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Signaled night awakening and its association with executive functioning across the first two years of life



Abstract

Longitudinal associations between signaled night awakening and executive functioning (EF) at eight and 24
months in children with (>3 awakenings, n=77) and without parent-rated fragmented sleep (<1 awakening,
n=69) were studied. EF was assessed with the Switch task at eight and 24 months. At 24 months, behavioral
tasks and parental ratings of EF (BRIEF-P) were also used. In the Switch task, children with fragmented sleep
were less able to learn stimulus sequences and inhibit previously learned responses than children without
fragmented sleep. The groups differed only marginally in parental ratings of EF, and no differences were found
in behavioral EF tasks. These results suggest that eye movement-based measures may reveal associations

between sleep and EF already in infancy and toddlerhood.
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Introduction

Sleep can be considered one of the most important functions during early development. By the age of two
years, an infant has spent over half of his or her life in a sleeping state (Dahl, 1996a). In infancy, a typical
feature of sleep is its fragmentation (i.e., night awakenings that are followed by periods of wakefulness after
sleep onset). Night awakenings are normative between sleep stages (Anders, 1978), but persistent signaled
night awakenings are a burden for the entire family (Sadeh, Flint-Ofir, Tirosh, & Tikotzky, 2007). Signaled
night awakening refers to night awakenings that are signaled to their parent, for example, with crying.
Approximately 20-30% of one-year-old infants (Adair, Zuckerman, Bauchner, Philipp, & Levenson, 1992;
Mindell, Kuhn, Lewin, Meltzer, & Sadeh, 2006) and still 15-50% of 2—5-year-old children continue to have
night awakenings (Hysing, Sivertsen, Garthus-Niegel, & Eberhard-Gran, 2016; Petit, Touchette, Tremblay,
Boivin, & Montplaisir, 2007). Several child- and parent-related factors have been associated with increased
night awakening. These factors include the child’s temperament and parental practices when putting the child to
sleep, co-sleeping with the infant, and whether the child is breastfed or not (Hysing et al., 2014; Sadeh, Mindell,
Luedtke, & Wiegand, 2009; Touchette et al., 2005). According to previous studies, however, the direction of
causality between these factors and night awakening is still not clear. Researchers have attempted to determine
whether fragmented sleep is also a risk factor for the child’s psychological development, and whether some
aspects of development are more vulnerable to the effects of fragmented sleep than others (Sadeh, Gruber, &
Raviv, 2002). In infancy, however, the connections between sleep and development have not been sufficiently
studied. Recent research has suggested that one area that might be especially vulnerable to the effects of sleep
fragmentation is executive functioning, due to its long course of maturation and strong associations with the

development of the frontal lobes (Bernier, Beauchamp, Bouvette-Turcot, Carlson, & Carrier, 2013).

The development of executive functioning (EF) begins during infancy and continues into early adulthood. EF
refers to higher-order cognitive processes, and it consists of interrelated functions such as impulse control, set
shifting, and working memory (Lehto, Juujérvi, Kooistra, & Pulkkinen, 2003; Miyake et al., 2000). EF is
considered part of the broader concept of self-regulation, which refers to the flexible control of cognition,

emotion, and behavior (Bridgett, Burt, Edwards, & Deater-Deckard, 2015; Nigg, 2017). The first six years of



human life play a critical role in the development of EF (Garon, Bryson, & Smith, 2008; Zelazo, Carter,
Reznick, & Frye, 1997). During early development, parents externally regulate their infant’s behavior by
directing their attention and helping infants in inhibiting their own behavior. After the first year, more emphasis
is given to the child’s internal regulation, with working memory and inhibition developing first. Set shifting
requires and builds upon working memory and inhibition, and it therefore develops later than the other EF
components (Garon et al., 2008). Previous studies have shown modest stability in EF during infancy, with the
size of the association depending on the EF component being measured (Bernier, Carlson, Bordeleau, &
Carrier, 2010; Wolfe, Zhang, Kim-Spoon, & Bell, 2014). The stability of EF has been found to increase during
childhood (Best & Miller, 2010). In general, EF skills have been found to predict, for example, later school
success (Borella, Carretti, & Pelegrina, 2010; Duncan et al., 2007) and quality of life (Brown & Landgraf,

2010; Davis, Marra, Najafzadeh, & Liu-Ambrose, 2010).

Previous studies with school-aged children and adolescents have shown that sleep difficulties impair
performance in EF-related tasks (Astill, Van der Heijden, Van 1Jzendoorn, & Van Someren, 2012). For
example, studies with school-aged children have supported the notion that shorter nocturnal sleep duration
(Astill et al., 2012; Steenari et al., 2003) and sleep fragmentation (Sadeh et al., 2002) are negatively connected
to executive functioning. Sadeh, Gruber, and Raviv (2003) also showed that 30 minutes of extended sleep
enhanced children’s performance in a task measuring sustained attention and inhibition, but no enhancement
was seen in tasks that required low cognitive load. In preschool-aged children, shorter nocturnal sleep duration
has been associated with poorer attentional control (Lam, Mahone, Mason, & Scharf, 2011) and
mother-reported EF skills (Taveras, Rifas-Shiman, Bub, Gillman, & Oken, 2017). Thus, based on these studies
with preschool- and school-aged children, sleep duration and sleep fragmentation appears to influence EF. It is

not clear, however, if the connections between fragmented sleep and EF can be observed already in infancy.

In infancy, the significance of sleep might be even greater than later in development due to major ongoing
developmental processes in both sleep and neuro-behavioral functioning (Dahl, 1996b). However, only a few
longitudinal studies have investigated the associations between sleep quality and executive functioning in

infancy. Bernier et al. (2010) showed that the amount of night-centered sleep at 12 and 18 months of age was



6
positively related to performance in a behavioral EF task that required impulse control when the infants were 26
months old. In addition, infants whose sleep was more focused to the nighttime at 18 months of age showed
increased performance in a concurrent working memory task. In their follow-up study, the amount of nighttime
sleep at 12 months of age was positively related to EF even at the age of 4 years (Bernier et al., 2013). Thus, it

appears that over time, more matured sleep benefits performance in EF tasks.

