and are divided between
reading (with several items pertaining to reading), writing, math, work habits/selfmanagement, and sometimes science and/or social science. Since science and social science are
not always included, this metric was removed. Since each item can be rated needs support (NS),
approaching standards (AS), meets standards (MS), or exceeds standards (ES), each item was
numerically ranked based on the teacher rating (NS=1, AS=2, MS=3, ES=4). The only exception
to this is the work habits/needs support section, where each item is rated by the teacher as
needs support (-), developing satisfactorily (), or demonstrates strength (+). This was also
translated numerically like the other sections (- = 1,  = 2, + = 3). The reported score for each
category (reading, writing, math, work habits/self-management) was therefore represented by
the average of all items within the given section. The “Average” metric represents the average
score between reading, writing, and math.
Diffusion-weighted images were processed in TRACULA (tracts constrained by
underlying anatomy), a DTI reconstruction tool within the Freesurfer software package.
TRACULA (Yendiki et al., 2011) uses probabilistic tractography to reconstruct the major white
matter pathways of the brain, using anatomical MPRAGE scans for guidance. It is a fully
automated method.
With TRACULA, a total of 18 different white matter pathways can be reconstructed; CC
forceps major, CC forceps minor, bilateral anterior thalamic radius, bilateral cingulum angular
bundles, bilateral cingulum cingulate gyrus, bilateral corticospinal tract, bilateral inferior
longitudinal fasciculus, bilateral superior longitudinal fasciculus (temporal portion), bilateral
superior longitudinal fasciculus (parietal portion), and bilateral uncinate fasciculus.
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After acquisition of the diffusion weighted images for all participants, they were visually
inspected for quality before reconstructing them in TRACULA. Reconstruction in TRACULA was
conducted using the suggested default settings. Outputs from TRACULA are both reported in
numerical as well as visual form; reconstructed pathways can be viewed in color-coordinated
representations in 3 dimensional space constrained by the MPRAGE scan. In addition, individual
slices from the reconstruction will show an intensity map slice by slice for any selected
pathways. All reconstructed pathways for all participants were visually inspected for quality.
With very few exceptions (one or two forceps were under-reconstructed), all reconstructed
pathways appeared normal.
Numerically, TRACULA will report standard measures used in all DTI analysis; fractional
anisotropy (FA) scores, mean diffusivity scores, radial diffusivity, axial diffusivity, pathway
length, etc. In the DTI analysis only fractional anisotropy and pathway length were ever used.
Furthermore, due to the probabilistic method of reconstruction, three separate metrics are
reported for FA scores; “FA_avg” (average FA value for entire tract), “FA_avg_Weight” (average
FA value multiplied by the probability that voxel is included within the tract, averaged over the
entire tract), and “FA_avg_Center” (average FA value over the highest probability path only). All
of these metrics for FA were examined. I have not included this data in the tables or
appendices, as numerous FA values for each participant for each pathway is a large quantity of
data.
Finally, TRACULA also reports quantitative measures of head motion for quality
assurance (Appendix AA). Head motion can be a serious problem in DTI, particularly if there are
large differences between examined groups as it can not only disrupt registration of the image
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(correctable) but also decrease the intensities in the diffusion-weighted images (not
correctable). It is thus recommended, at the very least, to ensure that examined groups have
similar head motion metrics (Appendix AB), and that key variables are not correlated to head
motion (Appendix AC), or the measures can be regressed out using regression treating them as
extraneous variables (Yendiki, Koldewyn, Kakunoori, Kanwisher, & Fischl, 2013). Surprisingly, it
was found that breastfeeding duration was positively correlated with 2 motion measures
(average translation and average rotation), although in the direction where one would expect
motion would dampen FA scores rather than enhance them. Nevertheless, both motion
measures will be controlled for in future regression analysis using covariance.

2.4 Specific Aim 3
2.4.1 Description of Procedures Part 1
The initial experiment proposed in this Specific Aim was polysomnography (PSG) of a
pediatric population. Although originally planned to recruit only infants less than one year old,
practicality dictated that I extend the age range to include toddlers and young children. These
participants were mostly recruited via a lab survey (Appendix S), and were screened and
contacted on the basis of their answers and whether they had an infant or child with SDB
symptoms. Details in how these surveys were distributed (2.3.1, paragraph 2) and who was
included for the previous aim (2.3.1, paragraph 3) are described above. Alternatively,
participants were also recruited through various advertisement media put on public display
such as banners, tear-off advertisements, half sheet advertisements (Appendix T) and social
media. Participants recruited in this manner were screened to ensure that the child had snoring
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and/or breathing difficulties during sleep. For this particular aim, rather than recruiting only
healthy children, our goal was to recruit infants and children with suspected SDB based on
parental answers to our survey. Therefore, only parents that rated their child at least
“frequently” on the question “How often does your child snore?” were included, or if they
indicated “occasionally” with positive SDB indicators on some of the other questions, or if there
was significant parental concern. A table of the parent’s responses for key questions is included
in Appendix AD.
Parents of the recruited participants were scheduled to come into the lab on a night of
their choosing for overnight polysomnography (PSG). After giving a brief tour of the lab, parents
were consented and encouraged to provide demographic (Appendix A) and infant feeding
(Appendix A) information. Investigators were blinded to the infant feeding methods provided
by placing the form in a sealed envelope.
After consent, parents and participants were allowed to become acclimated with the
room and infants/children were provided age-appropriate toys in addition to the toys brought
by the parents. Toys included various books, toy cars, plastic keys, colored rings, colored blocks,
stuffed animals, slinkies, and children’s shows (Elmo, Dora the explorer, etc.). Once ready, the
sensors for the PSG hookup were applied to the participant. The PSG hookup in these
experiments included bilateral leg electromyography (EMG), abdomen and chest respiratory
plethysmography, electrocardiogram (EKG), snore microphone, pulse oximetry (Sp02) through
infrared light sensor attached to the toe or finger, respiratory cannula (measuring flow pressure
and CO2 concentration) and thermistor. EEG was implemented using gold-plated pediatric
electrodes and the international 10-20 system. System setup included individual sensors
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plugged into the Embla N7000 amplifier and patient unit (Natus Medical Incorporated,
Pleasanton, CA, USA) which is connected to the recording computer through a communication
unit. Recording software used for this study was the Embla REMbrandt Manager software
version 9.1 (Natus Medical Incorporated, Pleasanton, CA, USA). Once all equipment was
attached to the participant, the participant and parents were left alone in the room to undergo
their normal bedroom routine until sleep. Often, a considerable amount of equipment would
have to be re-applied after the participant fell asleep. The recording throughout the night also
included audio and visual recording. Only a few participants were given bio-calibrations before
bed, due to the young ages.
Infants and children were monitored throughout the night to ensure participant safety
and quality recordings. Frequent entries to repair the PSG montage were required for most
participants, often several times an hour. By the end of the night, all equipment was removed
and participants and parents were thanked for their time. Parents were compensated with a
150 USD gift card.

2.4.2 Data Processing Part 1
Sleep scoring for each participant was done through the REMbrandt Manager software
(using American Academy of Sleep Medicine (AASM) guidelines (Berry, Gamaldo, et al., 2015)).
Scoring was done directly by the lab primary investigator (Hawley Montgomery-Downs) or
completed by myself and then later checked by Dr. Montgomery-Downs. For the purposes of
this project, sleep staging was the primary focus of the scoring but events such as apneas,
hypopneas, leg movements, and arousals were also indicated.
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2.4.3 Description of Procedures Part 2
Due to the lack of success in recruiting a sizable SDB population, a second attempt was
made to investigate the aim 3 hypothesis. In this study, I sought to use a dataset of eight to
nine month old children who had undergone PSG under the suspicion of SDB, many of whom
were subsequently indicated to have some level of SDB (often primary snoring, or evidence of
snoring with snore microphone). Acquired approximately 11 years ago, this type of study also
provided the opportunity to sample these participants again now that they have grown.
About 11 years ago (2003-2004), parents of newborn children were recruited to have
their child participate in a sleep research study in several months pertaining to sleep disordered
breathing in Louisville, Kentucky by Dr. Montgomery-Downs (Appendix AE). After recruitment,
participants were given a survey form to fill out that included information such as name,
education, general demographics, and child sleeping habits. Based on the parent’s responses to
these questions, the infant participants may have been recruited for overnight PSG at Kosair
Children’s Hospital in Louisville, Kentucky. These were standard PSG recordings that provided
the usual sleep statistics and information that would be expected from a clinical service.
In the current study, I sought to send participants a new survey form (Appendix AF) to
acquire infant feeding methods information; information not acquired during the original study.
In addition to the standard demographic information, the same questions that were used for
screening 11 years ago were asked again in this survey. In addition to the survey, participants
were mailed an introductory letter reminding them of their participation, and a consent form to
sign and send back along with the completed survey. Included in the envelope was a self-
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addressed letter with postage to send back to our offices. At least one in 25 respondents
received a 25 dollar gift card (USD).

2.4.4 Data Processing Part 2
All data from the surveys were entered into excel, with the survey questions numerically
coded (“never”=1, “rarely”=2, “occasionally”=3, “frequently”=4, “almost always”=5) except for
question three which was scored in reverse. All of the sleep questions (ten questions) were
averaged to produce the infant sleep impairment score and compared in the analyses. Data
from the screening survey 11 years ago was entered in the same way. Additionally, most
variables from the infant PSG were also entered into excel.
In aim 1, an SDB composite score was used to determine severity of SDB (MontgomeryDowns, O’Brien, Holbrook, & Gozal, 2004). In this aim, we instead used the infant sleep
impairment composite score calculated from answers from the survey. Although a composite
score calculated from PSG-measures would obviously be preferable to survey responses, the
SDB composite score is not validated for this age group (Montgomery-Downs et al., 2004). In
addition, not all participants underwent overnight PSG, so utilization of the infant sleep
impairment score permits a larger sample size.

3.0 Results
3.1 Specific Aim 1
3.1.1 Hypotheses
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1a. Increased breastfeeding duration early in life will be negatively correlated with SDB
severity, and both increased breastfeeding and reduced SDB severity will be correlated with
increased CC volume. Ultimately, I predict that increased breastfeeding duration will be
correlated with increased CC volumes through a partial mediation effect from reduced SDB.
1b. I further hypothesize that increased breastfeeding duration, reduced SDB severity,
and increased CC volume will be positively correlated with neurocognitive outcomes
(particularly executive function) including: inhibition control, strategic planning, working
memory, and mental flexibility.

3.1.2 Preliminary Analysis
3.1.2.1 Participant Characteristics
Of the 27 participants who consented to participate, five did not contribute data to all
experimental components: three were unsuccessful in completing the MRI portion (and
therefore did not participant in neurocognitive testing and whose PSG data were unavailable),
one completed all portions except the neurocognitive testing, and one participated in both the
MRI portion and neurocognitive portions but dropped from PSG at the sleep clinic. Therefore,
three were totally excluded and two were included in the analyses to which they contributed.
For eight of the participants, the MRI scans were of insufficient quality or beyond the field of
view (see section 5.1 Methods; paragraph nine) to analyze CC volumes. The remaining usable
sample of MRI CC volumes was thus 16, rather than 24. One of these scans was initially
analyzed, but was removed as an obvious outlier (13,738 cubic millimeters for CC
measurement, compared to the next highest CC measurement at 9,090 cubic millimeters) most
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likely due to image quality. Final sample sizes and participation status for each component are
reported in Fig 3.
Among those who consented and participated (N=24), 37.5% (nine) were female. The
mean participant age was 6.8 years (SD = 1.5). The three who did not participate were younger
than those who did (4.5 years; p < 0.001) but otherwise did not differ from the final sample.
Among those who self-reported (one missing), average maternal education was 13.9 years
(n=23; SD =2.8). Mean self-reported income was 33,400 USD among those who reported
income (n=16; three additional reports of “unemployed”, “not working”, and one participant
who claimed 500 USD annually were counted as unemployed; SD = 22,300) while the median
was 28,500 USD, with a range of 91,500 USD (8,520 to 100,000 USD). Thirteen (52.2%) of the
participants (one report missing) were living with a parent who smoked (n=26). Twenty-three
participants were Caucasian (85%), four were biracial (15%). All participants had intact tonsils
and adenoids. Thirteen (54.2%) had been diagnosed with ADD or ADHD. Mean body mass index
(BMI) measured (2 missing) at the sleep clinic was 19.1 (n=22; SD = 5.9). General demographic
information describing this sample are in Table 1.

