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ARTICLE INFO ABSTRACT

Handling Editor: Mark R. Opp Objective: Longer sleep duration in infancy supports cognitive and affective functioning - likely through effects on
brain development. From childhood through old age, there is evidence for a close link between sleep and brain

Keywords: volume. However, little is known about the association between sleep duration and brain volume in infancy, a

ISI‘;ep developmental period of unprecedented brain maturation. This study aimed to close this gap by assessing sleep

nfancy

duration across the first year of life and gray and white matter volume at 12-mo age.

Method: Infant sleep duration trajectories across the first year of life were based on maternal reports at 1, 3, 6, 9,
and 12 months of age. Infant specific trajectories were generated by running a logarithmic regression for each
infant and residualizing the resulting slopes for their intercept. Structural magnetic resonance imaging (MRI)
scans were acquired at 12-mo age. Gray and white matter volume estimates were residualized for intracranial
volume and age at scan.

Results: Data to calculate sleep trajectories was available for 112 infants. Overall, sleep duration decreased over
the course of the first year of life and was best described by a logarithmic function. Of these infants, data on brain
volume was available for 45 infants at 12-mo age. Infants whose sleep duration decreased less during the first
year of life relative to their intercept had, on average, greater white matter volume (p = .36, p = .02).
Furthermore, average sleep duration across the first year of life, and sleep duration specifically at 6 and 9 months
were positively associated with white matter volume. Sleep duration during the first year of life was not
significantly associated with gray matter volume at 12-mo age.

Conclusion: Sufficient sleep duration may benefit infant white matter development — possibly by supporting
myelination. The fact that sleep duration was not associated with gray matter volume is in line with preclinical
studies suggesting that sleep may be crucial for the balance between synaptogenesis and synaptic pruning but not
necessarily relate to a net increase in gray matter volume. Supporting sleep during periods of rapid brain
development and intervening in case of sleep problems may have long-term benefits for cognitive function and
mental health.

Brain development
Gray matter volume
White matter volume
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1. Introduction

Sleep is a cornerstone of early development. Across species, most of
infancy is spent asleep with significant interindividual variability in how
much infants sleep (Galland et al., 2012; Kayser and Biron, 2016; Paa-
vonen et al., 2020). Longer sleep duration in infancy is prospectively
related to better cognitive development (Smithson et al., 2018; Taveras
et al,, 2017) and emotion regulation (Hysing et al., 2016; Moral-
es-Munoz et al., 2020; Williams et al., 2017). Given the trajectory of
increasing brain mass, metabolic expenditure for brain growth and
repair, and average sleep duration at different ages, it has been sug-
gested that the primary function of early sleep is neuroplasticity but
shifts to neural repair at approximately 2-3 years (Cao et al., 2020). This
could imply that insufficient sleep in infancy is associated with detri-
mental consequences for brain development. However, thus far, in
humans there is limited understanding of how variation in infant sleep
relates to early brain development. In this study, we characterized the
association between sleep duration across the first year of life and gray
and white matter volume at one year of age.

Across different age groups there is evidence for a close link between
sleep and brain integrity and function. In childhood, sleep disturbances
are associated with smaller gray matter volumes (Kocevska et al., 2017)
and shorter sleep duration is associated with smaller hippocampus
volumes (Taki et al., 2012). In a large study including 37.000 adult
participants, it has been shown that individuals who slept between 6 and
8 h had larger gray matter volumes in several brain regions including the
orbitofrontal cortex, the hippocampus, and the cerebellum and fewer
white matter hyperintensities compared to individuals who slept more
or less than that (Tai et al., 2022). In older adults, sleep fragmentation is
related to lower total gray matter volume (Lim et al., 2016) and lower
sleep quality is associated with variation in white matter microstructure
in frontal-subcortical tracts (Sexton et al., 2017). This is in line with
rodent studies which show that experimental sleep deprivation affects
brain micro-structure (Bellesi et al., 2018; Campbell et al., 2002; Guz-
man-Marin et al., 2008; Guzman-Marin et al., 2003; Jones et al., 2019,
2021; Raven et al., 2019; Yang et al., 2014).