The relation between EF and night awakening in infancy, however, is not clear. Night awakening is a common
concern for parents, and persistent night awakening also disrupts parents’ sleep and can result in prolonged
sleep deprivation (Karraker, 2008). Previous studies have shown that parental sleep patterns are highly
connected to their children’s sleep patterns (Boergers, Hart, Owens, Streisand, & Spirito, 2007; Gay, Lee, &
Lee, 2004; Meltzer & Mindell, 2007). Sadeh et al. (2015) found that a greater amount of night awakenings in
one-year-olds predicted poorer performance in a computerized method of attention regulation at 34 years of
age, whereas Bernier et al. (2010) did not find a relation between night awakenings at one year of age and
behavioral EF measures at two years of age. These behavioral measures consisted of tasks measuring working
memory, inhibitory control and set shifting. The results of these two studies are not entirely comparable since
they used very different methods for measuring EF and the domain of EF being studied varied. EF was also
measured at two different developmental periods, which may further explain the conflicting results. In addition,
Sadeh et al. (2015) measured night awakenings with actigraphy whereas Bernier et al. (2010) measured night
awakenings with sleep diaries that were filled by mothers. Additionally, night awakening and its influence on

EF has not been studied in infants under one year of age.

In recent years, new methods have emerged that enable the study of EF in infants under one year of age (Best &
Miller, 2010; Kovacs & Mehler, 2009), but they have not been utilized in the field of sleep research. In the
current study, we used the Switch task, developed by Kovéacs and Mehler (2009), which is an eye movement-
based measure of infant EF. In the Switch task, infants are first required to learn a predictable stimulus
sequence and, in the second phase, to inhibit their previously learned response in order to learn a new
conflicting response. Hence, the Switch task may require each EF domain, although in infancy and toddlerhood,

EF may manifest as a more unitary construct and the different domains of EF may not be easily distinguishable
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(Espy, Sheffield, Wiebe, Clark, & Moehr, 2011; Shing, Lindenberger, Diamond, Li, & Davidson, 2010; Wiebe,
Espy, & Charak, 2008). However, the Switch task has been used in previous studies as an early indicator of
these abilities (Kovacs & Mehler, 2009; Wass, Porayska-Pomsta, & Johnson, 2011). In a study of bilingual
infants, Kovéacs & Mehler (2009) showed that bilingual infants are better able to inhibit their responses and
learn a new conflicting response than monolingual infants. In addition, Forssman et al. (2017) have shown the
Switch task to be a feasible method in various cultures and in socioeconomically challenging settings in infants
under one year of age. The Switch task has also been used as an indicator of EF in a study of attentional control
training in infants (Wass et al., 2011). One advantage of the Switch task in the present study is that it can be
used longitudinally, as the same task could be presented to both eight-month-old and 24-month-old children. In
addition, at 24 months of age we also used three different behavioral measures that are suitable for two-year-
olds, and a parental evaluation of toddler EF. These behavioral tasks are administered to the child in a playful
manner (Carlson, 2005) and were chosen so that all aspects of EF could be measured, including working
memory (Spin the Pots; Hughes & Ensor, 2005), set shifting (Trucks task; Hughes & Ensor, 2005), and

inhibitory control (Snack Delay; Kochanska, Murray, & Harlan, 2000).

In the present study, we studied signaled infant night awakening and its concurrent and longitudinal
associations with children’s EF. Our study concentrates on sleep in infancy and toddlerhood and its connection
with EF, a topic that has received little attention in previous studies. In addition, our goal was to combine novel
eye-movement based methods with an adequate sample size in the study of infant EF. For that purpose, two
groups of infants with and without signaled night awakenings were formed at the age of eight months within the
CHILD-SLEEP birth cohort (Mékel& et al., 2018; Paavonen et al., 2017). In an additional analysis, actigraphy
data was used to assess the validity of the group formation based on parent-reported night awakening. In the
present study, we measured EF with the Switch task (Kovacs & Mehler, 2009) at eight and 24 months of age.
Our goal was to measure EF with various methods and, therefore, at 24 months of age, we also included age-
appropriate behavioral tasks for the measurement of EF together with a parent-rated measure of EF. Our aim
was to investigate whether signaled night awakening at eight months of age is connected to infant EF, and
whether the possible differences in EF could be observable already during the first year of life. For the

hypotheses regarding the eight-month data, we adopted an exploratory approach and had no definitive
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hypothesis on the associations between signaled night awakening and infant EF, since in prior studies, signaled
night awakening and EF have not been studied in infants under one year of age. At 24 months of age, however,
we expected that the children with several signaled night awakenings at eight months of age would show lower
performance in various EF tasks and parent-rated EF, as suggested by studies conducted with older children

(Sadeh et al., 2002; Sadeh et al., 2015).

Method

Participants

The participants of the current study were recruited from within the CHILD-SLEEP longitudinal birth cohort, n
= 1667 (Makeld et al., 2018; Paavonen et al., 2017). The participants for the cohort were recruited through
maternity clinics approximately on 32" gestational week by their maternity nurse. Participating families
received questionnaires before birth and when their child was three, eight, 18 and 24 months of age. There were
separate questionnaires for mothers, fathers, and the child. In order to form two groups of infants based on the
number of signaled night awakenings, the parents of eight-month-old infants from one sub-study of the cohort
(n = 406) were approached through a phone call and asked how many times their infant woke during the night.
Infants with three or more signaled night awakenings during the night (between midnight and 6am) were asked
to participate in the study; they formed the waking group. Infants with no more than one signaled night
awakening during the night formed the non-waking group. Infants with two signaled night awakenings were not
included in the current study, as our aim was to compare two clearly distinguishable groups in the analyses. The
Ethics Committee of Pirkanmaa Hospital District reviewed the study protocol (R11032) and the parents
completed a consent form before participation. The children received a small toy for their participation at both
assessment points. In total, 146 white Finnish infants participated at eight months of age, with 77 infants in the
waking group (mean age = 8.5 months, SD = 0.4 months) and 69 infants in the non-waking group (mean age =
8.6 months, SD = 0.4 months). At 24 months of age, 65 infants from the waking group (mean age = 24.6
months, SD = 2.2 months) and 56 infants from the non-waking group (mean age = 24.5 months, SD = 2.9