3.1.2.2 Normality and Outliers
Descriptive statistics were calculated and data were checked for normality and outliers.
Testing for normality with the Shapiro-Wilk for all variables, it was found that REM (%TST), WJIII performance (percentile), and CC volumes (cubic millimeters) were normally distributed;
however, AHI, SDB profile, BRIEF scores (percentile), Day-Night Stroop scores (raw), and PPVT
scores (percentile) were not normally distributed in this sample. Outliers were tested for using
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the outlier labeling rule (Iglewicz & Banerjee, 2001) with a g-value of 1.5 (1.5 times the
interquartile range determines upper and lower limits). There were no observed outliers for
REM (%TST) and WJ-III performance. Using a g-value of 1.5, there was one outlier for
normalized CC volumes, three outliers for AHI, two outliers for SDB profile, two outliers for the
BRIEF, two outliers for the Day-Night Stroop, and one outlier for the PPVT. Using the less
conservative g-value of three, there were no outliers for CC volumes, one outlier for AHI, one
outlier for SDB profile, one outlier for BRIEF, no outliers for Day-Night Stroop, and no outliers
for the PPVT. Due to the careful and standardized measurements of all PSG and neurocognitive
data, no outliers were removed from these datasets as outliers were not due to technical
failure or errors in measurement. Removal of the outlier from AHI and SDB profile did not affect
the results.
Data transformation was not successful in restoring normal distributions in five key
variables (above) due to the presence of natural zeroes and high variance. Due to non-normal
distribution, non-parametric statistical tests were applied. When comparing between groups,
the Mann-Whitney U hypothesis test was used in lieu of independent t-tests. Since the error
residuals were not normally distributed for linear regression, this test was not valid. Analysis of
covariance was still used for these variables despite non-normal distribution (a violation) as this
particular test is somewhat robust to non-normality provided that sample sizes are
approximately equal (Levy, 1980).

3.1.2.3 SDB Characterization
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Using previously published methods (Montgomery-Downs et al., 2004) I calculated the
SDB composite variable based on each participant’s AHI, RAI, desaturation index (Desat Ind),
and SpO2 nadir. Computation of the composite score is the sum of the scores for AHI, RAI, and
the average of Desat_Ind and SpO2 nadir, divided by three (AHI and RAI are weighted more
heavily). The rationale for creating this variable is that SDB often cannot be adequately
represented by a single variable such as AHI (Punjabi, 2016). Therefore, the SDB profile allows a
more complete quantitative picture of the individual’s disorder severity. Individual SDB profile
scores and contributing variables are in Appendix AG. This variable was also used to test
hypothesis 1b.

3.1.2.4 CC Corrections
Head size was generally accounted for using the aforementioned (see 5.2 Methods;
Data Processing; paragraph 16) normalization factor. CC size also changes across age, as it
contains white matter that continues to mature throughout life (Tanaka-Arakawa et al., 2015).
As a result, in this study, CC size was controlled for using age as a covariate, as recent research
suggests that after four years of age this structure increases in size at a slow, constant and
linear rate, at the very least until age eight, if not throughout life (Giedd et al., 1996, 1999;
Keshavan et al., 2002; Tanaka-Arakawa et al., 2015).

3.1.3 Aim 1 Results
3.1.3.1 Hypothesis 1a
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To test the first hypothesis (that increased breastfeeding duration early in life will be
negatively correlated with SDB severity, and that both increased breastfeeding duration and
reduced SDB severity will be positively correlated with increased CC volume), a series of
correlations and linear regressions between variables were tested where appropriate.
Correlations were calculated between hypothesized variables (Breastfeeding method
[coded {1=exclusive formula feeding, 2= both 3=exclusive breastfeeding}], Breastfeeding
duration [months], SDB profile, AHI, CC volumes [normalized and raw], CC sub-volumes
[anterior, central, posterior], and neurocognitive outcome variables), and significant
correlations were further analyzed using multiple tests of multiple regression and controlling
for potentially confounding variables (below). The AHI variable was included separately (despite
that it was also part of the SDB profile) due its widespread use in characterizing SDB in the
literature (Chervin et al., 2006; Guilleminault, Benbir, & Akhtar, 2007) and ease of
interpretation, although it is often not the only metric used.
If correlational analysis supported the proposed hypothesis, partial mediation testing
was planned, using Preacher and Hayes’ bootstrapping method (Preacher & Hayes, 2008).
However, due to a lack of statistically significant correlations between predictors and outcomes
in aim 1, partial mediation testing was not warranted.
To determine whether socio-demographic measures accounted for significant variance
in either predictor or dependent variables (breastfeeding duration, SDB profile, REM [%TST] CC
volumes, WJ-III performance), potentially confounding variables (age [years], sex, ADD/ADHD
diagnosis, gross annual income [USD], maternal age [years], maternal education [years], and
BMI) were included in a correlation table to examine possible associations.
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Both age and ADD/ADHD diagnosis were significantly and negatively associated with
both WJ-III scores and REM (%TST). Although not significantly correlated with any variables, sex
was included for its known impact on CC volumes (Sullivan, Rosenbloom, Desmond, &
Pfefferbaum, 2001) while annual income was included for the well-known socioeconomic
influence on breastfeeding initiation and duration (Colen & Ramey, 2014; McFadden & Toole,
2006). Annual income was also negatively correlated with BRIEF scores (p = 0.022). Maternal
age, maternal education, and BMI were not included in regression models as they were not
significantly correlated with the predictor or dependent variables. Although there could be
some justification for including maternal education and BMI in the model based on previous
literature (Colen & Ramey, 2014; Gibbs & Forste, 2014; McFadden & Toole, 2006), in this
sample only six children had a BMI greater than 20, while only two had a BMI greater than 25
suggesting obesity was limited (BMI seemed to be representative of the normal population).
Since the socioeconomic influence of annual income is already included as a confounding
variable, the inclusion of maternal education was deemed somewhat redundant, as it has been
reported that only income contributes unique variance when looking at brain surface area and
other structures (Noble et al., 2015).
The correlation matrix for relations among feeding methods, breastfeeding duration,
sleep outcome variables, and CC size (Manual ROIs, both MPRAGE and T2’s included) is
presented in Table 2. Although significant correlations were detected, none were relevant to
the hypothesis (i.e. AHI was included in the SDB composite variable, so a positive correlation
between these measures is unsurprising). Analyzing the anterior, central, and posterior
portions of the CC separately did not reveal any additional significant correlations. Including
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other measured sleep variables (% REM [TST], N3 [TST], REM AHI, RAI [independently],
Desaturation Index [independently], SpO2 nadir [independently]) did not result in any
significant correlations. Hypothesis 1a was not supported.

3.1.3.2 Hypothesis 1b
To test the second hypothesis that breastfeeding, reduced SDB severity, and CC volume
will be positively correlated with neurocognitive outcomes (particularly executive function)
such as inhibition control, strategic planning, working memory, and mental flexibility, another
correlation table was generated to include the neurocognitive outcome measures. Statistically
significant correlations (p < 0.05) were further tested with multiple regression or analysis of
covariance using age, sex, and annual household income as covariates where applicable.
Longer breasting duration, but not feeding method, was positively correlated with
higher scores on the Day-Night Stroop test (r = 0.422 p = 0.045). SDB profile was positively
correlated with higher scores on the PPVT (r = 0.534, p = 0.011). An unexpected, but not
entirely surprising result was that REM sleep index was significantly and positively correlated
with scores on the WJIII-Exec (r = 0.573, p = 0.010), but negatively correlated with scores on the
parental completed BRIEF (r = -0.498, p = 0.018). Longer breastfeeding duration approached
significance for a positive correlation with higher scores on the WJIII-Exec (r = 0.442, p = 0.050).
A summary of these correlations is in Table 3.
However, correlation coefficients that do not take into consideration potentially
confounding variables are insufficient. When looking at these individual relations using
stepwise multiple regression with sex, age, ADD/ADHD diagnosis and annual household income
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as covariates, breastfeeding duration was no longer significantly associated with higher scores
on the WJIII_Exec (p = 0.896; ADD/ADHD diagnosis in this model is the only significant factor),
nor was REM TST a significant factor in predicting scores on the WJIII_Exec (p = 0.764;
ADD/ADHD diagnosis was the only significant factor) or the BRIEF (p = 0.764; ADD/ADHD
diagnosis was the only significant factor).
Linear regression is not valid for the Day Night Stroop or PPVT scores due to nonnormally distributed data, but a Mann-Whitney U test revealed that there was not a statistically
significant difference between exclusively formula-fed children and children with any
breastfeeding (Boolean coding) in regards to the Day Night Stroop (p = 0.088). Recoding
SDB_Profile score to compare children with >= score of 1 with children with a score < 1 with
PPVT as the DV initially revealed a significant difference with the Mann-Whitney U test (p =
0.027), but not when an analysis of covariance (ANCOVA) was conducted controlling for age,
sex, ADD/ADHD diagnosis, and annual income (p = 0.316).
Although not statistically significant, group differences are reported in Table 4
comparing exclusively formula-fed and children with those who received any duration of
breastfeeding. Alongside this is a comparison of children with an AHI of one or higher, versus an
AHI of less than one in Table 5. These are displayed for the reader’s convenience, despite the
lack of statistically significant differences. Nevertheless, with greatly increased statistical power,
there are trends that suggest certain correlations may be worthy of further investigation.
Ultimately, hypothesis 1b was not supported.

3.1.3.3 Supplemental Analyses
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Unexpectedly (and not hypothesized), I discovered an effect of smoking within these
data. Group comparisons between children with at least one parent who smokes versus those
with no parents who smoke are in Table 6. Independent samples t-tests revealed that children
with at least one parent who smoked were breastfed a shorter duration (p = 0.036), had less
volume in the central portion of the CC (uncorrected by intracranial space normalization factor;
p = 0.049), and had a higher score on the BRIEF (p = 0.021). It should be noted that when the
central section of the CC was corrected by the intracranial space normalization factor, the
difference between children with smoking versus non-smoking parents fell to non-significance
(p = 0.143).
Using an analysis of covariance I found that when controlling for age, sex, ADD/ADHD
diagnosis, and annual income the relationship between the presence of a smoking parent and
shorter breastfeeding duration was no longer significant (p = 0.087) but the CC differences
remained statistically significant (p = 0.030). However, when CC was corrected by normalization
it became non-significant (p = 0.124). The positive correlation between having a parent who
smoked and higher scores on the BRIEF was no longer significant (p = 0.152) when controlling
for covariates.

3.2 Specific Aim 2
3.2.1 Hypotheses
2a. Increased breastfeeding duration will be correlated with increased CC volume, but
the magnitude of this relationship will be reduced compared to aim 1 due to the proposed
(although not supported in aim 1) partial mediation effect.
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2b. In addition to CC measurements, I also measured general white matter diffusivity
through DTI. I predict several positive correlations between breastfeeding duration and major
white matter tracts due to a generalized increase of white matter, but particularly in the
superior longitudinal fasciculus.
2c. Finally, when possible I collected academic report cards for the children who
participated in this aim in lieu of neurocognitive testing as a means of measuring real-world
academic success. I predict that children who were breastfed will perform better on math,
reading, writing, and work habits measures than children who were not breastfed.
2d. Comparing CC volumes between aim 1 and aim 2, I expect that children with an AHI
>= 1 will have smaller CCs than otherwise healthy children from aim 2.

3.2.2 Preliminary Analysis
3.2.2.1 Participant Characteristics
Unlike in aim 1, this population of children were healthy with no symptoms of SDB.
Twenty-two participants consented to be in the study. Two of the participants dropped out of
the study after being unable to tolerate the MRI. One participant’s scans were not analyzed due
to technical error. A flow chart of participants and their status across each portion of the study
are in Fig 4.
Among those who had consented and participated (n=19), 36.8% were female (seven
females). The mean participant age was 6.4 years (SD = 1.6). Self-reported maternal education
was 17.4 years by mean (SD = 1.9). The mean of self-reported income (three missing) was
92,500 USD (n=16; SD = 43,000 USD) while the median was 80,000 USD, with a range of 145,000
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USD (15,000-160,000 USD). Three (15.8%) of the parents had reported that at least one person
living with the child smoked. All participants were Caucasian. All participants had tonsils and
adenoids intact; one had a diagnosis of ADD or ADHD (5.3%). There were no notable differences
in those who consented and dropped (three) compared to those who participated. Tables of
general demographical information pertaining to this sample are in Table 7.