Most of these studies were conducted in either adolescent or adult
animals. Only a few studies directly compare the role of sleep in different
age groups and suggest that sleep affects the adolescent and the adult
brain differently (Acosta-pena et al., 2015; Maret et al., 2012). Insuffi-
cient sleep may be more detrimental at ages when the rate of matura-
tional change in the brain is at its peak (Li et al., 2017). While
adolescence likely represents one such period, infancy is the postnatal
period associated with the most significant changes in the developing
brain (Knickmeyer et al., 2008). A small number of animal studies have
investigated the effects of sleep deprivation in early development and
provided evidence for sleep contributing to the process of early neural
fine-tuning driven by experience. Disrupting rapid eye movement (REM)
sleep for example interferes with neural plasticity in young cats (Bridi
et al., 2015) and less efficient pruning and long-term strengthening of
new synapses after a motor-learning task in young mice (Li et al., 2017).
Furthermore, disrupting the circadian rhythm immediately after birth
harms neuron morphology in the amygdala, hippocampus and pre-
frontal cortex (Ameen et al., 2022).

The far-reaching consequences of sleep deprivation in infancy for
brain development likely stem from the increased susceptibility of the
brain during this period of rapid developmental change. The first year of
life is marked by doubling of total brain volume (Knickmeyer et al.,
2008), increase in surface area by almost 80% (Li et al., 2013; Lyall
et al., 2015) as well as peak in the rate of white matter myelination
(Dubois et al., 2014; Girault et al., 2019). These spurts in infant brain
development may be supported by long sleep durations and impaired by
low sleep quantity. Infants spend on average more time asleep than
awake and more time asleep than children and adults - a pattern that
holds true across species (Kayser and Biron, 2016). Over the first 12
months of life, sleep duration decreases. In the first two months, infants
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sleep on average 14.6 h. Average sleep duration decreases to an average
of 12.9 h at 6 months and seems to level off with 12 months-olds sleeping
on average 12.9 h implying a non-linear trajectory (Galland et al.,
2012). At the same time, sleep problems are most prevalent during in-
fancy (Williamson et al., 2019) and a particularly great degree of vari-
ability in sleep quality can be observed during this developmental period
(Iglowstein et al., 2003; Paavonen et al., 2020). In sum, sleep in infancy
has the potential to play a significant role in brain development because
a) the brain is changing rapidly during the first year of life, and b)
fundamental processes of brain development benefit from high sleep
quality and quantity. Because there is significant variation in sleep
duration between infants, this may be one important aspect explaining
interindividual variability in brain developmental trajectories.

The aim of this study was to investigate trajectories of sleep duration
across the first year of life and the association with gray matter volume
(GMV) and white matter volume (WMYV) at 12-mo age. Mothers reported
at1, 3, 6,9, and 12 months about their infants’ sleep duration. Because
sleep is highly dynamic, trajectories differ between infants, and long-
lasting sleep problems may have more severe consequences than more
temporally isolated sleep problems (Smithson et al., 2018), we chose to
characterize the trajectories of sleep across the first year of life. Most
studies on infant sleep and development have only assessed sleep once
or twice over the course of the first year (Bernier et al., 2010, 2013;
Friedrich et al., 2017; Gibson et al., 2012; Makela et al., 2020; Moral-
es-Munoz et al., 2020; Scher, 2005) and thus provide little insight into
how changes in sleep duration over time affect development. One study
with more frequent sleep assessments has shown that infants may start
with similar sleep durations but may have different developmental
trajectories over the following months (Smithson et al., 2018). A single
measurement of sleep duration may thus be insufficient to represent
infant sleep. Structural MRI scans were performed at 12-mo age. Because
the decrease in sleep duration during the first year of life may not be
linear, we also explored quadratic and logarithmic functions to char-
acterize sleep trajectories. We hypothesized that the trajectory of sleep
duration during the first year of life would be associated with GMV and
WMV at 12-mo age. No previous study has investigated the association
between trajectories of sleep duration and brain development. On the
one hand, a decline in sleep duration is part of normative development
(Galland et al., 2012). On the other hand, longer sleep durations have
generally been associated with better developmental outcomes (Smith-
son et al., 2018; Taveras et al., 2017). Therefore, we expect that a
smaller decrease in sleep duration relative to their intercept will be
associated with greater GMV and WMV. In addition, we explored
whether this was driven by higher average sleep across the first year of
life and whether sleep duration at specific time points (1, 3, 6, 9, and 12
months) would be associated with GMV and WMV.