months) returned for another assessment (n = 121, 83% retention rate). There were no differences between the



participants who remained or dropped out of the study after the eight-month assessment in the Switch task
performance or parent-reported sleep parameters (nocturnal, daytime and total sleep duration, time spent awake
during the night, and sleep latency), all ps > .192. Two additional participants were examined but excluded
from further analysis due to prematurity (n = 1) and the parents’ native language being other than Finnish (n =
1). The demographic statistics of the sample are shown in Table 1. At eight months of age, we had actigraphy
data from 88% of the participants in the waking group (n = 68) and 89% of participants in the non-waking
group (n = 61). At 24 months of age, the retention rate was lower so that only 55% of the waking group (n =
36) and 50% of the non-waking group (n = 28) returned the actigraphy assessment. Therefore, the actigraphy
data are reported only for the eight-month assessment point. The waking group and the non-waking group did
not differ in overall psychomotor development (measured with the Bayley-111) or in other child- or mother-
related features (child’s gender and age, number of children in the family, or maternal education; for details, see
Makel4 et al., 2018). At eight months of age, however, the two groups differed in the amount of co-sleeping (X2
(1, n=119) = 20.376, p < .001), breastfeeding (X? (1, n = 133) = 13.413, p = .001), and the infant’s ability to
fall asleep alone (X2 (1, n = 133) = 16.454, p < .001) (Table 1). The infants in the waking group were more
likely to co-sleep with their parents, be breastfed and not be able to fall asleep alone than the infants in the non-
waking group. For the analysis, these variables were categorized. Co-sleeping was categorized as less than
twice in a month or at least weekly co-sleeping with the parent. The ability to fall asleep alone was categorized
as the infant being able to fall asleep alone only once in a week or at least once a day. Breastfeeding was
categorized as the infant being only breastfed, both breastfed and formula fed, or only formula fed. Therefore,
these three factors were included in the analysis as covariates, even though in our previous work, these
covariates were not connected to psychomotor development (Makeld et al., 2018). The infants in this study
were recruited from a prevention sub-study of the main cohort in which healthcare centers in Tampere, Finland,
were randomized into prevention and control healthcare centers. Families in the prevention group received
preventive psychoeducation on how to support infant sleep quality through brochures, whereas the control
group received standard well-child visit information. The infants in the present study came from both the
prevention and control healthcare centers (X2 (1, n = 146) = 3.394, p = .065) (Table 1). The healthcare center

status was included as a covariate in the analyses to determine whether it affected the findings. Finally, our
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previous work showed that the infants with fragmented sleep had a shorter total sleep duration and spent more
time awake during the night (Mékela et al., 2018). These sleep characteristics were also included as covariates
in our analysis. A comprehensive description of the different sleep parameters in the waking and non-waking

groups is provided in Table 2.

Procedure

The study protocol consisted of two separate research visits at both eight and 24 months of age. During the first
visit, psychomotor development was measured (reported in reported in Mékel4 et al., 2018). During the second
research visit, the executive functioning-related tasks were conducted in the research laboratory. At eight
months of age, the research visit consisted of computer tasks measuring EF (i.e., the Switch task) and attention
to emotional faces (reported elsewhere), and a separate assessment of child-parent interaction (reported
elsewhere). At the age of 24 months, the same tasks were conducted. In addition, at 24 months, three different
age-appropriate behavioral EF tasks (Spin the Pots, Trucks, and Snack Delay) were conducted with the child,
and the parents filled a questionnaire concerning the child’s executive functioning in everyday life (the
Behavior Rating Inventory of Executive Function — Preschool version, BRIEF-P; Gioia, Espy, & Isquith, 2003).
The questionnaire was given to the parents during the first research visit and they were asked to return it during
the second research visit. A fixed order of tasks was kept throughout the data collection. The EF tasks were
conducted in a separate room after the computer tasks. The Spin the Pots task was conducted first, followed by
the Trucks task and the Snack Delay task. After the data collection had been completed, it transpired that there
were inconsistencies in the presentation of the material in the Trucks task between experimenters.
Consequently, the Trucks task was excluded from the data analyses. Finally, in the information letter send to
the participants before the first research visit at both ages, the participant received an actigraph device to be
worn at home for three consecutive days together with a comprehensive sleep-log, and were asked to return

them via mail.

Measures

Eight-month EF assessment
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The Switch task assesses the ability of children to learn new stimulus sequences and to inhibit their response to
a previously learned cue in order to learn a new conflicting response. During the Switch task, the infant sat on
his or her parent’s lap at an approximately 60-cm distance from a 19-inch computer screen, which was
surrounded by a black frame. A video camera was hidden on top of the computer screen in order for the
experimenter to observe the child and control stimulus presentation. In addition, video recordings of the Switch
task were saved for offline analyses of eye movements. The task was presented with E-prime software
(Psychology Software Tools, Pittsburgh, PA). Before starting the task, the lights were dimmed. Parents were
instructed not to interact with their child unless it was necessary to soothe the child during the stimulus
presentation. In addition, the parents were told that the researcher controlled the stimulus presentation and

would start each trial only after the child’s eyes were focused on the screen.