3.2.2.2 Normality and Outliers
Descriptive statistics were analyzed and normality and outliers were examined. Using
Shapiro-Wilk test of normality for all variables, it was found that all CC measurements, both
normalized and non-normalized, were normally distributed. Under the criterion of the outlier
labeling rule (greater than 1.5 times the interquartile range from either the 1st or 3rd quartile),
there were no outliers in this dataset.
For the DTI data and for all white matter paths examined (CC forceps major FA, CC
forceps minor FA, Left angular bundle FA, Left superior longitudinal fasciculus FA) there was a
normal distribution using the Shapiro-Wilk test of normality and no data points met outlier
criteria.
For the report cards, the calculated average scores (see 6.2; Data Processing; paragraph
3) were normally distributed, with a single outlier. The work habits/self-management scores
were not normally distributed, but contained no outliers. Due to the standardized nature of
these report cards (standardized across Monongahela County), the outlier in the average scores
was not removed.
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In order to compare groups between exclusively breastfed and not exclusively breastfed
for the work habits scores, the non-parametric Mann-Whitney U statistic was used in place of
the independent t-test due to non-normal distribution. Despite non-normal distribution being a
violation of the analysis of covariance, this test was still used to control for covariates, as
literature suggests the ANCOVA is robust in regards to normality of distribution when sample
sizes are similar (Levy, 1980).

3.2.3 Aim 2 Results
3.2.3.1 Hypothesis 2a
In order to test the hypothesis that breastfeeding duration and CC volumes and subvolumes (anterior, anterior_central, central, posterior_central, posterior) were correlated, a
series of correlation tables between variables were conducted. Due to the lack of statistically
significant relationships (p < 0.05) between breastfeeding measures and CC volumes, multiple
regression was not subsequently warranted.
There were no statistically significant correlations between breastfeeding duration and
any CC measures, in whole or in part. Additionally, group differences between exclusively
breastfed and exclusively formula-fed using independent t-tests were not significant. There
were no relevant trends to report. Parental smoking was not correlated with any portion of the
CC volume. Hypothesis 2a was not supported.

3.2.3.2 Hypothesis 2b
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Examining potential relationships between fractional anisotropy (FA) scores of major
white matter tracts (18 tracts total as provided by TRACULA) and breastfeeding metrics, I also
generated a correlation table between these variables. Statistically significant correlations (p <
0.05) were analyzed further using stepwise linear regression.
To determine whether socio-demographic measures accounted for significant variance
in either predictors or dependent variables (breastfeeding duration, CC volumes, report card
metrics [average score; work habits score], DTI metrics [FA for Left SLFT; Left Angular Gyrus]),
potentially confounding variables (age [years], sex, gross annual income [USD], maternal age
[years], maternal education [years], and parental smoking) were included in a correlation table
to examine possible relationships with the predictors or dependents. Age was positively
correlated with CC volume (Freesurfer; raw). Although there were no other significant
correlations between any of the other variables tested, age, sex and annual income were still
used as covariates due to the aforementioned associations established in the literature (Colen
& Ramey, 2014; McFadden & Toole, 2006; Sullivan et al., 2001).
Parental smoking was also included as a covariate due to the potentially interesting
finding in aim 1 between smoking and breastfeeding duration. Maternal age and maternal
education were not included in subsequent analyses because they did not correlate with
predictor or outcome variables. As in aim 1, maternal education was also excluded as recent
evidence suggests that only income introduces unique variance when looking at brain
structures (Noble et al., 2015). In order to correct for head motion in the diffusion weighted
images, average translation and average rotation (metrics reported by TRACULA) were used as
covariates and controlled for in those specific analyses.
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Stepwise linear regression controlling for sex, age, annual income, parental smoking,
average translation, and average rotation revealed a significant positive relation between
breastfeeding duration and the FA scores for the left cingulum angular bundle (LAB; p = 0.034;
R2 = 0.301; Fig 5), where breastfeeding duration was the only significant predictor. Additional
linear regressions controlling for the same variables indicated that breastfeeding duration was
positively correlated with FA scores (“center”; average from only the most probable pathway
[most conservative estimate]) for the left superior longitudinal fasciculus (LSLF; temporal
portion; p = 0.019; R2 = 0.354; Fig 5), where breastfeeding duration was the only significant
predictor, but not the left superior LSLF parietal portion when motion metrics (average
translation; average rotation) were included in the model. Only when both motion measures
were omitted from the model (and parental smoking) did breastfeeding become significant (p =
0.033), perhaps suggestive that the LSLF parietal portion finding could be an artifact of motion.
Nevertheless, positive correlations between breastfeeding duration and FA scores for the LAB
and LSLF temporal portion survived correction for covariates (Fig 5).
An independent t-test between exclusively breastfed children and children who were
not exclusively breastfed as infants also indicated a significant difference in center FA scores for
the LSLF temporal portion (p = 0.002). An analysis of covariance revealed that this difference
was still statistically significant after correction for sex, age, annual income, parental smoking,
average translation, and average rotation, with exclusively breastfed children having higher FA
scores (p = 0.034). Only breastfeeding duration was a significant predictor. Although results
must be interpreted with caution because of changes with motion covariates, hypothesis 2b
was supported.
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3.2.3.3 Hypothesis 2c
Testing the potential role of exclusive breastfeeding vs. not exclusive breastfeeding on
academic success, various academic metrics were tested for correlation compared to
breastfeeding duration, exclusive breastfeeding, and exclusive formula-feeding. Statistically
significant correlations were further analyzed with multiple regression or t-tests and analysis of
covariance where appropriate.
A Mann-Whitney U test between children exclusively breastfed compared to not
exclusively breastfed indicates that exclusively breastfed children were trending with higher
“work habits” scores by report card than children who were not (p = 0.068). The ANCOVA using
age, sex, annual household income, and parental smoking as covariates revealed that there
were statistically significant differences between the two feeding groups (p = 0.028), with
exclusively breastfed children scoring higher, although annual income was a statistically
significant covariate (p = 0.036). It is noteworthy that sample sizes were not equal (n=3 vs. n=7).
There is very weak support for elements of hypothesis 2c.

3.2.3.4 Hypothesis 2d
Here, I compared the CC volumes (manual ROI in T1 and Freesurfer method) between
children in aim 1 with an AHI rating greater than or equal to one and otherwise healthy children
from aim 2. In addition to this, despite caveats described below, a comparison also was made in
which the T2-weighted images from aim 1 were also included in the analysis. The addition of
the T2 images increases statistical power between the two groups, but also introduces images
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to which the raters were un-blinded (T2-weighted images were only present in the SDB grouptherefore raters would be aware that these CCs were associated with participants not in the
healthy group).
Volumes and sub-volumes were compared between groups (exclusive breastfeeding vs.
any formula, or exclusive formula-feeding vs. any breastfeeding) using independent t-tests.
Comparison of data between Specific Aim1 and 2 (SDB population vs. healthy
population) were also conducted (Table 8). Although there were no significant differences, the
comparison between uncorrected CC central portions (through Freesurfer) approached trend
level (p = 0.100; corrected CC Central= 0.116).
Including the T2 manual ROIs, an independent t-test between groups indicated that
there was a significant difference in total, anterior, central, and posterior CC size (p = 0.002, p =
0.009, p = 0.002, p = 0.003, respectively), with the healthy group having significantly larger
structures (7832 mm3 compared to 6481 mm3 for total CC size; hedges’ g = 1.32). However,
when accounting for head size, none of these differences remained statistically significant (p =
0.155; total CC volumes). Hypothesis 2d was not supported.

3.2.3.5 Supplementary Analyses
There were only two children with parents who smoked in this aim, yet a significant
difference was found in FA scores (“Center” portion) for CC forceps minor using an independent
t-test (p = 0.003). Although this result must be interpreted with caution, stepwise multiple
regression with six (parental smoking is the predictor; breastfeeding duration now becomes a
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control) control variables produced a model with smoke exposure as the only significant
predictor (p = 0.006; R2 = 0.485; smoke exposure group had significantly reduced FA scores).

3.3 Specific Aim 3
3.3.1 Hypotheses
3a. Increased breastfeeding duration and reduced SDB will both be correlated with an
increased percentage of REM sleep, and in cases of SDB this REM sleep will be more
fragmented.
Due to the lack of SDB in the recruited sample in Specific Aim 3, a new solution was
needed to fully test the hypothesis. As mentioned in the methods, this new solution involved
recruiting a pediatric population who had overnight PSG at 8 months old roughly 10-12 years
prior. Breastfeeding information was acquired by mailed survey, while SDB metrics and REM
sleep information was already on hand from the PSG data. The hypothesis for this new
population is referred from now on as hypothesis 3b.
3b. Investigating PSG data and breastfeeding information acquired by survey, I
hypothesize that breastfeeding duration will be positively correlated with percentage of REM
sleep, as well as negatively correlated with SDB metrics. SDB will be negatively correlated with
REM sleep.

3.3.2 Preliminary Analysis
3.3.2.1 Participant Characteristics
3.3.2.1.1 Hypothesis 3a Participants
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Among the 19 participants who consented, two were unable to sleep during the night
(and were subsequently excluded), three slept for some length of time but did not reach all
necessary stages (and were subsequently excluded), and 14 slept an adequate amount to be
included in analysis. Summary statistics for the participants is reported in Table 9 for
demographics and infant feeding methods and Table 10 for sleep statistics.
Out of the 14 with available data who were included in analysis, 57% (eight) were
female. The average age was 34.8 months (2.9 years). However, the age distribution is roughly
bi-modal, comprised of a younger group (average age: 15.0 months [five participants]) and an
older group (average age: 45.2 months [nine participants]). All participants were under five
years old.
Results from this experiment revealed that, according to PSG metrics and physician
diagnosis, none of the participants actually had SDB. Therefore, all information pertaining to
apneas, hypopneas, snoring arousals, etc. were excluded from analysis. Also, since the presence
of SDB was a critical component to what was proposed in this dissertation, the finding of no
SDB necessitated a different population to further investigate this Specific Aim.

3.3.2.1.2 Hypothesis 3b Participants
The original study enrolled 66 participants, although not all of these participants actually
underwent PSG. All participants did, however, complete the screening questionnaire. Of the
original 66, thirty-two participants (~48%) responded to our survey. Twenty-three (~72%) of
these respondents had children who had undergone completed overnight PSGs. Among the 50
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who had undergone completed overnight PSGs, twenty-three (46%) responded. A flow chart of
participation is provided in Fig 6.
Two of the 23 PSG participants did not have any information pertaining to respiratory
arousals, and as such variables such as respiratory arousal index during active sleep and snoring
arousal index during active sleep could not be ascertained. Furthermore, when determining the
percentage of participants who were diagnosed with “primary snoring” by the interpreting
physician (Dr. Gozal), two were excluded due to the presence of upper airway resistance
syndrome in one participant and central sleep apnea in another.
For all 32 participants, thirteen (40.6%) were female. Median income was 90,000 USD,
with a range of 990,000 USD (10,000-1,000,000 USD). A table of demographics and infant
feeding methods per participant is provided in Table 11. A table of summary sleep information
is provided in Table 12, while sleep questionnaire data are provided in Appendix AH.

3.3.2.2 Hypothesis 2a Normality and Outliers
Measured sleep stages (as % of TST) and wake after sleep onset (WASO; %SPT) were
found to be normally distributed using the Shapiro-Wilk test. There were no outliers for REM
sleep or N2 sleep. There were two outliers detected when looking at N3 sleep, using the outlier
labeling rule of these points being outside 1.5 times the interquartile range. There was one
outlier detected for WASO. Number of awakening was not found to be normally distributed,
with one outlier. Despite the presence of outliers, none were removed due to standardized
procedures, eliminating the possibility of outliers due to measurement error. None of these
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outliers were extreme, as when the criteria for outliers was increased to two times the
interquartile range, no outliers remained.
In order to account for non-normal distribution in awakenings, differences between
groups were compared using the Mann-Whitney U hypothesis test as opposed to independent
t-test. Significant differences were further tested using an analysis of covariance controlling for
sex. A non-normal distribution is not a violation of this test, provided that the residuals are
normally distributed. Using the Shapiro-Wilk test, it was found that the residuals were normally
distributed (p = 0.852), permitting the use of this test.