2. Methods
2.1. Study design and population

Mother-child dyads for the study were drawn from a prospective,
longitudinal study at the University of California, Irvine, Development,
Health and Disease Research Program. Participants were recruited
during early pregnancy and represent a socio-demographically diverse
convenience sample. All included infants were singletons, had no known
cord, placental, or uterine anomalies, or fetal congenital malformations.
Infant sleep duration was assessed through maternal reports over the
course of the first year of life at 1-, 3-, 6-, 9-, and 12-mo age. At 12-mo
age, structural MRI scans were performed. This study was approved by
the university’s IRB. Pregnant women and parents on behalf of their
infants provided written informed consent. N = 147 children partici-
pated in the study from which the participants for these analyses are
drawn. From this sample, data on sleep trajectories was available for 112
infants. Of those, 45 were successfully scanned at 12-mo age (Table 1 for
descriptive statistics). Infants without sleep data did not differ in
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Table 1
Descriptive statistics (N = 45, except birth weight percentile N = 44).

N (%)/M(SD)

Infant sex (female) 18 (40%)
Gestational age at birth (weeks) 39.2 (1.36)
Birth weight percentile 54.68 (27.91)
SES index (education and income combined; 5-point scale) 2.98 (0.95)

Age at MRI scan (days) 377.09 (16.58)

GMV (cm®) 631.27 (60.58)
WMV (cm®) 268.69 (28.22)
ICV (em®) 1051.22 (102.53)

Note. SES = socioeconomic status; WMV = white matter volume; GMV = gray
matter volume. ICV = intracranial volume.

sociodemographic characteristics (household income, maternal educa-
tion, race and ethnicity) from infants for whom this data was not
available, and infants who were successfully scanned did not differ in
sociodemographic characteristics from infants for whom MRI data could
not be successfully obtained (ps > .05).

2.2. Measures

2.2.1. Infant sleep

Maternal perceptions of infant sleep over the previous two weeks
were assessed using the Brief Infant Sleep Questionnaire (BISQ) (Sadeh,
2004). The BISQ consists of 13 items assessing for instance, day (7 a.
m.-7 p.m.) and night (7 p.m.-7 a.m.) sleep duration, night awakenings,
where and how the infant falls asleep. In this paper, only information on
day and night sleep duration was included. Test-retest reliability for
sleep duration obtained with the BISQ is high (r = .82 for sleep duration
at night and r = 0.89 for sleep duration during the day) and sleep
duration at night is correlated with actigraphy and daily sleep log esti-
mates (Sadeh, 2004). Sleep duration was reported in hours and minutes
but for the purpose of the analyses transformed into minutes. To
calculate the total sleep duration, day (7 a.m.-7 p.m.) and night (7 p.
m.-7 a.m.) sleep duration were summed. Data was excluded if either day
or night sleep duration was missing which was the case for 15 reports.
Outliers (i.e., z > + 3.29) were adjusted per time point (Tabachnick
etal., 2001) by adding or subtracting the difference between the last two
acceptable values to the last acceptable value. Only infants with sleep
assessments for at least three time points were included in the analyses.
As aresult, 112 out of 142 infants were included in the analyses. At 1-mo
age, 96 reports were available, at 3-mo age 94, at 6-mo age 103, at 9-mo
age 72, and at 12-mo 87 reports (Table 2).