Each trial started with a red circle appearing on a grey background. The red circle expanded from 0.4° to 4.3° in
a continuous fashion in order for the child to focus his or her eyes on the screen. When the child’s eyes were
focused on the screen, the experimenter initiated each trial. If the child did not focus on the screen, the
experimenter called the child by name and initiated the trial only after the child focused on the screen. After
that, each trial started with the background turning white, and a brief (350 ms) auditory beep stimulus was
presented from a speaker positioned behind the midpoint of the screen. Simultaneously with the sound, two
rectangles (11.6° x 11.2°) with black borders appeared on the left and right side of the screen (11.5° from the
midpoint of the screen). After 1855-1900 ms (with an approximately 50 ms jitter in the stimulus timing caused
by an inadvertent error), an animated target stimulus of a monkey doing somersaults (4.6° x 3.8°) appeared in
one of the rectangles together with a bell sound for 4000 ms. For the first nine trials, the target stimulus always
appeared on the same side of the screen (pre-switch block), after which the target appeared on the other side of
the screen for the remaining nine trials (post-switch block). The order of the target location from pre- to post-
switch blocks (left-right, right-left) was balanced across participants. An example of a trial in the Switch task is

shown in Figure 1. Altogether, the duration of the Switch task was 2.5 minutes.

24-month EF assessment
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At 24 months of age, there were only few modifications to the Switch task. First, the stimuli were presented on
a 21-inch screen compared to the 19-inch screen used at eight months of age. Second, the toddler’s eye
movements were recorded with a Tobii TX300 eye-tracker (Tobii Technology AB, Stockholm, Sweden). Eye-
tracker calibration and stimulus presentation were controlled with Tobii Studio software. Before starting the
experiment, the eye-tracker cameras were calibrated with a five-point calibration procedure in which a cat
appeared with a beep sound in every corner and in the center of the screen. Third, the Switch task was

shortened from 18 to 12 trials in total (six trials to both sides).

In the Spin the Pots task, considered to measure working memory (Hughes & Ensor, 2005), six different treats
(raisins or cereals) were hidden under eight visually different looking opaque pots. The hiding of the treats was
done in front of the toddler and two of the empty pots were also shown to the toddler. After that, the tray
containing the pots was covered with a scarf and rotated 180°. Then, the toddler was asked to find the treats by
looking under the pots. The toddler was allowed to eat the treats that were discovered under the pots. After each
attempt, the tray was again covered and rotated 180°. The task was coded offline from video recordings. The
maximum number of trials was 12. The score was calculated as the number of maximum trials minus the errors
the toddler made. These errors consisted of perseverative looking or looking under the pots with no treats. The
task scores varied between 0 and 12, with higher scores indicating better performance. The duration of the task

varied between two to eight minutes depending on the number of trials the toddler needed to perform the task.

In the Snack Delay task (Kochanska et al., 2000), which was developed to measure inhibitory control, a small
candy was placed on top of a tiny candy box in front of the toddler. The toddler was told that she or he had to
wait until the bell rang, and only afterwards could he or she have the candy. Three different trials were
performed with an increasing waiting time of 10, 20, or 30 seconds. The toddlers were reminded of the rule
before every trial. On the 30s trial, the experimenter placed her hand on the bell when 20s had elapsed, but rang
the bell only after 30s. The toddlers’ behavior was coded from video recordings and the score was calculated as
the number of seconds the toddlers waited before touching the candy box. The task scores varied between 0 and

60, with higher scores indicating better performance. The duration of the task was approximately two minutes.
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Behavior Rating Inventory of Executive Function — Preschool version (BRIEF-P) is a parent-rated
questionnaire that assesses executive functioning in children from 2 years to 5 years and 11 months of age
(Gioia et al., 2003; Isquith, Crawford, Espy, & Gioia, 2005). It consists of 63 items, and parents answer on a 3-
point scale (never/sometimes/often), with higher scores representing a lower EF ability. BRIEF-P yields five
different scales labelled ‘Inhibit’, ‘Shift’, ‘Emotional control’, ‘Working memory’, and ‘Plan/Organize’, from
which three different indexes are combined. These indexes are ISCI (Inhibition Self-control Index), Fl
(Flexibility Index), and EMC (Emergent Metacognition Index). The ISCI index comprises the inhibit and
emotional control scales, FI comprises the shift and working memory scales, and EMC comprises the working
memory and plan/organize scales. In addition, a Global Executive Composite index (GEC) can be formed by
combining the scores of all five scales. In the present study, a Finnish translation of the test was used. The raw
scores of each scale were converted to age and gender-specific standardized t-scores (M =50, SD = 10)
according to the original norms. Different BRIEF-P scales and indexes showed good internal consistency
(Inhibit, a = .838; Shift, a = .780; Emotional control, a = .811; Working memory, a = .878; Plan/Organize, o =
.782; ISCI, o= .873; FI, a = .881; EMI, a.= .910; GEC, a = .943). These values are highly similar to the

original alphas reported by Gioia et al., (2003).

Actigraphy-based sleep measures were gathered with Actiwatch AW?7 activity monitors (Cambridge
Neurotechnology Ltd, 2007). Parents of eight-month-old infants were instructed to place the actigraphy on their
infant’s ankle for three consecutive days and to keep a detailed sleep-log. Actigraphs and sleep-logs were
initiated at midnight and therefore the number of continuous nights varied between two to four nights
depending on how many nights the parents had filled to the sleep-log. From the sleep-log variables, parent-

reported time to fall asleep and morning wake up time were used in the analysis.

Data analysis

Video coding at eight months. The eye movements in the Switch task were analyzed using VirtualDubMod

software 1.5.10.2 (http://virtualdubmod.sourceforge.net/). A trained observer, blind to the child’s group status,

coded all the videos offline. Eye movements were examined manually, frame by frame, with one frame lasting


http://virtualdubmod.sourceforge.net/
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40 milliseconds. If the child did not focus his or her attention to the screen at the beginning of the trial, the trial
was rejected. Anticipatory eye movements towards the target location (the correct rectangle where the monkey
would appear) within a time window of 160 ms after trial onset until 160 ms after the target onset were coded.
Eye movements were considered anticipatory if the first saccade was to the correct target location. Trials were
rejected if eye movements were undetectable due to movement. The proportion of correct anticipatory eye
movements towards the target location were calculated separately for the pre-switch block (first nine trials) and
the post-switch block (last nine trials) for all scorable/successful trials. Infants with more than three bad trials
within the pre- or post-switch block were excluded from the analyses. For the infants included in the analyses,
the average numbers of scorable trials in the pre- and post-switch blocks were 8.6 and 8.5, respectively, with no
difference between the blocks (t(242) = 1.310, p =.192). To ensure coding reliability, two independent
observers coded 25% of all cases (n = 37). Intercoder agreement (intraclass correlation) on the proportion of
anticipatory looks in both the pre- and post-switch blocks between the main coder and the reliability coders was

97.