3.3.2.3 Hypothesis 2b Normality and Outliers
Using the Shapiro-Wilk test for normal distribution, it was found that REM sleep (%TST)
and WASO (%SPT) were normally distributed, but SDB-related variables such as active RAI,
snore arousals during active sleep, and infant sleep impairment score by survey were not. One
outlier was detected in the REM sleep dataset at 1.5 times the interquartile range (but
disappeared at two times interquartile range), three for active RAI, two for snore arousals
during active, and two for the infant sleep impairment score. Due to the relatively standardized
methods of PSG, the restricted scale of the surveys, and the absence of any extreme outliers,
no outliers were removed from the dataset.
Violations in normal distribution in the SDB variables were planned to be
accommodated by using Mann-Whitney U hypothesis testing as opposed to independent ttests. When using linear regression and analysis of covariance, non-normal distribution is
acceptable provided that the error residuals are normally distributed. Using the Shapiro-Wilk
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test for normal distribution, it was determined that none of the error residuals were normally
distributed.
In order to correct for non-normally distributed data, infant sleep impairment scores
were transformed by taking the cube root of the data. After transformation, a Shapiro-Wilk test
confirmed normal distribution. Due to the presence of natural zeroes, snore arousals during
active and RAI active could not be transformed into a normal distribution. Non-parametric
testing such as the Mann-Whitney U test was used for these variables, but linear regression is
not valid. Analysis of covariance was still performed on non-normal distribution due to
robustness of normality violations when group sizes are approximately equal (Levy, 1980).

3.3.3 Aim 3a Results
3.3.3.1 Hypothesis 3a
Hypothesized variables were first screened for significant correlations, and significant
correlations were further analyzed by multiple regression, independent t-test, and analysis of
covariance where appropriate.
Potentially confounding variables (age [years], sex, maternal education [years]) used as
covariates were determined by using a correlations table; variables accounting for significant
variance in either predictors or dependent variables were used as covariates (breastfeeding
duration, REM [%TST], N3 [%TST], N2 [%TST], Awakenings, and WASO [%SPT]).
Age was not found to be significantly correlated with any of the predictors or dependent
variables, and thus was not used. Sex was significantly correlated with WASO, with males
having more WASO throughout the night than females. Maternal education was also positively
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correlated with breastfeeding duration. Sex and maternal education were used as covariates in
subsequent analyses.
A simple correlation table revealed no significant correlations, but there was a negative
trend between breastfeeding duration and number of awakenings (r = -0.506; p = 0.065) and
wake after sleep onset (WASO [%SPT]; r = -0.501; p = 0.068). A partial correlation controlling for
the effect of sex and maternal education resulted in the removal of the trend in the case of
WASO (p = 0.290), but resulted in statistical significance between breastfeeding duration and
awakenings (p = 0.015). A simple independent t-test revealed that children who were breastfed
for a duration greater than five months had significantly less WASO (%SPT; p = 0.037) than
children who were not, despite similar ages between groups (greater than five = 31.9 months,
five or less = 37.7 months; p = 0.530). Also, children with greater than five months’
breastfeeding duration had significantly fewer awakenings throughout the night than their
counterparts breastfed for a shorter duration (using the Mann-Whitney U test, p = 0.032). An
analysis of covariance controlling for sex and maternal education indicates that children with
greater than five months of breastfeeding did not have significantly less WASO (%SPT; p =
0.370) or significantly fewer awakenings (p = 0.062) than those children not breastfed for at
least five months. Hypothesis 3a was ultimately not supported.

3.3.3.2 Hypothesis 3b
Hypothesized variables were first screened for significant correlations, and significant
correlations were further analyzed by multiple regression, independent t-test, and analysis of
covariance where appropriate.
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To determine whether socio-demographic measures accounted for significant variance
in either predictors or dependent variables (breastfeeding duration, REM sleep [%TST], WASO
[%SPT], active RAI, snore arousals during active, and infant sleep score), potentially
confounding variables (sex, gross annual income [USD], maternal age [years], maternal
education [years], and parental smoking) were included in a correlation table to examine
possible relationships with the predictors or dependents.
Maternal age, sex, and gross annual income were not found to be correlated with any of
the predictors or dependent variables and were excluded from analysis. Maternal education,
which was positively correlated with breastfeeding duration (p = 0.013) and strongly negatively
correlated with the infant sleep impairment score (transformed; p = 0.003) was found to be the
more relevant socioeconomic control. All participants were roughly the same age in this sample
(8 months old). Parental smoking was strongly negatively correlated with breastfeeding
duration (p =0.003).
Stepwise linear regression, controlling for maternal education and smoking for either
parent, revealed a significant negative relationship between breastfeeding duration and REM
sleep (%TST; p = 0.006; R2 = 0.325; Fig 7). Concerning the questionnaire, there was a significant
negative relationship between breastfeeding duration and comprehensive infant sleep
impairment score when controlling for parental smoking (transformed; p = 0.016; R2 = 0.171),
but not when maternal education was added into the model (p = 0.181; Fig 8). There was no
significant correlation between transformed sleep impairment score and REM sleep (%TST; p =
0.205) using a partial correlation to control for maternal education and parental smoking. There
was a trend when covariates were not controlled (p = 0.070).
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Also conducted were independent t-tests and Mann-Whitney U tests between exclusive
breastfeeding vs. any formula-feeding, and exclusive formula-feeding vs. any breastfeeding.
Demographics and significant differences are presented in Tables 13 and 14. Summarizing,
those who were exclusively breastfed had significantly less active (REM) sleep (%TST) than
those with any formula-feeding (p = 0.039). Additionally, the exclusive breastfeeding group had
significantly reduced transformed comprehensive infant sleep impairment scores than infants
not exclusively breastfed (p = 0.002). Finally, using the Mann-Whitney U, it was found that
exclusively formula-fed infants had significantly higher active (REM) respiratory arousal indices
(p = 0.009) and had higher snoring arousal index during active (p = 0.019) than infants with any
breastfeeding.
An analysis of covariance reveals that there is still a significant difference between
exclusive breastfeeding and any formula with both REM sleep as the dependent variable (p =
0.021), and transformed infant sleep impairment scores (p = 0.041). An analysis of covariance
further revealed that there was no statistically significant difference between exclusively
formula-fed infants and non-exclusively formula fed with active respiratory arousal indices (p =
0.319) when parental smoking and maternal education was controlled, nor with regard to
snoring arousal index during active (p = 0.479).
Despite the significant correlation between breastfeeding duration and REM (% TST),
another significance test was conducted since those children who breastfed greater than 8-9
months would have been breastfed for 8-9 months only at the time of the measurements. In
order to address this, an analysis of covariance controlling for maternal education and parental
smoking was conducted between those infants that were breastfed greater than 10 months
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(breastfeeding at the time of the study) as opposed to infants breastfed 10 or less than 10
months (Either no longer breastfed or likely weaning from breastfeeding). This difference was
revealed to be significant (p = 0.049). Additionally, comparing greater than 6 months
breastfeeding to 6 months or less revealed a statistical trend (p = 0.058).
Using Pearson’s Chi-Square test, it was found that significantly more exclusively
formula-fed infants snored during the night as indicated by PSG (6/6) compared to their peers
with any breastfeeding (6/17; p = 0.006). Furthermore, exclusively formula-fed infants were
statistically more likely to be diagnosed with “primary snoring” (4/5) by the interpreting
physician (David Gozal, M.D.) than infants with any breastfeeding (4/16; p = 0.027; two
excluded due to diagnosis of upper airway resistance syndrome (one month breastfed) and
central sleep apnea (exclusive formula-feeding).
Due to the fact that the above Chi-Square tests yielded low expected counts in several
cells (2 were less than 5 in both instances), Fisher’s exact test was also applied. This test found
that there was a significant difference between exclusively formula-fed infants and infants with
any breastfeeding for both snoring on the PSG (p = 0.014) and diagnosis of “primary snoring” (p
= 0.047).
Comparing infants who were designated as having “primary snoring” compared to
children who were not using Mann-Whitney U, those with primary snoring had a significantly
higher snore arousal index during active sleep (p < 0.001), significantly higher active sleep RAI (p
= 0.007), but no significant difference in active sleep using independent t-test (%TST; p = 0.151).
Despite non-significance, active sleep (%TST) was not in the hypothesized direction (those with

SLEEP AND BRAIN DEVELOPMENT

97

primary snoring had non-significantly higher active sleep) which is consistent with the finding
regarding breastfeeding duration.
An analysis of covariance controlling for maternal education and parental smoking
indicated that infants designated as having “primary snoring” had significantly higher snore
arousal index during active sleep (p = 0.011), but not significantly higher RAI during active (p =
0.227).
Finally, as expected quiet sleep (N2 and N3 sleep combined) was not correlated with
breastfeeding duration (p = 0.531), unlike active sleep. As a lower proportion of REM sleep is
often interpreted as more mature sleep at this age (ontogenetic hypothesis; Roffwarg et al.
1966) we sought to investigate the proportion of REM sleep compared to quiet sleep as well.
Creating a new variable in SPSS, we took active sleep (%TST) and divided by quiet sleep (%TST)
to produce a ratio of active sleep compared to quiet (active sleep ratio). An initial correlation
revealed a strong negative trend between breastfeeding duration and active sleep ratio (p =
0.053). Using a partial correlation controlling for maternal education and parental smoking, it
was found that breastfeeding duration and ratio of active sleep compared to quiet sleep were
not significantly negatively correlated (p = 0.192). There is fairly strong evidence to reject
hypothesis 3b in favor of the opposite direction hypothesized regarding breastfeeding duration
and REM sleep. There is weak to moderate evidence to support the hypothesis that
breastfeeding duration is negatively correlated with SDB metrics.

4.0 Discussion
4.1 Specific Aim 1
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4.1.1 Hypothesis 1a
CC volume was not significantly correlated with breastfeeding duration or SDB as
hypothesized. There were no significant correlations found between infant feeding methods,
SDB outcomes, sleep outcomes, or CC volume. Hypothesis 1a was not supported despite
evidence in previous literature which suggests that breastfeeding duration might be correlated
with white matter and brain structure changes (Deoni et al., 2013; Isaacs et al., 2010).
Despite the lack of statistical significance, results presented in Table 5 and 6 (particularly
6) indicate, through moderate to large effect sizes, that a subtle correlation between SDB and
CC volume may exist if more statistical power could be achieved. Many of the effects are in the
predicted direction (formula-fed children had higher AHI’s, both formula-fed children and
children with AHI > 1 had smaller CCs) but small sample sizes and large standard deviations
contributed to a lack of statistical significance. Indeed, using the free software program
G*power (version 3.1.9.2) which calculates study power and can be adapted to statistically
determine necessary sample size (Faul, Erdfelder, Lang, & Buchner, 2007) it was found that a
total sample size of 46 would be required to detect a significant difference between SDB groups
with the current group sample size ratio. Using the same program, it was found that it would
take a total sample size of 336 to find a significant difference between exclusively formula-fed
and children with any breastfeeding. Finally, G*power reported that to find a significant
correlation between CC volume and breastfeeding duration, a total sample size of 509 would be
required. Therefore, at least in this first aim, the collected data suggests that further
investigation between breastfeeding duration and CC volumes may be impractical, but with an
increased sample size CC volume and AHI may be worth additional investigation.
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4.1.2 Hypothesis 1b
Breastfeeding duration, SDB severity, and CC volumes were not found to be significantly
correlated with neurocognitive performance as hypothesized. Before controlling for covariates,
it seemed there were correlations between REM sleep (%TST; also breastfeeding duration) and
some of the neurocognitive tests, but this turned out to be confounded by ADHD diagnosis, and
an artifact of age (WJII-Exec) and income (BRIEF). Interestingly, annual income level was
negatively correlated with the parentally scored BRIEF (p = 0.022), perhaps indicative that
children with higher income parents had either more executive impairment, had parents with
significantly higher expectations of executive function than parents with lower incomes, or that
parents with higher incomes were overall more concerned than lower income parents
regarding executive function, resulting in lower scoring when rating their child. These particular
effects have not been investigated before, at least to my knowledge.
The SDB profile variable, which factored in multiple SDB variables, was positively
correlated with higher PPVT scores before controlling for covariates. However, from a
theoretical perspective, this is an unanticipated direction. Children with more impaired sleep
and higher SDB severity would be expected to score lower, not higher on the PPVT (a test of
vocabulary and verbal ability). This expectation is based on the observation that children with
SDB have greater verbal impairment than healthy children (Bourke et al., 2011a; Halbower et
al., 2006; Hunter et al., 2016; Kohler et al., 2009). However, when means were compared
between children with an SDB score >= 1 and an SDB score < 1 it was found there was not a
significant difference when using an ANCOVA, suggestive that covariates may help explain this
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finding (age was the strongest covariate, but not statistically significant at p = 0.199) in this
particular study. Previous studies which have found an effect have likewise controlled for this
covariates when necessary (Bourke et al., 2011a; Halbower et al., 2006; Kohler et al., 2009).
The unexpected finding between children with non-smoking parents and those with at
least 1 smoking parent showed significant differences in breastfeeding duration, central CC size
(uncorrected), and BRIEF scores, albeit with no correction for covariates. None were significant
when covariates were applied. As in the case with income, the BRIEF effect was in the opposite
predicted direction; children with parents who smoked were rated significantly better in
executive function than children whose parents did not smoke by said parents on the
instrument. This finding is unexpected in that second hand smoke exposure has been linked to
reduced academic and neurocognitive performance in children and adolescents (Chen, Clifford,
Lang, & Anstey, 2013). I suspect this may be a difference in parent expectations, and perhaps
not in executive functioning, as there were no significant differences in any other
neurocognitive measures. Parental expectations and ratings of executive function can often
differ from actual performance by the child (Mares, McLuckie, Schwartz, & Saini, 2007), as
parental report can often be influenced by other factors (Joyner, Silver, & Stavinoha, 2009). It
has also been suggested that rater-based measures of executive function (such as the BRIEF)
may measure independent cognitive constructs compared to performance-based measures (all
the other neurocognitive measures in this study [Mahone et al., 2002; Toplak, West, &
Stanovich, 2013]).
Children with at least one smoking parent had smaller raw central portions of the CC
than children with nonsmoking parents (p = 0.030). However, when these portions were
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corrected by the normalization factor there was no longer a significant difference between
groups. The normalization factor is nonetheless necessary to include because it helps to correct
for differences in head size (more specifically, intracranial volume), a standard correction in CC
research studies (Haut et al., 2006; Prigge et al., 2013; Sullivan et al., 2001) . Nevertheless, this
very preliminary evidence, I believe, justified further investigation of smoking on brain
structures in later aims in this dissertation. However, at this stage a correlation between
smoking and CC volumes cannot be established given the lack of statistical significance after
normalization, and the lack of significance for breastfeeding duration and BRIEF scores once
covariates were corrected by the ANCOVA.