2.2.2. Gray and white matter volume

Infants were scanned during natural sleep in a Siemens 3T scanner
(TIM Trio, Siemens Medical System Inc., Germany) at UCI Health
Nikken Imaging Center. Successful scans that passed quality control
were obtained in N = 52 infants. In N = 45 of these infants sleep data
was available. Prior to the scan, infants were fitted with hearing pro-
tection. The protocol included T1-weighted images which were obtained
using a three-dimensional (3D) magnetization prepared rapid gradient
echo (MP-RAGE) sequence (TR 2400 ms; TE 3.16 ms; TI 1200 ms; Flip
Angle 8°; 6:18 min) and T2-weighted images were obtained with a turbo

Table 2
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spin echo sequence (TR 3200 ms; TE1 13 ms; TE2 135 ms; Flip Angle
180°; 4:18 min). The spatial resolution wasa 1 x 1 x 1 mm voxel for T1-
weighted images and 1 x 1 x 1 mm voxel with 0.5 mm interslice gap for
T2-weighted images. A multi-atlas based iterative expectation maximi-
zation segmentation algorithm was used for the tissue segmentation —
identifying gray matter (GM), white matter (WM), and cerebrospinal
fluid (CSF) (Cherel et al., 2015). The sum of these three tissue volumes
represents the intracranial volume (ICV). GMV and WMV were resi-
dualized for ICV and age at scan and used in the statistical analyses.

2.2.3. Covariates

Length of gestation, birth weight and socio-economic status (SES)
were considered as potential confounders because pre-term birth, low
birth weight, and low SES have been shown to be associated with infant
sleep and brain development (Brito and Noble, 2014; Luijk et al., 2019;
MacKinnon et al., 2020; Padilla et al., 2015; Pascoe et al., 2019; Pesonen
et al., 2009). Infant sex is related to brain volume (Knickmeyer et al.,
2008). Gestational age at birth, infant sex, and birth weight were
abstracted from the delivery medical records. Birth weight percentile
based on infant sex and gestational age was calculated using interna-
tional standards from an international prospective population-based
study (Fernandes et al., 2020). Maternal SES was calculated by aver-
aging maternal educational level and household income. Educational
level was based on a 5-point scale from (1) less than high school to (5)
advanced degree. Household income was recoded into a 5-point scale
based on categories from <15,000$% to >100,000%. Infant sex and
gestational age at birth were included as covariates in all analyses in the
first step. SES and birth weight percentile were ultimately not included
as covariates because they were not significantly associated with any of
the sleep parameters or with GMV or WMV (Table 3).

2.3. Statistical analysis

All analyses with the exception of the broken stick method were
performed in SPSS (IBM Corp, 2020). For the broken stick method, we
used the ‘brokenstick’ package (Van Buuren, 2022) in R Statistical
Software (version 4.0.2; R Core Team, 2020). Figures were created using
the package ‘ggplot2’ (Wickham, 2016).

2.3.1. Characterization of sleep trajectories across the first year of life
Fig. 1 displays the trajectories for sleep duration for all infants with
sleep data for at least three time points. This figure illustrates that sleep
duration and trajectories across the first year of life varied across infants.
In Table 2, average sleep duration at each time point is reported. On
average, sleep duration decreases from 1 month to 12 months. For our
primary analyses, we were interested in characterizing the develop-
mental trajectory across the first year of life. Since visual inspection
suggests that sleep trajectories did not always follow a linear slope, we
ran three mixed models with the five measurement points nested within
subjects to determine which slope function to use in the main regression
analyses. In all models, an autoregressive covariance structure was
chosen as a plausible model for longitudinal data. A restricted maximum
likelihood approach was used. Three functions were examined: linear,
quadratic, and logarithmic. All models included a random intercept and

Means, standard deviation and correlations for reported sleep duration and estimates based on broken stick model.

N M(SD) sleep duration M(SD) sleep duration estimated by broken stick model Correlation (p)
1 month 96 15:28 (3:13) 15:20 (2:46) .78 (<.001)
3 months 94 13:47 (2:39) 13:53 (2:02) .98 (<.001)
6 months 103 13:06 (2:16) 13:12 (1:42) .96 (<.001)
9 months 72 12:26 (2:08) 12:19 (1:32) .95 (<.001)
12 months 87 12:49 (1:54) 12:40 (1:25) .92 (<.001)

Note. M and SD reported in hours:minutes. N for broken stick estimates is always N = 112 since missing data is imputed. Ns for reported sleep durations and cor-

relations are reported in the table.
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Table 3
Correlations (r(p)) of variables of interest with covariates (N = 45, except birth
weight percentile N = 44).