Eye tracking analysis at 24 months. The eye tracking data of the Switch task was saved as text files and
analyzed with gazeAnalysisLib, a library of Matlab routines for gaze data analysis (Leppanen, Forssman,
Kaatiala, Yrttiaho, & Wass, 2015). The areas of interest (AOIs) were manually defined, and these areas covered
the central area of the screen, the rectangle where the monkey appeared, and the area between the center and the
rectangle. Eye movements were coded as anticipatory if the toddler made the first saccade towards the box
where the monkey would appear. The proportion of correct anticipatory eye movements was calculated
similarly as in the eight-month analyses, i.e., separately for the pre-switch block (first six trials) and the post-
switch block (last six trials) conditions. The average numbers of scorable trials in the pre- and post-switch
blocks were 4.3 and 3.9, respectively, with no difference between the blocks (t(236) = 1.477, p = .141). The
correlations between video-based (i.e., manually coded) and eye-tracking data from children saccadic response

tasks have been shown to be very high (Leppénen et al., 2015).

Actigraphy analysis at eight months. Activity counts were summed over one-minute-intervals (for detailed

description of the algorithm, see Oakley, 1997, and Kushida et al., 2001). Actigraphy-based sleep measures are
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not directly comparable to parent-reported sleep measures, especially when considering parent-reported
signaled night awakening. To this end, we considered the actigraphy-based nocturnal activity measure (mean
score during active periods at night) to most closely reflect the same phenomenon as signaled night awakening.
Mean score during active periods is the total activity score divided by the number of epochs with greater than
zero activity. In addition to this activity parameter, the actigraphy data was also analyzed with a smoothing
algorithm in order to decrease the number of actigraphy-based night awakenings, many of which may represent
movements that are unrelated to signaled night awakenings (Sitnick, Goodling-Jones, & Anders, 2008). When
the smoothing algorithm is applied, the start of the awakening requires two or more consecutive minutes with
activity counts greater than 100. If these epochs are preceded by an epoch with activity count greater than zero,
that epoch was considered to indicate the start of the awakening. The awakening was considered to end at the
first of three consecutive minutes with no activity. The mean value of these awakenings was as calculated for

two consecutive nights ensuring constant amount of data between participants.

Statistical analysis

Statistical analyses were conducted with SPSS 25 (IBM Corp., Armonk, NY). The distributions of continuous
outcome variables were screened with box-plots and scatterplots, and no extreme outliers were observed. To
analyze the group differences in the Switch task longitudinally, a Linear Mixed Model (LMM) was used since
the LMM allowed us to utilize the longitudinal incomplete data. In the analysis, within-factors, between-factors,
and their interactions were analyzed. Age (8 and 24 months) and Block (pre-switch block and post-switch
block) were used as within-factors. The between-factor was Group status (waking group and non-waking
group). In addition, their interactions were included in the model. In the case of statistically significant main
effects, the differences between subgroups were further analyzed using Bonferroni-corrected post hoc tests.
Effect sizes for the pairwise comparisons are indicated by Cohen’s d. First, we ran a model that included all the
within- and between-factors and their interactions, as well as the covariates that differentiated between the two
groups (co-sleeping, breastfeeding, ability to fall asleep alone, healthcare center status, sleep duration, and time
spent awake during the night). None of the covariates (all p-values > .184) or interactions were significant (all

p-values > .113) and, therefore, the final models consisted of the within- and between-factor main effects.
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Group differences in the BRIEF-P questionnaire, Spin the Pot, Snack Delay, and actigraphy-based activity

measures were analyzed with t-tests. The alpha level was set at p < .05.

Results

In the Switch task, the LMM revealed main effects of Block (F(1, 190.949) = 63.312, p <.001, d = 1.54) and
Group (F(1, 226.791) = 4.492, p = .035, d = .36). Children had more correct anticipations in the pre-switch
block (M =.734, SE = .019) than in the post-switch block (M = .478, SE = .021). In addition, the non-waking
group (M =.631, SE =.018) had overall a higher percentage of correct anticipations than the waking group (M
=.580, SE = .017). However, the interactions were non-significant [Group x Block (F(1, 129.258) = .110, p =
.741), Group x Age (F(1, 136.684) = .2.539, p = .113), and Group x Age x Block (F(2, 129.692) = 1.572,p =
.212)], indicating that the differences between groups were not specific only to the pre-switch or post-switch

block, or to either age. Since these interactions were non-significant, they were excluded from the final model.

For our research question concerning how early the potential differences in EF between infants with and
without fragmented sleep would be observable, we nevertheless considered it important to further explore
whether the differences between groups were already visible at eight months of age, or whether the differences
between groups were more pronounced at 24 months of age as indicated by visual inspection of Figure 2.
Therefore, we decided to conduct the analyses separately for the eight- and 24-month data. Both analyses
consisted of the within-factor Block and between-factor Group, and their interaction. For the final model
reported here, only statistically significant factors and the between-factor Group were included. The LMM at
eight months of age indicated a main effect of Block (F(1, 109.001) = 24.523, p <.001, d = .96). Infants had a
higher proportion of correct anticipations in the pre-switch block (M =.704, SE = .025) than in the post-switch
block (M =.504, SE =.030). However, the main effect of Group (F(1, 108.001) =.102, p = .751) was non-

significant.