4.2 Specific Aim 2
4.2.1 Hypothesis 2a
Breastfeeding duration was not found to be correlated with CC volumes. This was true
using either manual or semi-automated tracings and infant feeding methods. Hypothesis 2a
was not supported.
Although it is unclear exactly as to why hypothesis 2a, or hypothesis 1a, was not
supported, there are two reasonable conclusions. First, there could simply be no correlation
between breastfeeding duration and CC volume. Although originally hypothesized that
breastfeeding would have a global white matter effect, it may be that this is simply not the
case, and that changes in white matter are actually localized to specific tracts which does not
include the CC. Secondly, it may be that there was simply insufficient power in either aim.
Despite findings in the anticipated direction with reasonably large effect sizes, there was still no
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statistically significant results. It may be that there is such a large variation in CC size in the
population that a sample size of 15-20 is simply not sufficient. Using G*Power, it was calculated
that to be able to detect a difference in CC volume in aim 2 between exclusively formula-fed
children and children with any breastfeeding, a sample size of 424 would be required assuming
the same proportion of group sizes. Furthermore, in order to find a correlation between
breastfeeding duration and CC volumes, a sample size of 484 would be required. Therefore
further investigation of breastfeeding duration and CC sizes would likely be impractical in
healthy children according to the results of aim 2.
Continuing the power analysis for the comparisons between the healthy children in aim
2 and the SDB children in aim 1, G*Power suggests that a sample size of 46 would be required
to detect a significant difference between groups using the semi-automated method
Freesurfer. Since a significant difference between groups was already detected via AFNI, a
power analysis was conducted to determine the necessary sample size if raw scores were
corrected my normalization; in this instance a sample size of 56 would be required. Therefore,
assuming proper blinding procedures were used in the future, comparison between SDB groups
could be fruitful given sufficient sample size, in agreement with the power findings in aim 1.

4.2.2 Hypothesis 2b
Hypothesis 2b did have some support. Analyzing 18 unique white matter tracts, only the
left-lateralized superior longitudinal fasciculus (LSLF) “center” (most probable pathway only) FA
scores and both standard and weighted FA scores for the left angular bundle positively
correlated with breastfeeding duration after correcting for covariates. The superior longitudinal
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fasciculus, particularly the left SLF, has been implicated in working spatial memory (Karlsgodt et
al., 2008; Vestergaard et al., 2011), as well as language and reading functioning (Kamali,
Flanders, Brody, Hunter, & Hasan, 2014; Nagae et al., 2012). It is thought that the left angular
bundle may play a role in memory, particularly verbal memory (Ezzati, Katz, Lipton,
Zimmerman, & Lipton, 2016). Altogether, these observations are consistent with the findings in
other studies that those infants who were breastfed for a longer duration scored better on
neurocognitive scores as children and adolescents, particularly IQ, than their less breastfed
counterparts (Isaacs et al., 2010; Kramer et al., 2008; McCrory & Murray, 2013). If the
observation in the current study that the left SLF is structurally reduced (the general
interpretation from reduced FA scores) in children with less breastfeeding can be extrapolated
to a larger population, then it may help to explain these cognitive differences from an
anatomical perspective.
Another finding from the DTI data indicates that parental smoking may have a negative
impact on CC connectivity (forceps minor “center”) as indicated by FA score. This finding was
statistically significant, but should be replicated due to the very low sample size. Nevertheless,
in conjunction with the finding in aim 1 that parental smoking is negatively correlated with
central CC size (uncorrected) this finding is suggestive of an overall negative CC impact from
smoking, at least in this very small sample. Other studies investigating both smoke exposure
and DTI in the CC in pediatrics are sparse, but one such study found that both prenatal smoke
exposure and active participant smoking in adolescents was actually positively correlated with
frontal and CC FA scores, particularly in the genu of the CC (Jacobsen et al., 2007). In contrast,
another study looking at the impact of prenatal maternal smoking on later CC volumes in
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adolescents found that CC volumes were smaller in adolescents with prenatal exposure
compared to adolescents without, but only in females. This effect was limited to the central and
posterior portions, but not the anterior portion (Paus et al., 2008). More investigation into this
area is needed.
Results from DTI suggest that there may be differences in major white matter tracts
other than the CC when it comes to breastfeeding. These results, combined with the lack of
results from CC volumes in both aims, may imply a left-lateralized effect in major white matter
pathways rather than a more global, inter-hemispheric effect. Additional research is needed on
this topic, both with regards to breastfeeding duration and SDB.

4.2.3 Hypothesis 2c
No significant correlations were found between reading, writing, math, or the average
of these scores on standardized report cards and breastfeeding duration. Children who were
exclusively breastfed had better “work habits/self-management” scores than children not
exclusively breastfed after controlling for covariates with ANCOVA, which may be indicative of
better behavior in this small sample size.

4.2.4 Hypothesis 2d
Results in this section are somewhat confounded in that including both T2-weighted
images and MPRAGES for comparison between aims introduces blinding issues; T2-weighted
images were only used in the first aim. Limitations with blinding aside, manually traced raw CC
volumes in aim 2 were significantly larger than the ones in aim1, initially suggesting healthy
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children may have more developed CCs than children with SDB (with an AHI greater than 1).
However, when comparing the normalized volumes, none of these comparisons were
significant. Ultimately, as with hypothesis 1a and 2a, hypothesis 2d was not supported.

4.3 Specific Aim 3
4.3.1 Hypothesis 3a
Investigating the putative link between breastfeeding, SDB, and REM sleep in the first
part of this aim proved impossible due to a lack of SDB in the recruited sample. Instead, the
second part of this aim was focused on infant sleep and PSG using retrospective surveys sent
out to parents of participants who were already studied. Ultimately, in the first part, there were
no significant findings after controlling for covariates. Although approaching significance only,
the negative correlation between breastfeeding duration and awakenings, as well as between
breastfeeding duration and WASO, may indicate more consolidated sleep (less fragmented) in
general the longer one is breastfed, if we are willing to interpret this finding. There was not a
statistically significant difference between children with more than 5 months’ breastfed
duration and children with less than 5 months’ duration in WASO (%SPT) despite similar ages;
the difference was only significant if sex and maternal education were not controlled. It should
also be noted that age may be a serious confounder in this experiment, as infants as young as 9
months old and children as old as 4.8 years were all included in the analysis. Considering these
issues and difficulty in recruitment of PSG-validated SDB, the experiment in Specific Aim 2b
became necessary.

4.3.2 Hypothesis 3b
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Breastfeeding duration, as measured by number of months breastfed, is negatively
correlated with the percentage of active (REM) sleep. This is interesting in that it is in the direct
opposite of what was hypothesized. In order to make sense of this result, I refer the reader to
the chi-squared results for interpretation. The results from PSG indicate that exclusively
formula-fed infants are more likely to snore compared to infants with any breastfeeding, and
the same was true when comparing diagnosis of “primary snoring”. These preliminary results
may suggest that breastfeeding is associated with less snoring (cardinal symptom of SDB), thus
less disruption and fragmentation of certain sleep stages, particularly REM sleep. Sleep
fragmentation is a known effect of SDB (Daurat et al., 2008; Gozal & Pope Jr., 2001; Gozal,
Wang, & Pope Jr., 2001; Punjabi et al., 1999, 2002; Short & Banks, 2014). This may help explain
the percentage of REM sleep result; infants with more breastfeeding have more consolidated,
less fragmented REM sleep, hence less REM sleep may be sufficient. Infants with less
breastfeeding, however, having more fragmentation of REM sleep may need more REM sleep
to accommodate for fragmentation, as shown by the REM rebound effect in adult populations
(Beersma, Dijk, Blok, & Everhardus, 1990), although this has been demonstrated in the context
of deprivation rather than fragmentation.
Additionally, healthy infants and children with less REM sleep overall could be
considered to have more mature sleep (Roffwarg et al., 1966) because REM sleep decreases
rapidly in developmentally normal humans as a function of age. It may be that infants with
greater breastfeeding somehow have more developmental advancement in regards to sleep
than those with less breastfeeding. The precise mechanism for such an effect would need
additional investigation, but nutritional or REM consolidation mechanisms are plausible.
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The association between exclusive breastfeeding and lower sleep impairment scores
from infancy suggests that infant feeding methods and SDB are linked (infant sleep impairment
survey was composed of 10 SDB-related questions). Although this is not a suitable replacement
for PSG-validated methodology, coupled with the chi-square PSG snoring and “primary snoring”
diagnosis finding provides moderate evidence linking infant feeding methods with SDB.
The proposed link between SDB and REM sleep was not directly established. Without
correction for covariates, there was a statistical trend (p = 0.070) suggesting that greater infant
sleep impairment scores were correlated with more REM sleep. This preliminary finding would
be consistent with the negative correlation between breastfeeding duration and REM sleep, in
that a reduction of REM sleep is more indicative of more mature, developed sleep. However,
the trend was lost when covariates were corrected for using partial correlation. Also, despite
the correct direction, a Mann-Whitney U test confirmed that there was no significant difference
in REM sleep (%TST) between those with “primary snoring” and those without (p = 0.151).
Although breastfeeding duration was negatively correlated with REM sleep, as expected
there was no significant correlation between breastfeeding duration and quiet sleep (p =
0.531). We thus sought to compare breastfeeding duration and how it may or may not be
correlated with active sleep ratio (active sleep/quiet sleep). It was ultimately concluded that
after correcting for covariates, there was no significant correlation between the two. This may
be interpreted to mean that, although there is sufficient study power to show there is greater
REM sleep in infants with more breastfeeding duration, there is not yet enough power to
conclude this if REM is taken as a ratio of quiet sleep specifically.
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In order to summarize the results from hypothesis 3b, I refer the reader to Fig 9. In this
dissertation, the results suggest there is a correlation between breastfeeding duration and SDB
severity, particularly SDB during REM sleep (those with “primary snoring” had significantly
higher snore arousal index during active sleep than those without). A negative correlation
between breastfeeding duration and SDB severity has been reported previously (MontgomeryDowns et al., 2007). In this dissertation, breastfeeding duration was also negatively correlated
with REM sleep (%TST), the opposite of which was hypothesized. Although I had originally
predicted that a higher breastfeeding duration would be correlated with reduced SDB
(supported) and that reduced SDB would be correlated with reduced REM sleep (%TST), it may
be that SDB simply fragments REM sleep, and that this fragmentation reduces the quality
therefore necessitating a greater quantity of REM sleep to compensate. Indeed, at least in adult
populations, selective REM deprivation leads to a REM-specific rebound effect (Beersma et al.,
1990). Although fragmentation is not deprivation, disruption of the biological function of REM
sleep could nonetheless accomplish a similar effect.
Not supported in this dissertation was the hypothesized direct association between SDB
and REM sleep (%TST). It may be that in this particular study there were insufficient children
with severe enough SDB to support this effect. Demonstration of this link is critical to providing
the necessary support to further the idea that SDB might mediate the correlation between
breastfeeding duration and REM sleep (%TST).