Infant Gestational age at SES Birth weight
sex birth percentile
GMV (res.) —.03 .22 (.16) 16 (.29) .02 (.91)
(.85)
WMV (res.) —-.15 .13 (.39) .08 (.61) .08 (.60)
(.34
Intercept —.05 —.08 (.62) .01 (.94) —.15(.32)
77)
Slope (res.) —.05 17 (.27) -.01 .20 (.20)
(.76) (.93)
Average -.07 .06 (.68) .05 (.74) .08 (.59)
sleep (.64)
Sleepat1l-mo  —.13 —.12(43) .01(.93) .04(.78)
(.38)
Sleep at 3- —.07 —.01 (.93) .07 (.63) —.07 (.66)
mos (.65)
Sleep at 6- —.08 .10 (.51) —.02 .20 (.21)
mos (.58) (.90)
Sleep at 9- -.01 .21 (.17) .11 (.47) .27 (.08)
mos (.96)
Sleep at 12- .11 (.48) .24 (11) .03(.83) —.08(.62)

mos

Note. WMV = white matter volume; GMV = gray matter volume; Slope was
residualised for intercept, WMV and GMV were residualised for intracranial
volume and age at scan.
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Fig. 1. Spaghetti plot for sleep duration (in minutes) across the first year of life.

the fixed and random effect for age. Random effects were allowed to
correlate using an unstructured covariance structure. For the linear
model, age was not transformed. This resulted in a model fit of BIC =
5776.13. For the quadratic model, age was centered and both the lower
order linear age term and age squared were included (both fixed and
random) (Faraway, 2002). This resulted in a model fit of BIC = 5749.61.
For the logarithmic model, the natural logarithm of age was included.
This resulted in a model fit of BIC = 5732.82. Thus, the model fit for the
logarithmic function was best and was used for the main regression
analyses (Seltman, 2012) to address the specific hypotheses. Infant
specific intercepts and slopes were generated by running a logarithmic
regression for each infant. Intercept and slope were highly, negatively
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correlated (r(110) = —0.89, p < .001) indicating that infants with higher
intercepts (longer sleep duration in newborns) showed a steeper
decrease in sleep duration across the first year of life. Since this resulted
in multicollinearity in the following analyses, slope was residualized for
intercept before using it as a predictor for GMV and WMV. Since most
infants exhibit a negative slope, for most infants a negative values
represent infants with a steeper decline in sleep duration than would be
predicted from the intercept.

2.3.2. Sleep trajectories across the first year of life and brain volume at 12-
mo age

Linear regression analyses were conducted to investigate the asso-
ciation of the sleep parameters with GMV and WMV (residualized for
ICV and age at scan) at 12 months, independently. In the first step, only
infant sex and gestational age at birth were included as covariates. For
the two main analyses, we regressed slope (residualized for the inter-
cept) in the second step onto GMV and WMV at 12 months. The
Bonferroni-corrected p-value was .025.

2.3.3. Average sleep duration and sleep duration at individual time points
across the first year of life and brain volume at 12-mo age

In additional exploratory regression analyses, we tested whether
GMV and WMV at 12 months are associated with overall sleep duration
across the first year of life (represented by the average of the sleep
duration measures from the five time points at 1, 3, 6, 9, and 12 months)
and with sleep duration at each assessment time point (1, 3, 6, 9, and 12
months). Both approaches face two challenges: missing data and irreg-
ularity in the exact age at assessment. Since sleep duration decreases on
average from 1 month to 12 months, results would be biased by missing
data when calculating the average. Missing data would also create a
problem when testing the association between sleep duration at indi-
vidual time points and brain volumes because each analysis would be
conducted on a slightly different dataset with different sample sizes,
which would impede comparison across time points. Furthermore, as
illustrated in Fig. S1, age at measurement varies around the intended
measurement time points of 1, 3, 6, 9, and 12 months. The broken stick
method was developed to deal with such timing irregularities as well as
with missing data (Buuren, 2020). This method predicts sleep for uni-
form time points for all participants even if there is irregularity and
imputes data for missing time points by fitting straight lines onto
observed data by using linear mixed models. We tested two models on
the data set of 112 infants: one fitting data with two lines to three time
points (1, 6, and 12 months) and one fitting data with four lines and five
time points (1, 3, 6, 9, and 12 months). The first model with three time
points had an R? = 0.81 while the model with five time points had an R
= 0.94 indicating that it fit the observed data better. Therefore, sleep
estimates were based on the latter model. Fig. S2 displays the trajec-
tories based on the broke stick estimates. In Table 1, we show the means
and correlations between the reported sleep durations and the sleep
durations estimated with the broken stick method. Overall, correlations
between reported and estimated data were significant at p < .001.