In the LMM at 24 months of age, significant main effects of Block (F(1, 119) = 48.837, p <.001, d = 1.39) and
Group (F(1, 119) =5.269, p =.023, d = .43) were observed. Toddlers had a higher proportion of correct

anticipations in the pre-switch block (M =.769, SE = .030) than in the post-switch block (M = .449, SE =.030).
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In addition, the non-waking group (M = .655, SE =.029) had a higher proportion of correct anticipations than
the waking group (M = .563, SE = .027). Together, these analyses indicated that the differences between the
groups were more pronounced at 24 months of age. The Group x Block interaction remained non-significant in
both age-specific analyses (eight months, F(1, 119.589) = .038, p =.845; 24 months F(1, 119) =.096, p =
.757); thus, the differences between groups were not specific only to the pre-switch or post-switch block.

Statistics of the final LMM models are included in Table 3.

The behavioral EF tasks showed no significant differences between the two groups. In the Spin the Pot task, the
performance of the waking (M = 7.53, SD = 2.612) and non-waking group (M = 7.33, SD = 2.678) did not
differ (t(116) = .405, p = .686). In addition, in the Snack Delay task no differences between the waking (M =
36.7 sec, SD = 24.0 sec) and the non-waking group (M = 39.3 sec, SD = 23.3 sec) were found (t(116) = -.577, p

= 565).

There were no clearly significant differences between the waking group and the non-waking group in any of the
different BRIEF-P indexes (t-scores), with only the Flexibility index suggesting a marginal difference between
the waking and the non-waking group (t(83) = 1.668, p = .099; waking group M = 64.33, SD = 11.97; non-
waking group M =60.38, SD = 9.17). Parental ratings in the ISCI index (t(83) = .05, p = .961; waking M =
50.13, SD = 9.10; non-waking group M = 50.03, SD = 8.92) and EMI index showed no differences between the
two groups (t(83) = 1.343, p = .183; waking group M = 55.23, SD = 12.98; non-waking group M = 51.73, SD =
10.35). In addition, no differences in the overall GEC index between the waking group (M = 51.83, SD = 11.02)

and non-waking group (M = 49.68, SD = 9.18) were observed (t(83) =.961, p = .339).

In the eight-month actigraphy data, the mean activity score during active nocturnal periods differed between the
groups, t(126) = 2.883, p =.005, d = .52. The mean activity scores during active periods were greater in the
waking group (M = 126.97, SD = 48.75) than in the non-waking group (M = 102.06, SD = 46.59),
demonstrating that the infants in the waking group showed more nocturnal activity during activity periods than
the infants in the non-waking group. Actigraphy-based night awakening data analyzed with the smoothing

algorithm further validated our group formation based on parent reports, t(121) = 3.179, p =.002, d = .58, with
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the waking group having more night awakenings (M = 6.2, SD = 2.1) than the non-waking group (M = 4.9, SD
= 2.2). Night awakenings based on the smoothing algorithm correlated positively with parent-reported signaled
night awakenings, r = .245, p =.011. However, the mean activity score correlated only marginally with the

number of parent-reported night awakenings, r = .158, p = .094, respectively.

Discussion

The aim of the present study was to longitudinally investigate executive functioning in infants with and without
signaled night awakenings at eight and 24 months of age with a comprehensive set of methods. For the current
study, we used an eye movement-based method (i.e., the Switch task) for investigating EF at both ages. Our
aim was to find out whether signaled night awakening is associated with EF development, and whether the
influence of signaled night awakening on infant EF would be evident already at eight months of age. An
exploratory approach was adopted and no definite hypothesis was formed for the eight-month-old infants, since
different sleep parameters and EF have not been previously studied in infants under one year of age. At 24
months of age, however, in concordance with previous studies with older children (Sadeh et al., 2002; Sadeh et
al., 2015), we expected that toddlers with several signaled night awakenings would show poorer performance in
EF tasks and parent-rated EF than toddlers without signaled night awakening due to the early-onset fragmented
sleep. Our results shed new light on the connections between night awakening and EF already during the first

two years of life, as measured with versatile and novel methods.

Consistent with our hypothesis, the Switch task results showed that the waking group performed worse on this
EF task than the non-waking group. They had fewer anticipatory looks towards the correct stimulus location
and were less able to inhibit their previous response and learn a new conflicting response compared to the non-
waking group. Our finding is consistent with that of Sadeh et al. (2002; 2015), who showed that fragmented
sleep is connected to diminished EF in preschool- and school-aged children when measured with a
computerized method. The expected interactions were non-significant and, therefore, it cannot be concluded
whether the differences are more pronounced at eight or 24 months of age, or in the first or second block of the

Switch task. Considering that our central research question was whether the possible differences in EF between
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groups are observable already at eight months, we nevertheless decided to conduct the analyses separately for
eight and 24 months of age, although we acknowledge that probing subgroup differences may not be advisable
when the higher-order interaction is non-significant (Nieuwenhuis, Forstmann, & Wagenmakers, 2011).
According to these age-specific analyses, the differences between the waking and the non-waking group were
not yet evident at eight months of age. At 24 months of age, however, the waking group performed worse than
the non-waking group, thus suggesting that the differences between groups were more evident at 24 months of
age. It should be stressed that these conclusions are only tentative, since the Group x Age interaction was non-
significant. The overall analysis as well as the age-specific analysis at 24 months of age showed that the waking
group performed worse on both the learning and inhibition part of the task. One possible explanation for this
finding could be that EF is still maturing in infancy and toddlerhood, and the different domains of EF are not
yet distinguishable (Espy et al., 2011; Shing et al., 2010; Wiebe et al., 2008). Another possibility is insufficient

statistical power to detect effects of age and block especially in the three-way-interaction analysis.