4.4 Summary of All Aims
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Fig 10 contains a summary of all hypothesized findings in this dissertation. Using the
model originally proposed in this dissertation, there were no significant findings in Specific Aim
1 (Fig 2). CC volumes were not correlated with breastfeeding duration, SDB severity, or
neurocognitive outcomes. Although there is some evidence that re-investigation with greatly
elevated sample sizes may be worthwhile (post-hoc power analysis), for the moment we must
conclude that CC volume is not related to these variables. Likewise, breastfeeding and SDB
were not found to be statistically correlated with neurocognitive measures, although some of
this is likely the result of the confounding effect of more children diagnosed with ADHD (Perfect
et al., 2013; Semrud-Clikeman, Walkowiak, Wilkinson, & Butcher, 2010) in the sample than
anticipated. Although some ADHD children in this sample were expected due to the association
between SDB and ADHD-like behavior (Chervin et al., 2002; Jan et al., 2011; Perfect et al.,
2013), a proportion of over 50% children with ADHD diagnosis was not anticipated. Based on
previous literature, a proportion of no more than 35-40% was anticipated (Perfect et al., 2013).
The finding that CC volume was not correlated with breastfeeding duration was
replicated in Specific Aim 2. However, an investigation in DTI revealed that breastfeeding
duration was in fact positively correlated with FA scores from two major white matter
pathways; LSLF (temporal portion) and LAB. Consistent with the literature, these pathways
seem to be related to language and reading function, as well as spatial and verbal memory,
which may help to explain neurocognitive changes in other studies. Academic performance was
not found to be correlated with either breastfeeding duration or FA scores in this study, but
there was a significant correlation found between breastfeeding duration and work habits/selfmanagement scores, providing weak evidence that breastfeeding duration may eventually
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affect behavior. There is a plethora of research to support that breastfeeding is correlated with
elevated neurocognitive performance in children (For example, Anderson, Johnstone, &
Remley, 1999; Horwood & Fergusson, 1998; Isaacs et al., 2010; Kramer, 2008; McCrory &
Murray, 2013; Oddy, Li, Whitehouse, Zubrick, & Malacova, 2011). Therefore, although there is
weak support for a correlation between breastfeeding and behavior in this study, the strongest
finding was the correlation between breastfeeding duration and white matter FA scores in the
left SLF and left cingulum angular bundle. Fractional anisotropy scores, particularly those in the
left longitudinal fasciculus, have been correlated with elevated neurocognitive performance
previously (Kamali et al., 2014; Karlsgodt et al., 2008; Nagae et al., 2012; Vestergaard et al.,
2011)
In the third aim, there were few significant findings with regard to hypothesis 3a. This
was largely due to a combination of small sample size, and a general lack of SDB in the sample.
In the second portion of the third aim, breastfeeding duration was negatively correlated
with REM sleep (%TST), which was the opposite direction than predicted. Additionally, it was
found that exclusively formula-fed infants are more likely to snore on PSG and be diagnosed
with “primary snoring” than those with any breastfeeding. Those with “primary snoring” had a
significantly greater snore arousal index during REM sleep specifically, suggestive that REM
sleep is specifically disrupted in individuals with SDB, at least in this young sample.
The main results of this dissertation is described in Figure 17. Red empty arrows are
links which I hypothesize to exist, but have not yet been supported. Several of these links were
simply not addressed in this dissertation (link between REM sleep and white matter), while
others such as SDB severity and REM sleep (%TST) and REM fragmentation and REM sleep
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(%TST) simply were not statistically significant. Based on the results, it could be argued that a
lack of power contributed to this as those with “primary snoring” had non-significantly greater
REM sleep (%TST) than those without (p = 0.151). In addition, when covariates were not
controlled, there was a statistical trend that infant sleep impairment scores were positively
correlated with REM sleep (%TST; p = 0.070; r = 0.385).
Ultimately, how SDB, REM fragmentation, and REM sleep (%TST) is potentially
associated with REM sleep quality will have to be examined in the future to determine whether
this hypothesis is supported. Improved REM sleep quality, perhaps rather than REM sleep
quantity, may be linked to white matter in the brain as predicted in the ontogenetic hypothesis
(Roffwarg et al., 1966). Obviously, a direct link between REM sleep and white matter volume in
the CC or FA scores in the LSLF and LAB have yet to be established.
Not yet discussed fully is the lack of any significant correlations with CC volumes in
either aim. Despite the fact that significant correlations were found using DTI, it was really the
CC volumes that were central to these original hypotheses. Nevertheless, even though
differences in volume were theoretically in the correct direction, often they were not close to
significantly different or correlated. There could really be two reasons for this; either no
correlation exists between breastfeeding duration, SDB severity, and CC volume, or the current
study had insufficient power to investigate this phenomenon. It may also be, as stated earlier,
that the white matter effect that was predicted is more localized to individual left-lateralized
pathways associated with specific cognitive functions (Kamali et al., 2014; Karlsgodt et al., 2008;
Nagae et al., 2012; Vestergaard et al., 2011), rather than a more global white matter effect that
I was expecting with the CC.
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In some sense, the lack of statistically significant findings regarding the CC is not
surprising in aim 2. If the reader will recall, I had predicted a partial mediation effect in aim 1
whereby SDB partially mediated the positive correlation between breastfeeding duration and
CC volume. Since this correlation between breastfeeding duration and CC volume was not
found to be significant in aim 1, where SDB in the sample was predicted to partially mediate,
then it is unsurprising that breastfeeding duration and CC volume could not be found to be
significant in aim 2, where SDB was not in the sample to mediate the two. However, it should
be noted that since nothing was found to be significant in either aim, and that the sample sizes
were not large enough, definitive conclusions regarding CC volumes in this study are difficult to
ascertain.

4.5 Limitations
There are several important limitations that should be mentioned. First, all of the results
in this dissertation are correlational in nature; causation cannot be deduced. Second, the
method for measurement of breastfeeding duration, maternal recall, is prone to error,
particularly years after the fact. Nevertheless, the mode of infant feeding method is most likely
correct, but the accuracy of the reported duration of those methods could be questioned.
Looking at the confidence rating given by parents when reporting infant feeding methods, it
was found in all three aims that parents overwhelmingly reported a “4” or a “5” on the 5-point
scale, where 5 is the highest confidence. This suggests parents were fairly confident. A third
general limitation is that, in regards to MR scan type, not all of the scans had exactly the same
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parameters, although they were the same general type of scan. Also, not all of the scans had
the CC within the field of view, excluding otherwise usable scans.
A fourth general limitation is that the sample sizes in all 3 aims, but particularly the first
two were really too low to detect an effect. Post-hoc power analyses are described above, but
in summary finding an effect between breastfeeding duration and CC volumes using collected
data as model would require several hundred participants (not really feasible), but finding an
effect between SDB metrics and CC volumes may be found with a population of 50 or so
(feasible).
More specific limitations include motion sensitivity of DTI in the second aim. Differences
in DTI have been reported in the past simply due to group differences in head movement,
rather than actual underlying white matter differences (Yendiki et al., 2013). However, the
current study should be protected from this limitation, as significant FA findings were
controlled for head translation and rotation. The issue of motion sensitivity is nonetheless
worth mentioning, considering that I used an unsedated pediatric sample.
It could be argued that the negative correlation between breastfeeding duration and
REM sleep (%TST) is an artifact of close proximity of breastfeeding mothers to their children
compared to non-breastfeeding mothers, as close proximity to the mother itself may result in
more sleep disturbance (Hunsley & Thoman, 2002). Although this interpretation cannot be
absolutely disputed, there was not a significant correlation found between breastfeeding
duration and quiet sleep (p = 0.531). Although it may be more likely that a sleeping infant will
be aroused from external stimulation in REM sleep (Langford, Meddis, & Pearson, 1974), it is
unlikely that the difference between the two stages would be so striking, and that REM sleep
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specifically is impeded while there is no effect on quiet sleep. Furthermore, several studies
have found that arousal threshold between REM and NREM sleep are fairly equal (Ermis,
Krakow, & Voss, 2010; Keefe, Johnson, & Hunter, 1971).
The result in aim 3 where breastfeeding duration was shown to be negatively correlated
with % REM sleep (%TST) could be challenged in that the actual measurements were taken at 89 months of age in the infants, yet breastfeeding duration was solicited out to 24 months of age
through retrospective report. This leaves the caveat that, although infants breastfed at a longer
duration, they would have only been breastfed up until the time of the PSG measurements. In
order to help address this, I also used an analysis of covariance to divide the infants that would
have been still breastfeeding at the time of the study (greater than 10 months) and infants
either no longer breastfed, or in the process of weaning at the time of the study (10 months or
less than 10 months). As reported in the results, re-analyzing the data in this way still revealed a
significant difference between groups (p = 0.049)
Interpreting the negative correlation between breastfeeding duration and REM sleep
(%TST) with this limitation in mind, it may be that mothers who went on to breastfeed for
longer durations (12-24 months) were more likely to breastfeed exclusively, or if both
breastfeeding and formula was used, more likely to use breastfeeding as the primary feeding
method in the first 8-9 months compared to mothers who breastfed a lesser overall duration.
Another interpretation may be that mothers who breastfed for longer duration (12-24 months)
were more vigilant in breastfeeding and therefore gave more daily feedings to their child (for
example, gave them more expressed breast milk) for the first 8-9 months than mothers who
breastfed a shorter duration. Additionally, when mothers reported that their child was
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breastfed, the proportion of feedings from active breastfeeding vs. expressed milk from a bottle
is unknown. Regardless, the statistically significant negative correlation (p = 0.006) between
breastfeeding duration and REM sleep (%TST) in the first 8-9 months can likely be partially
explained by an actual increase in either breast milk exposure or breastfeeding action by the
infant during that time period.
Finally, the PSG study initially proposed for Specific Aim 3 was conducted, but did not go
as planned. Although participants were screened so that only SDB-suspected individuals would
participate, no significant PSG-validated SDB was detected, necessitating the alternative study
for aim 3. Despite this, the initial component of aim 3 provided valuable personal experience as
it gave me the opportunity to learn PSG application on pediatric and infant populations, and
also learn to score PSG studies.
The second portion of aim 3 was constructed to answer the same research question as
the original plan for aim 3. Here, a PSG study on 8-9 month old infants completed by Dr.
Montgomery-Downs was selected to serve this purpose. I had constructed surveys to send out
to participants to acquire breastfeeding information, demographics, and SDB suggestive
questions based on the previous survey design used in this study. After IRB approval, these
surveys were mailed, returned, processed, and analyzed. In the process, I learned a plethora of
new statistical analysis techniques. Therefore, although the initial PSG data was not collected
by me in this portion, I had completed all other aspects of the study.