3. Results
3.1. Descriptive statistics

Data on sleep trajectories as well as GMV and WMV was available in
N = 45 infants. Descriptive data on sleep duration and covariates are
presented in Tables 1 and 2
3.2. Main analyses

All regression models were adjusted for infant sex and gestational
age at birth in the first step, however, these covariates were not signif-

icant in any of the models (ps > .25), which is likely due to the fact that
GMV and WMV had been residualized for ICV and boys had significantly



K. Pittner et al.
larger ICVs than girls (t(43) = 4.87, p < .001).

3.2.1. Sleep during the first year of life and GMV

The results of the regression analyses with GMV as the dependent
variable are presented in Table 4. In the primary analysis, associations of
infant-specific slopes based on a logarithmic function with GMV were
investigated. Slope was residualized for intercept to avoid multi-
collinearity and entered in the following step. Slope was not associated
with GMV, either (p = —.04, p = .78, Fig. 2A). In addition, associations
of average sleep duration across the first year of life and sleep duration
at 1, 3, 6, 9, and 12 months were tested in separate exploratory
regression analyses. Sleep durations were modelled using the broken
stick method (see 2.3.1). As reported in Table 4, none of these sleep
measures were significantly associated with GMV (ps > .49).

3.2.2. Sleep during the first year of life and WMV

Following the same steps as for GMV, infant-specific slopes based on
a logarithmic function were regressed onto WMV. In the next step, slope
(residualized for intercept) was added. Slope was significantly associ-
ated with WMV (B = .37, p = .02; see Table 5 and Fig. 2B). Since slope
was residualized for intercept, this suggests infants whose sleep duration
decreased less during the first year of life relative to their intercept had,
on average, larger WMV. The final model explained 17% of the variance
in WMV - 13% were explained by the decline in sleep duration over the
first year of life. Similarly, exploratory regression analyses showed that
average sleep across the first year of life was significantly associated
with WMV (B = .38, p = .01) with infants who on average slept more
during the first year of life having greater WMV. Sleep duration at 6 and
at 9 months was also significantly associated with WMV (p = 0.31,p =
.04 and p = 0.39, p = .009, respectively). The associations of sleep
duration at 1, 3, and 12 months were in the same direction but were not
significant (ps > .07).

4. Discussion

The aim of the present study was to investigate sleep duration tra-
jectories across the first year of life and the association with GMV and
WMV at one year of age. We found that on average, sleep duration,
measured in 3-mo intervals, decreased from one month to 12 months
age. Overall, this pattern of change was better described by a logarith-
mic model rather than a linear or quadratic one. Sleep duration at each
time point as well as its trajectory over the first year of life varied be-
tween infants. The trajectory of sleep duration across the first year of life
was associated with greater WMV but not GMV.

Infants whose sleep duration decreased more across the first year of
life relative to their intercept tended to have smaller WMV at 12-mo age.
This may be due to a slower decrease in sleep duration across the first
year of life or the overall greater amount of time slept as the average
sleep duration was also associated with WMV. While these explanations
cannot be uncoupled in this study, the latter explanation was supported
by the association between average sleep duration and WMV. This
observed association between sleep and WMV was not driven by

Table 4
Linear regression results for gray matter volume (residualized for intracranial
volume and age at scan).