Contrary to our expectations, there were no differences in EF between the waking and non-waking group when
traditional behavioral measures of EF were used. However, our findings are consistent with those of Bernier et
al. (2010), who also used behavioral methods and did not find a connection between night awakenings and later
EF. Regarding the discrepancies between our behavioral and the Switch task results, it could be the case that
computerized methods recording looking behavior on a millisecond scale are more sensitive than behavioral
methods for assessing infant and toddler EF, thus being better able to detect differences in the normal range of
performance. Another possibility is that the tasks used tapped into different aspects of EF. The subdomains of
EF are highly interrelated and it may not be possible to design tasks that only tap into one aspect of EF
(Diamond, 2013). In addition, EF undergoes rapid development in infancy, potentially making it even more

difficult to distinguish its different aspects (Espy et al., 2011; Shing et al., 2010; Wiebe et al., 2008).

Also contrary to our expectations, the parental ratings of executive functioning between the waking and non-
waking group did not differ clearly. Only a marginal difference was found in the parental ratings of flexibility,
suggesting that toddlers in the waking group could be less able to perform working memory and set shifting

tasks than toddlers in the non-waking group. These findings were surprising, since in previous studies, the
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BRIEF-P has been found to relate to the laboratory assessments of EF and to distinguish performance in
typically developing preschoolers (Ferrier, Bassett, & Denham, 2014; Garon, Piccinin, & Smith, 2016). It is
possible, however, that from a parent’s point of view it is difficult to distinguish the small differences in
currently emerging EF skills in toddlers as young as 24 months of age. In addition, the response rate of the
BRIEF-P questionnaire was lower than in the other measures used in the study (waking group n = 49 and non-
waking group n = 38), and this could have resulted in the differences between pairwise comparisons not being
statistically significant. The lower response rate was possibly caused by the protocol, which resulted in some

families forgetting to return the questionnaire at the second research visit.

In the current study, we were primarily interested in parent-reported signaled night awakening. However, in
addition to parent reports, actigraphy data were available for a majority of children at eight months of age. In
the eight-month data, the actigraphy measurements provided support for the group formation based on parent
reports, as infants in the waking group had more actigraphy-based night awakenings than the non-waking
group. There was a substantial drop in the available actigraphy measurements at 24 months of age and due to
the loss of power, the actigraphy data at 24 months of age was not analyzed. Thus, while bearing in mind that
parent-reported signaled night awakening and more objective measures of sleep, such as actigraphy, do not
represent identical measures of night awakening (Acebo et al., 2005; Sadeh, 2004), the current results support
the use of parent reports of infant night awakening. It should also be noted that the actigraphy-based sleep
measures are based on limited number of nights while parent reports describe sleep across longer periods. In the
current study, we used a smoothing algorithm for the actigraphy-based activity data to derive a number of night
awakenings more consistent with signaled night awakenings (Sitnick et al., 2008). Using this algorithm, the
actigraphy derived night awakenings and parent-reported signaled night awakenings correlated positively.
However, the number of night awakenings indicated by the smoothing algorithm was greater than what the
parent had reported (waking group 6.2 vs. 3.8, non-waking group 4.9 vs. 0.9). The smoothing algorithm was
originally developed for preschool-age children whereas we used it with eight-month-old infants, which could
partly explain the discrepancy in the number of night awakenings between the parent-reported and actigraphy-

based data.
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According to our results, signaled night awakening may affect EF in infancy and toddlerhood, as shown by the
Switch task results, even in a sample where signaled night awakenings diminished in both groups prior to the
age of 24 months (Mé&kela et al., 2018). The two groups of toddlers still differed in the number of night
awakenings at the age of 24 months, even though the differences had become smaller. Consistent with this line
of reasoning, Touchette et al. (2005) showed that shorter sleep before the age of 41 months is a risk factor for
cognitive functioning despite the sleep characteristics in that group normalizing later on. Thus, it seems that
sleep characteristics in infancy could affect development, even when particular sleep characteristics tend to

normalize later on.

Our results support the notion that the development of EF follows somewhat distinctive pathways in infants
with and without fragmented sleep. It should be noted, however, that although there were differences between
the two groups, the effect sizes were rather small. In addition, two out of three measures did not support the
notion that signaled night awakening is connected to EF even though our sample size was fairly large. This
finding could be due to the sensitivity of the different measures to detect individual differences in EF or,
alternatively, the discrepancies between the results may reflect a true lack of association between signaled night
awakening and components of EF. Another possible limitation of our study is that our sample consisted of
white infants of mainly middle-class origin, limiting the generalizability of the results to other ethnicities and
socio-demographic groups. Finally, the interpretation of the results particularly regarding the 24-month
behavioral assessments is limited by the absence of data from the Trucks task, which we were not able to

analyze due to inconsistencies in the task presentation.

According to our age-specific results, it seems that the differences between the two groups were more
pronounced at 24 months than at eight months of age. It could be the case that EF skills are still poorly
developed at the age of eight months, making it difficult to distinguish between the groups accurately (Espy et
al., 2011; Shing et al., 2010; Wiebe et al., 2008). Another possibility is that the effect of signaled night
awakening is evident longitudinally and, therefore, more clearly observed at 24 months of age, as suggested by
prior research (Bernier et al., 2010; Bernier et al., 2013; Dearing, McCartney, Marshall, & Warner, 2001,

Dionne et al., 2011; Gertner et al., 2002; Sadeh et al., 2015). The group differences in EF were not affected by
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differences in overall development, since our previous study with the same sample showed that there were no
differences in overall psychomotor development between the waking and non-waking group at eight and 24
months of age (Mékeld et al., 2018). It should be noted that the groups did differ in several sleep characteristics
other than just night awakenings as shown in our previous study (Méakel et al., 2018). The waking group also
had a shorter total sleep duration and they spent more time awake during the night. These other sleep
characteristics were covaried in the analyses, and they did not affect our findings. Nevertheless, in future
studies, shorter sleep duration should be taken into account, since studies with school-aged children have shown
that shorter sleep duration is connected to lower performance in EF tasks (Astill et al., 2012; Steenari et al.,

2003; Taveras et al., 2017).

An important factor in the phenomenon of night awakening is the ability to fall asleep alone, for which self-
regulation skills are essential. Moreover, EF and emotion regulation are both considered under the concept of
self-regulation, and previous studies have shown that they are interconnected (Carlson & Wang, 2007). The
connection between EF and emotion regulation highlights the importance of a broader view of self-regulation
skills both in infant night awakening and performance in EF related tasks. It would be interesting to study

further how signaled night awakening in infancy is connected to different aspects of self-regulation besides EF.