4.6 Future Directions
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In conclusion, although only a few main hypotheses were adequately supported, this
dissertation provides an initial basic framework for further studies related to infant feeding
methods, SDB, REM sleep, and white matter volume/FA scores. Eventually, given the
substantial neurocognitive and developmental problems associated with SDB, I would like to
see a theoretical framework spanning from infant-factors through sleep, brain development,
and eventually cognition and behavior that can provide a model for how these deficits may be
occurring. Ultimately, this leads to the developmental question of how sleep can ultimately
affect behavior through an anatomical and physiological mechanism. Such a question, though
complex, can begin to be answered or at least narrowed through careful scientific study. Only
after the full scale of the issue is adequately realized can at-risk individuals be more properly
identified and treated, and public awareness bolstered once the full implications of decisions
during infancy and childhood (such as breastfeeding, and prevention/treatment of SDB) are
revealed. With an enhanced understanding of the influence of SDB and sleep on the brain, and
how to ensure the highest quality sleep possible for young children, I hope that the issues
associated with SDB and poor sleep can one day be more properly managed.
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Appendix A

Basic demographics and infant feeding methods form. This information was acquired from the
participant immediately after consent. Generally, an investigator would help the participant’s
parents through the demographic questions and answer any questions.
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Appendix B
Participant Number:___________________________
This information will help us make sure your child has the best experience possible in our
research study. Please listen to each item and consider how well it applies to your child recently
(in the past 6 months):
N if your child has never behaved this way
S if your child has sometimes behaved this way
O if your child has often behaved this way
A if your child has almost always behaved this way
There are no right or wrong answers. It is fine to ask me to repeat these options any time. My
child…
1. Has trouble concentrating on one thing, is easily distracted, and
N S O A
seems to daydream. (add: He/she moves from activity to activity)
2. Can be disobedient or defiant with adults, becomes argumentative,
N S O A
and breaks rules.
3. Doesn’t follow directions well (e.g., can’t wait their turn, can’t sit still,
N S O A
talks too much, etc.).
4. Acts impulsively or tries to show off (e.g., is a class clown) and needs a
N S O A
lot of attention.
5. Won’t leave my side (add: He/she clings to me) or worries about
N S O A
his/her parents/caregivers.
6. Is afraid of tight spaces and/or loud noises.
N S O A
7. Whines and is constantly seeking out help (e.g., with homework,
N S O A
chores, etc.).
8. Is accident prone and/or has problems controlling his/her body.
N S O A
9. Has temper tantrums when he/she doesn’t get his/her way
N S O A
immediately and has trouble calming down afterwards.
10. Gets unduly nervous during tests or when doing homework (add:
N S O A
concerned about how others may evaluate his/her work)
Notes:
Behavioral screening questionnaire used for participants. Often, this was administered even
before consent in order to be best prepared for behavioral issues, although this varied. This
information was not used in data analysis.
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Appendix C

MAGNETIC RESONANCE IMAGING (MRI)
SAFETY SURVEY:
SESSION INFORMATION -- CHILDREN
This information is strictly confidential. Please PRINT LEGIBLY.
Child’s Name:
Today’s Date: __________
ID
code:____________
Current weight: (pounds): ______________________ Current height (feet/inches):
____________________
Date of Birth: ___________ Grade: _____________ Sex: ___________________
What is the child’s primary spoken language?: ________________________________
Of what ethnic/racial group or groups do you consider your child a member? Please indicate
any that apply:
Asian____ African American____ Hispanic____ Native American____ White____
Other______________
Parent/Legal Guardian Name: ______________________________________________
Current Occupation: ______________________________________________________
Annual Household income range: ____________________________________________
Current Address:
Current Home Phone:
Work/Cell Phoner:
email:
If you think you might change address or telephone numbers in the next few years, may we have
a more permanent address and phone through which we could locate you? Check here if not
applicable: N.A.
Permanent Address:

Permanent Phone:

1. Please list all medications your child is taking, both prescription and over-the-counter (pain
relievers, etc):
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2. Please describe any medical conditions your child has been diagnosed with or treated for:
___________________________________________________________________________
3. For the following questions, please circle Y or N, and fill in blanks that apply to your child:
YN
Do you considered him/her to be claustrophobic?
YN
Does he/she have a learning difficulty or has he/she been enrolled in special education
classes?
YN
Has he/she been diagnosed with or have you thought he/she might have an attention
problem?
YN
Has he/she been diagnosed with a hearing disorder?
If yes, please explain
____________________________________________________________________
YN
Has he/she ever had a head injury with loss of consciousness?
If yes, please explain and include length of time
_______________________________________________
YN
Has he/she ever had seizures, fainting spells, or migraines?
If yes, please explain
____________________________________________________________________
YN
Has he/she ever been evaluated for a neurological disorder?
If yes, please explain
____________________________________________________________________
YN
Has he/she ever been evaluated for a psychological disorder?
If yes, please explain
____________________________________________________________________
YN
Has he/she ever been treated for (or have you thought he/she needed treatment) for
alcohol or drug abuse?
YN
Has he/she had any major surgeries or received long-term treatment for any illness?
If yes, please explain
____________________________________________________________________
YN
Has he/she ever received medical care at Hospitals or Clinics at West Virginia University
or Mon General?
YN
Does he/she drink caffeine? If yes, how many drinks (cups of soda or hot chocolate) per
day on average?
YN
Does he/she have any metal in their body (pacemaker, plates, clips, pins, rods, joints,
pellets, etc.)?
YN
Does he/she wear dental fixtures, braces, or a non-removable orthodontic retainer?
YN
Does he/she have any hearing loss that you are aware of?
YN
Is he/she blind or visually impaired?
YN
Does he/she wear glasses or contacts? Please check one or both: glasses
contacts
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If yes, is he/she:
nearsighted
farsighted
Vision correction, if known:
YN
Do he/she have any visual problem not correctable by lenses, such as color blindness or
astigmatism?
MRI safety screening form used to protect participants. The primary purpose of this form is to
ensure that all participants are entirely safe for MRI scanning procedures.
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Appendix D

Summary of participant information in aim 1 for the T2-weighted MRI scans. Reasons for
exclusion included did not participate (DNP), CC out of the field of view (OOV), or significant
blurring such that an accurate CC ROI was impossible. One participant was excluded due to a
technical error. Therefore, a total of 11 T2-weighted images were used in the manual CC
measurements. T1-weighted MPRAGE scans were used in automated CC measurement, as
Freesurfer does not analyze T2-weighted scans. Voxel dimension are reported in cubic
millimeters, while repetition time (TR) and echo time (TE) are reported in milliseconds.
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Appendix E

Summary of participant information in aim 1 for the MPRAGE MRI scans. Participant’s scans were
acquired (Plane of Acq) in either the sagittal or axial plane. All ten MPRAGE scans were used in
manual CC analysis; 4 were used in the automated CC method (429, 571, 686, 856). Variables
included in this table are voxel size (cubic millimeters) repetition time (RT; milliseconds), echo
time (TE; milliseconds), flip angle (degrees), matrix size (voxels), and field of view (square
millimeters).
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Appendix F
1. The files of interest reside on the Desktop. Path:
/Desktop/Young_Paula/ChrisB/Mysteries_for_Chris/
2. Located here are all of the different participants for whom I have traced the CC volume.
Please select one (list= ATR, BYT, DES, DPE, FDL, IXP, OGQ) and go into it.
3. Let’s pretend you opened DES. Go ahead and type AFNI DES+acpc.BRIK into the
command line. This is the underlay.
• READ - load into memory the top option (should read all under and overlays into
memory)
• OVERLAY, select “Paula_DES” This is an important step. Please do NOT open
COPY_DES, CCOPY_DES, or CCCOPY_DES; only Paula_DES.
• Define Datamode -> Plugins -> Draw Dataset
 Uncheck “copy dataset”
 Select choose dataset to change directly.
 Select Paula_DES +acpc as the dataset
 A mask of the upper airway is already provided for you (to blind you) the
mask has a value of 4.
4. Start on the central most mid-sagittal slice (X=0).
5. Draw a complete ROI around the entire CC
a. Subdivide the CC into 3 equal-ish parts.
i. Open “Paula’s table” conveniently located in the “Mysteries for Chris”
folder. This provides information as to what constitutes anterior CC,
central CC, and Posterior CC. Ask me if you want to know how to get
these numbers yourself (it’s nothing magical- really)
ii. For DES, the most posterior point in the anterior portion is 7, so the
central CC starts at 6 and ends at -14, thus -15 is where the most anterior
point of the posterior portion begins, which ends at -36.
6. Sample: if you open the table, go look under “DES”. This will give you several metrics
but the most important for your purposes is last anterior Y-coordinate and first
posterior Y-coordinate. The last anterior Y-coordinate (closest to the central portion of
the CC) and every Y-coordinate prior encompasses the anterior portion. The first
posterior Y-coordinate (beyond the central portion, e.g -15 for DES) and every Ycoordinate subsequent is the posterior portion. All points in between consist of the
central portion (e.g. 6 to -14 for DES)
7. When drawing the CC, please make sure that anterior regions = 1 (Value in AFNI Editor),
central = 2, and posterior = 3.
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8. You may use any drawing tool available, but I would suggest the points tool as it is the
most accurate. You could use the filled curve if you are feeling confident but sometimes
will smooth edges if you are not careful, including voxels you did not want to include. (I
use the filled curve tool and outline the region just inside the borders and then go back
and fill in the edges.)
9. Please go through the brain sagittally extending to X = 6, and X = -6 (feel free to look at
the other view for assistance). After you feel confident about those slices, please
proceed to the axial view and go through the CC, making sure it looks good on that
plane. Finally, check on the coronal as well. Before saving, do one last pass through the
sagittal sections. (e.g. for DES, the most posterior point in the anterior portion is 7, so
the central CC starts at 6 and ends at -14, which is where the most anterior point of the
posterior portion begins (-15).
10. To clear an ROI you drew, just select the Filled Curve tool in the Define Datamode and
set the Value = 0. Draw around the area you want to redo.
11. After you are finished, please be SURE to click on the “Save” button on the “Draw
Dataset” GUI. You may close out AFNI at this point. Please proceed to the other
participants.
12. I will type in a simple command to quantify the ROIs you drew later. If you are
interested, the command is 3droistats –nzvoxels -mask Paula_DES+acpc.brik
‘DES+acpc.brik’. 1=anterior in cubic millimeters, 2=central 3=posterior 1+2+3= whole.
NOTE: technically its voxel count, but since they are cubic millimeter voxels cubic
millimeters becomes the unit.
Instructions for the second tracer in the manual CC ROIs. Although this process was explained
verbally, the written instructions were also provided.
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Appendix G

Table of measurements for the reliability ICC calculation for manually traced CCs. The second
rater traced 4 participants for Specific Aim 1, while the primary rater traced all participants. The
primary rater additionally traced 4 of the participants twice for intra-rater reliability. All
measurements are expressed in cubic millimeters of the total volume of the CC traced.
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Appendix H
1) Open terminal
2) Use command “ls” to see what is all in the directory
3) Directories can be changed with the “cd” command; to go backwards in the directories,
use “cd . .”
4) By default, you should start out under MRI user, using “ls” command should bring up a
list of potential directories
5) Cd Desktop
6) On the desktop is a folder “ChrisB”- the data is in there, so use “cd ChrisB”
7) In this folder are the MRI subjects we have scanned, plus some other documents. Select
the particular subject you need to blind me of, and change to that directory. For these
instructions, I’ll use QDAS 22 (Expt_LRD) as an example. So, cd Expt_LRD_QDAS22_FR08.
(note; you can copy and paste this into the command line
8) As it so happens, I’ll need to be blinded for BOTH the t1 MPRAGE and the T2 Axial. For
now select the T2 Axial. So, cd T2_TSE_AXIEL_FS_0003
9) Inside here is the main folder with all the files. There are about 60 or so individual slice
files (the .IMA files). You don’t need to worry about those.
10) We look at these files using a program called AFNI. You must pull AFNI up using the
command line. Also, You will need to load the file which +acpc.BRIK file (don’t worry
about why). So, you would put into the command line “AFNI QDAS22T2+acpc.BRIK”
11) When you launch this you should see the brain. I need you to mask regions which are
not the brain. The most important part are the eyes/nose/mouth regions going up to
the brain.
12) You will have to draw something called a mask. To do this, in the AFNI GUI window
(pops up in the top left corner) select Define Datamode  Plugins  Draw Dataset
13) In the top window, it will ask you to copy a dataset. Select the dataset you have been
viewing to make a copy of. This will rename whatever you are working on to
COPY_(followed by file name).
14) Select the shape you want (I suggest open or closed curve) Pick whatever color you
want. IMPORTANT!!!!! Set the value of the mask to 4. The reason for this is that I use
1,2,3 when I am creating my own masks.
15) You can begin drawing by holding in the wheel on the mouse and moving around
16) To undo any mistake, you may set the mask value back to zero and erase areas
17) When you are finished MAKE SURE THAT YOU SAVE the mask. This can be done by
simply selecting “Save”
18) At this point you can close out AFNI
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19) Back at the command line, you will be still be in whatever subject folder you were using.
You can back out of this directory by using “cd . .”
20) Select the next subject you want to blind me to and continue using the same directions
Instructions for the blinder (Caitlin M.) to draw an anatomical ROI around the upper-airway,
mouth, and other non-brain regions. This ROI was intended to blind the CC raters from
anatomical identifiers that could potentially un-blind them.
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Appendix I

Manual CC measurements for participants with an MPRAGE in aim 1 expressed in cubic
millimeters. Participant 245 was ultimately excluded as they were an obvious statistical outlier.
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Appendix J