Independent Variable B (SE) i} R? R%change p

Sleep slope (res.) —8.42 (30.51) —.04 .05 .00 .78
Average sleep —6.05 (16.23) —.06 .05 .00 71
Sleep at 1-mo 2.56 (8.56) .05 .05 .00 77
Sleep at 3-mos —7.66 (10.99) -.11 .06 .01 .49
Sleep at 6-mos —8.50 (13.06) -.10 .06 .01 .52
Sleep at 9-mos .0.50 (16.71) .01 .05 .00 .98
Sleep at 12-mos —10.70 (16.41) -.10 .06 .01 .52

Note. All models were adjusted for infant sex and gestational age at birth. Each
row represents an independent model.

Neurobiology of Sleep and Circadian Rhythms 14 (2023) 100091

concurrent sleep — sleep at 12 months was not significantly associated
with WMV. However, there were specific time points that were associ-
ated with WMV. We found that longer sleep duration specifically at 6
and 9 months age was significantly associated with smaller WMV. It is
possible that between 6 and 9 months, the brain is particularly suscep-
tible for variations in sleep durations. However, sleep at 6 and 9 months
was not independent of sleep at the other time points. Infants who had
longer sleep durations at 6 and 9 months were likely to have longer sleep
durations at the other time points as well. Moreover, while the associ-
ations between WMV and the other time points were not significant,
they were in the same direction and this study may have lacked the
statistical power to detect significant associations at the other time
points. Thus, it is not clear whether sleep problems at only one time
point would be sufficient to affect WMV at 12 months. However, it is
likely that chronic sleep problems may have negative consequences for
the maturing brain (Bellesi et al., 2018; Smithson et al., 2018). The first
year of life is marked by a sharp increase in WMV (Deoni et al., 2012).
White matter primarily consists of axons and the number of axons, the
caliber of axons, and the myelination of axons contribute to the total
WMV (Paus, 2010). Postnatal development is characterized by elimi-
nation of axons and thus increases in WMV during the first year of life
are more likely attributed to increases in axonal caliber and the thick-
ness of the myelin sheath (Paus, 2010). Preclinical studies have provided
evidence for sleep affecting myelination (de Vivo and Bellesi, 2019). In
adolescent mice, chronic sleep loss was associated with reduced myelin
thickness (Bellesi et al., 2018) and sleep deprivation in rodents has been
shown to be associated with a decrease in the transcription of proteins
linked to myelination (de Vivo and Bellesi, 2019). The thickness of the
myelin sheath determines the speed of conduction together with axonal
diameter and intermodal length and spacing (Monje, 2018). Conse-
quently, myelination is fundamental for the timing of transmission
within neural circuits and can have profound consequences for
perception, motor control and complex cognitive processes (Salzer and
Zalc, 2016). Because myelin responds to environmental stimulation and
neural activity (Forbes and Gallo, 2017; E. M. Gibson et al., 2014), it has
been postulated as an important marker of neural plasticity (Monje,
2018).

Contrary to our expectations, sleep duration during the first year of
life was not associated with GMV. This is in contrast to observations in
children and adults, in whom sleep duration is associated with GMV
(Kocevska et al., 2017; Tai et al., 2022). Infancy is a period marked by
profound changes in gray matter, with gray matter more than doubling
in volume during the first year (Knickmeyer et al., 2008), driven in part
by rapid synaptogenesis (Kostovic et al., 2019). The overproduction of
synapses is counterbalanced by selective pruning (Huttenlocher et al.,
1982; Huttenlocher and Dabholkar, 1997). Interestingly, rodent studies
suggest that sleep may be crucial in shaping infant gray matter devel-
opment, which may not necessarily be reflected by a net gain in GMV
because sleep is particularly important for maintaining an appropriate
balance in the number of dendritic spines early in development through
the elimination of dendritic spines (Li et al., 2017; Maret et al., 2012;
Yang and Gan, 2012). In adolescent mice, it has been shown that during
sleep pruning of dendritic spines dominates over dendrite formation,
while the opposite was true during wakefulness (Maret et al., 2012).
Brain development is not only affected by sleep but also by experiences
during wakefulness. The formation and elimination of spines is likely
guided by experiences during wakefulness. Li et al. (2017) suggest that
REM sleep plays a role in the consolidation of motor learning because
dendritic spines are selectively pruned during REM sleep but at the same
time leaning-induced spines are strengthened. Thus, sleep may moder-
ate the effect of environmental enrichment on gray matter development.
Nevertheless, typical study designs with human infants may have
neither the spatial nor the temporal resolution to detect how sleep bal-
ances synaptic gains and losses and consolidates learning experiences by
selectively preserving the right synapses.