In conclusion, our results support the notion that fragmented sleep is connected to EF when measured with
sensitive methods that are able to discriminate performance in the normal range, and that the differences can be
observable already in children under two years of age. Children with several signaled night awakenings were
less able to learn new stimulus sequences and inhibit their previously learned responses compared to children
without signaled night awakenings, as measured with an eye movement-based computer task. In the parental
ratings of EF, the groups differed only marginally, and the two groups of toddlers did not differ in behavioral
measures of EF, perhaps due to the behavioral measures being less sensitive than computerized measures to
early differences in EF. According to our previous work (Makela et al., 2018), the two groups did not differ in
overall psychomotor development at eight and 24 months of age, showing that the differences in EF are not a
reflection of differences in overall psychomotor development. According to our results, it seems that in children

with early-onset fragmented sleep, the development of EF follows somewhat distinctive pathways when



compared to children without fragmented sleep already during the first two years of life. However, the effect
sizes were rather small and, thus, the results of the study should be replicated in an independent sample.
Computerized tasks and eye-tracking paradigms are promising methods that will advance knowledge on the
associations of different sleep characteristics and infant development. In the future, fragmented sleep and its

associations with different aspects of self-regulation should be further investigated.
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Table 1

Descriptive statistics for the two groups.

Waking group

Non-waking group

n % n % p
Gender .889
girls 33 43.4 34 49.3
boys 43 56.6 35 50.7
Siblings 354
yes 27 36.5 33 34.2
no 47 63.5 34 50.7
Mother’s education 210
> 15 years 36 47.4 31 45.2
< 15 years 40 52.6 37 54.8
Father’s education 671
> 15 years 55 70.5 45 70.3
< 15 years 23 29.5 16 25.0
Mother’s monthly net income 377
>2000€ 23 29.5 23 35.9
1000 — 2000 € 39 50.0 24 37.5
< 1000€ 14 17.9 14 21.9
Father’s monthly net income 492
>2000€ 49 62.8 42 65.6
1000 — 2000 € 20 25.6 16 25.0
< 1000€ 8 10.3 3 4.7
Healthcare center .065
prevention 43 55.8 28 40.6
control 34 44.2 41 59.4
Co-sleeping <. 001
> once in a week 29 44.6 4 7.4
< 2 times a month 36 55.4 50 92.6
Breastfeeding .002
breastfed only 43 58.9 20 33.3
breastfed and formula fed 16 21.9 11 55.0
formula fed only 14 19.2 29 48.3
Falling asleep alone <. 001
once in a week 49 68.1 20 32.8
once in a day 23 31.9 41 67.2




Table 2

Descriptive statistics in parent-reported and actigraphy-based sleep parameters at eight and 24 months of age.

Waking group Non-waking group
n M SD n M SD
8 months
Parent-reported
Duration of nocturnal sleep [min] 75 589.9 58.4 60 597.8 55.7
Duration of daytime sleep [min] 76 188.4 53.6 60 204.8 63.1
Duration of total sleep [min] 75 778.8 70.9 60 802.6 60.5
Sleep latency [min] 74 24.8 16.9 57 18.2 155
Time spent awake at night [min] 69 30.6 25.7 48 15.8 20.6
Night awakenings [count] 73 3.8 1.9 54 0.9 0.6
Proportion of nighttime sleep [%] 75 75.9 5.8 60 74.7 6.6
Actigraphy-based
Actual sleep time [min] 67 511.1 55.0 61 518.5 56.6
Sleep latency [min] 66 19.3 19.3 58 17.8 22.1
Sleep efficiency [%] 66 78.7 6.2 58 79.1 6.8
Proportion of nighttime sleep [%] 37 85.7 5.7 31 85.1 6.6
Activity score in active periods [count] 68 127.0 48.7 60 102.6 46.6
24 months
Duration of nocturnal sleep [min] 53 589.4 46.4 41 605.5 37.9
Duration of daytime sleep [min] 53 105.4 38.8 41 114.6 46.1
Duration of total sleep [min] 53 694.8 45.3 41 720.6 55.5
Sleep latency [min] 48 23.9 18.1 38 17.9 12.5
Time spent awake at night [min] 46 11.8 12.3 38 4.0 9.0
Night awakenings [count] 50 1.0 0.9 40 0.6 0.6
Proportion of nighttime sleep [%] 53 84.9 51 41 84.3 5.1
Actigraphy-based
Actual sleep time [min] 35 539.7 43.0 28 542.8 46.6
Sleep latency [min] 36 26.6 18.7 28 22.3 15.0
Sleep efficiency [%] 36 81.7 5.6 28 83.8 4.2
Proportion of nighttime sleep [%] 31 87.4 7.4 17 89.4 59

Activity score in active periods [count] 36 82.8 31.8 28 76.4 31.0




Table 3

Statistics of the final models for the Switch task data

Estimate  SE 95% CI t p

Across both ages

Intercept 503 025  [.454, .552] 20.128 <.001

Group ? -.054 025 [-103,-.003] -2.119 .035

Block ® 262 033  [.197,.327] 7957  <.001
8 months

Intercept 486 031  [.425, .547] 15.708 <.001

Group 2 -001 031 [-051,.072] -.319  .751

Block ® 199 040  [.120, .280] 4942  <.001
24 months

Intercept 495 037  [.422, .568] 13.354 <.001

Group ? -.091 039 [-.170,-.013] -2.295 .023

Block® 319 .046 [.229, .410] 6.988 <.001

Note. SE = standard error. = waking group vs non-waking group, ® = pre-switch block vs post-switch block.
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Figure 1. An example of a trial in the Switch task.
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Figure 2. Group differences in the average performance of the Switch task at eight and 24 months of age. Note:

Error bars depict the standard error of the mean.