Manual CC measurements for participants with a T2-weighted scan in aim 1 expressed in cubic
millimeters.
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Appendix K
1. The files are located in the Freesurfer Subjects directory. . .
/Applications/Freesurfer/subjects/blinded/mri/
2. On the command line, use the following command as a template: tkmedit Blinded
norm_BBB.mgz –segmentation cc_BBB.mgz
$FREESURFER_HOME/FreesurferColorLUT.txt
You should only have to change the subject code name (AAA) for each subject to view
them.
3. Once the command has been inserted Freesurfer will bring up the segmented Freesurfer
image of the brain. The segmented version has divided the CC into 5 parts, 13 mm in
thickness (out to 6 mm from midline both sides).
4. You can view the brain in 3 different planes- please begin tracing the CC on the sagittal
plane (like slicing your head into 2 equal pieces down between your eyes). The
segmentation can be adjusted by pushing down the wheel button on the mouse
5. Go through every slice on the sagittal, adjusting areas the automated method may have
overestimated or missed (overestimation is more common)
6. After that, go through the brain axially (slicing the brain into slices going superior to
inferior)
7. Then, go through coronally (slice the brain like a loaf of bread)
8. If you make an error and delete an area of the actual CC, or you want to include an area
rejected by the automated method, go to tools -> configure segmentation brush -> CC
segmentation (251-255). Be sure to select the appropriate region of the CC.
9. When you are done go to File -> Save Segmentation as -> be sure to put it in the same
folder, and name it CC_caitlin_(Subject code).mgz
10. Please trace subject AAA, BBB, CCC, EEE, JJJ, RRR
Above are the written instructions for CC adjustments in Freesurfer for the second rater. This was
given in supplement to verbal instruction. The primary rater followed the same routine.
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Appendix L

Table of measurements for the reliability ICC calculation in Freesurfer. Both raters traced 2
participants for Specific Aim 1 and 4 for Specific Aim 2. The primary rater additionally traced the
6 participants twice for intra-rater reliability. All measurements are expressed in cubic
millimeters of the total volume of the CC traced.
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Appendix M

CC volumes in Specific Aim 1 using the semi-automated Freesurfer tracings reported in cubic
millimeters.
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Appendix N

Correlation table between estimated total intracranial volume (eTIV) and all other constructed
variables to find an ideal replacement. Description of variables are described in Appendix O.
Here, both the distance from the front of the brain to the back of the brain multiplied by the
left-most point of the brain by the right-most (FB_LR) and a manually drawn ROI around the
whole brain in AFNI (AFNI_ROI) were found to be best correlated with eTIV. Since FB_LR is a
semi-automated approach, and AFNI_ROI is completely manual, FB_LR was chosen as the
appropriate normalization method in the absence of eTIV.
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Appendix O

Different normalization methods and values for 19 different MRI participants. Estimated total
intercranial volume (eTIV; cubic millimeters) is the master variable with which all other
experimental methods are correlated. This variable is inherently generated by Freesurfer (Fischl
et al., 2004), and has been shown to be a good indicator of the intended measure. Represented
variables include a manually drawn brain mask using AFNI on a single slice (AFNI ROI; square
millimeters), intercommissural distance (Intercom; millimeters), distance from front of the
brain to the back (FB; millimeters), intercommissural distance multiplied by the distance from
the left-most point of the brain to the right-most (Intercom_LR; square millimeters), and
distance from front of the brain to the back multiplied by the distance from the left-most point
of the brain to the right-most (FB_LR; square millimeters).
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Appendix P

Selected neurocognitive outcomes for the participants in aim 1. Included is Woodcock-Johnson
test of cognitive abilities executive cluster (version 3; WJ-III Exec) percentile, Woodcock-Johnson
numbers reversed percentile specifically (WJ-III NR), Behavior Rating Inventory of Executive
Function (BRIEF) percentile, Peabody Picture Vocabulary Test 4th edition (PPVT) percentile, DayNight Stroop Test (DNS; # correct out of 16 in experimental condition), time to complete color
form test (CF_Time) and number of errors (CF_Error), time to complete progressive figures tests
(PF_Time) and number of errors (PF_errors).
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Appendix Q

Infant feeding methods used to nourish the participants when they were infants in aim 1. The
“method” refers to whether participants were exclusively breastfed, exclusively formula-fed, or
a mixture of both. All values from when the child began solid foods, or was weaned from either
breast or formula are reported in months. Maternal confidence was reported on a 5 point scale.
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Selected sleep variables for each participant in aim 1.
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Appendix S
Initial screen: consent preamble letter.
Screening Question: Do you have a child currently between 6 months and 12 years old?
• Yes
• No
[If ‘yes’, participant will continue to survey. If ‘no’, they will be directed to the end of the survey
without the option for compensation.]
If you have more than one child, please complete this information about a child living with you
and who is closest to 4 years old.
1. This child’s date of birth:
2. This child’s gender:
3. This child’s Race:
• White
• Black/African-American
• American Indian/Alaska Native
• Asian
• Native Hawaiian/other Pacific Islander
• Other (please specify)
4. Is this child of Hispanic or Latino ethnicity?
• Yes
• No
5. This child’s current weight:
6. This child’s current height:
7. Indicate any medical problems this child has:
8. This child’s home zip code:
9. Are you this child’s:
• Biological Mother
• Biological Father
• Grandmother
• Grandfather
• Adoptive Mother
• Adoptive Father
• Other
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10. This child’s mother’s age:
11. Mother’s years of education:
• High school diploma or GED
• Some college
• College degree
• Post-graduate degree
12. Mother’s total household income each year (before taxes):
13. Child’s parents’ marital status:
• Single
• Married/Living together
• Separated/Divorced/Widowed
14. Does mother have any other children?
• Yes
• No
15. How many other children does mother have? (if answered Yes to Q14)
16. How old is/are the other child/children? (if answered Yes to Q14)
17. During his/her first year this child was:
• Exclusively breastfed
o Age when child began solid foods:
o Age when child was completely weaned from breastmilk:
• Exclusively formula fed
o Age when child began solid foods:
o Age when child was completely weaned from formula:
• Both
o Age when child began solid foods:
o Age when child was completely weaned from breastmilk:
o Age when child was completely weaned from formula:
18. Where does this child usually sleep?
• In his/her own room alone or with siblings
• In a bed/crib in my room
• With me in my bed
• Other:
19. Does anyone living with this child smoke?
• Yes
• No
20. Is this child a restless sleeper?
• Never
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• Rarely
• Occasionally
• Frequently
• Almost Always
21. Does this child stop breathing during sleep?
• Never
• Rarely
• Occasionally
• Frequently
• Almost Always
22. Does this child struggle to breathe while asleep?
• Never
• Rarely
• Occasionally
• Frequently
• Almost Always
23. Are you ever concerned about this child’s breathing during sleep?
• Never
• Rarely
• Occasionally
• Frequently
• Almost Always
24. Do you think this child’s sleep is normal?
• Never
• Rarely
• Occasionally
• Frequently
• Almost Always
25. Does this child breathe through their mouth during the daytime?
• Never
• Rarely
• Occasionally
• Frequently
• Almost Always
26. How often does this child snore?
• Never
• Rarely
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• Occasionally
• Frequently
• Almost Always
27. Does this child sweat during sleep?
• Never
• Rarely
• Occasionally
• Frequently
• Almost Always
28. Does this child have noisy breathing during sleep?
• Never
• Rarely
• Occasionally
• Frequently
• Almost Always
29. Was this child born by:
• Vaginal delivery
• C-section delivery
30. When was this child’s due date:
31. Did the mother experience any of the following DURING her pregnancy with this child:
• Did she snore loudly (louder than talking or loud enough to be heard through closed
doors)?
• Did she often feel tired, fatigued, or sleepy during the daytime?
• Did anyone observe her stop breathing during your sleep?
• Did she have, or was she being treated for, high blood pressure?
32. If you want to be entered into a drawing for a $100 gift card, please provide your name
and mailing address [if ‘yes’, directed to separate survey area not linked to answers]
Survey taken by the parents of all participants as part of the screening process. Participants were
only recruited if their parents indicated they did not have SDB symptoms.
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Appendix T

WVU Sleep Research Lab is dedicated to the prevention of child sleep & breathing problems. If
you are a parent of a child 5 months to 12 years, please complete our survey at:
https://www.surveymonkey.com/s/wvuchildsleep
$100 gift card winners will be selected at random.
Questions? Contact: Dr. Montgomery-Downs at Hawley.Montgomery-Downs@wvu.edu.
WVU Institutional Review Board has approved this study.
Flyers used as recruitment for participants.
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Appendix U

Selected survey responses from the participants in aim 2. Although not every participant took
the survey (some were screened via phone), the ones which did indicated responses that were
not suggestive of SDB.
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Manually traced CC for each participant in aim2 (cubic millimeters).
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Appendix W

Semi-automated traced CC for each participant in aim 2 (cubic millimeters). One participant (951)
was omitted due to a failure in Freesurfer to accurately trace the CC.
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Appendix X

Reliability measurements for participants in both aims for manually traced CCs. Both aims and
both scan types were sampled.
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Appendix Y

Infant feeding methods for participants in aim 2 reported in months. Confidence was reported
on a 5 point scale.
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Appendix Z

Average scores of participants based on their latest report card (from when they were scanned),
normalized to the first semester of the school year. These are standardized report cards used
throughout the Monongalia county schools. Report cards are divided between reading, writing,
math, work habits/self-management, and sometimes science and/or social science. Since science
and social science are not always included, this metric was removed. Each item can be rated
needs support (NS), approaching standards (AS), meets standards (MS), or exceeds standards
(ES). Each item was numerically ranked based on the teacher rating (NS=1, AS=2, MS=3, ES=4).
The only exception to this is the work habits/needs support section, where each item is rated by
the teacher as needs support (-), developing satisfactorily (), or demonstrates strength (+). This
was also translated numerically like the other sections (- = 1,  = 2, + = 3). The reported score
above represents the average of all items within the given section. The “Average” metric
represents the average score between reading, writing, and math.
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Appendix AA

Head motion metrics calculated by TRACULA for each individual participant. Average translation
is the magnitude of all volumes relative to the first volume (millimeters), average rotation is the
magnitude of rotation of all volume relative to the first volume (degrees), percentage of slice
with excessive signal dropout (% Bad) is the number of slices with excess signal dropout using a
proposed scoring method (Yendiki et al., 2013), and average dropout score is the magnitude of
the dropout scores averaged together for the slices with excessive dropout.
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Appendix AB

Visual inspection of means and standard deviations between feeding method groups in regards
to motion measures. Neither two-way independent t-tests nor one way analysis of variance
revealed any significant differences. Surprisingly, if anything, it looks like the exclusively
breastfed group may have moved more than the others, but not significantly.
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Appendix AC

Simple correlations between breastfeeding duration and motion measures. Surprisingly,
breastfeeding duration was significantly positively correlated with average translation and
average rotation, suggestive that children who were breastfed longer actually moved around
more in the scanner. From a theoretical perspective, this means that children with increased
breastfeeding could have reduced FA scores in motion-sensitive areas. As a result of this finding,
both average translation and average rotation will be included in regression models for tract
analysis.
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Appendix AD

Selected survey responses from parents of participants in the polysomnography experiment in
aim 3. The questions most relevant to SDB are shown above.
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Recruitment letter for parents of newborn infants.
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Appendix AF

Survey for parents of participants 11 years after initial PSG. Aside from the infant feeding
methods question, the sleep and breathing questions at the end are identical to what the parents
answered in the original study.
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Appendix AG

AHI, RAI, Desat_Ind, and SpO2 nadir were all ranked ordinally based on their composite score
values as previously described (Montgomery-Downs et al., 2004). Computation of the composite
score is the sum of the scores for AHI, RAI, and the average of Desat_Ind and SpO2 nadir, divided
by three (AHI and RAI are weighted more heavily).
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Appendix AH

Survey questions were numerically coded (“never”=1, “rarely”=2, “occasionally”=3,
“frequently”=4, “almost always”=5) except for question three which was scored in reverse. Score
reported above is the average of all ten sleep questions asked. The higher the score indicates
higher propensity for SDB. For each participant, a score was calculated for when the parents
answered when the child was infant, their answers in the mailed survey, and the longitudinal
change in the scores. The lowest aggregate score possible is one, while the highest is five.
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Appendix AI
Ginger Cookies
2 cups sugar
1 cup shortening
3/4 cup boiling water
1 cup baking molasses
1 egg

Makes lots

Add: 1 tablespoon ginger
1 tablespoon baking soda
1 teaspoon salt
Flour to stiffen (8-9 cups)
Chill in refrigerator, roll out and cut with cookie cutters. Bake at 350 degrees for 10 minutes.

Goulash
1 lb ground beef
15 oz tomato sauce
15 oz kidney beans
2 cups elbow macaroni
Brown ground beef, add tomato sauce, kidney beans, and cooked elbow macaroni (boiled al dente).
Season to taste. Spaghetti sauce may be substituted for tomato sauce if desired.