The findings of this study suggest that improving infant sleep may be
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Fig. 2. Scatter plot for the association between the slope of sleep duration across the first year of life (residualized for intercept) with A. gray matter volume
(residualized for intracranial volume and age at scan) and B. white matter volume (residualized for intracranial volume and age at scan).

Table 5
Linear regression results for white matter volume (residualized for intracranial
volume and age at scan).

Independent Variable B (SE) i} R? R? change P
Sleep slope (res.) 60.38 (23.84) .37 17 .13 .02
Average sleep 33.66 (12.59) .38 .18 .14 .01
Sleep at 1-mo 12.89 (6.91) .28 11 .08 .07
Sleep at 3-mos 14.42 (9.00) .24 .09 .06 12
Sleep at 6-mos 22.34 (10.45) .31 .13 .10 .04
Sleep at 9-mos 35.14 (12.91) .39 .19 15 .009
Sleep at 12-mos 24.02 (13.33) .28 11 .07 .08

Note. All models were adjusted for infant sex and gestational age at birth. Each
row represents an independent model.

beneficial for infant brain development, and if replicated, could help
inform public policy and/or guide intervention strategies centered on
the importance of early sleep patterns. Infant sleep interventions
generally focus on sleep hygiene and safety (Carrow et al., 2020; Hall
et al.,, 2015). For instance, teaching parents about aspects of sleep
ecology including established bedtime routine, regular sleep and
wake-up times, noisiness, and light exposure in the bedroom, may
improve sleep duration (Sadeh et al., 2009). Factors like maternal stress,
prenatal tobacco and alcohol exposure, and neighborhood deprivation
have been associated with infant sleep and brain development that could
provide promising intervention targets (Andre et al., 2020; Brito and
Noble, 2014; Grimes et al., 2019; MacKinnon et al., 2020; Moog et al.,
2021; Morales-Munoz et al., 2018; Pesonen et al., 2009). Interventions
on a larger scale such as improving air-quality and reducing light and
noise pollution could have far-reaching effects (Johnson et al., 2018; Liu
et al., 2020).

The current study used maternal reports of sleep but parents may
overestimate sleep duration (Dayyat et al., 2011). Future studies should
replicate these findings using a more objective method such as actig-
raphy (So et al., 2005). Nevertheless, average sleep duration at each
time point was in line with sleep durations reported in a meta-analysis
(Galland et al., 2012). Exploring aspects of sleep quality such as sleep
fragmentation in addition to duration may also offer further insights into
the association between sleep and brain development.

This study was correlational and does not allow drawing conclusions
regarding the direction of these associations, i.e., whether variation in
sleep duration induces changes in the brain or whether certain brain
phenotypes are the cause for poorer sleep. However, compelling evi-
dence from rodent studies suggests that depriving animals of sleep may
causally affect brain micro-structure and impair neural plasticity. Sleep

deprivation causes alterations in dendritic spine formation and density,
less long-term potentiation, reductions in myelin thickness as well as
neurogenesis (Bellesi et al., 2018; Campbell et al., 2002; Guzman-Marin
et al., 2008; Guzman-Marin et al., 2003; Jones et al., 2019, 2021; Raven
etal., 2019; Yang et al., 2014). Concurrent assessments of brain volume
with measures of sleep duration in future studies would allow con-
ducting lagged analyses and shedding light on the direction of associa-
tions between sleep and brain development in infancy. Future studies
may also explore white matter changes in greater depth by using
methods such as diffusion tensor imaging and multi-parameter mapping
to measure myelination (Zhang et al., 2020).

To summarize, we here report an association between sleep duration
and WMV in infancy. Because sleep duration varied greatly across the
first year of life and across infants, optimizing sleep during infancy may
hold promise for interventions to support early brain development.
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