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uncinate fasciculus white matter, and infant negative
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Summary
Background Poor prenatal maternal sleep is a pervasive, yet modifiable, health concern affecting maternal and foetal
wellbeing. Experimental rodent studies demonstrate that prenatal maternal sleep deprivation affects offspring brain
development and leads to adverse outcomes, including increased anxiety-like behaviour. We examined the relation
between prenatal maternal sleep quality and neonatal white matter development and subsequent infant negative
emotionality.

Methods Participants included 116 mother-infant (53% female) dyads. Prenatal sleep quality was prospectively
assessed three times during gestation (16, 29, and 35 gestational weeks) using the Pittsburgh Sleep Quality Index.
Neonatal white matter, as indexed by fractional anisotropy (FA), was assessed via diffusion weighted magnetic
resonance imaging. Negative emotionality was measured via behavioural observation and maternal report when
the infant was 6-months of age.

Findings More prenatal sleep problems across pregnancy were associated with higher neonatal FA in the uncinate
fasciculus (left: b = 0.20, p = .004; right: b = 0.15, p = .027). Higher neonatal uncinate FA was linked to infant negative
emotionality, and uncinate FA partially mediated the association between prenatal maternal sleep and behavioural
observation of infant negative emotionality.

Interpretation Findings highlight prenatal sleep as an environmental signal that affects the developing neonatal brain
and later infant negative emotionality.
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Research in context

Evidence before this study
New evidence suggests that maternal sleep disturbances
during pregnancy are an understudied pathway to poor
offspring health. Experimental rodent research demonstrates
that sleep disturbances during pregnancy disrupt important
processes in offspring brain development and subsequent
anxiety-like behaviours. There is critical need for prospective
mechanistic human research investigating how prenatal sleep
disturbances confer risk in the next generation.

Added value of this study
This study extends prior research on the Developmental
Origins of Health and Disease (DOHaD) hypothesis by

identifying prenatal maternal sleep as an important factor
contributing to intergenerational health outcomes. Results
suggest that maternal sleep disturbances during pregnancy
may affect offspring mental health through neonatal fronto-
limbic circuitry.

Implications of all the available evidence
Prenatal maternal sleep presages infant fronto-limbic circuitry
with implications for negative emotionality, a transdiagnostic
risk factor for psychopathology. Maternal sleep is a prenatal
process that likely contributes to offspring emotional
development and may be an avenue for interventions seeking
to improve maternal and child health.

Articles

2

Introduction
Rates of sleep disturbances increase during pregnancy,1

and poor prenatal sleep is associated with compromised
maternal prenatal mental and physical health.2,3 Notably,
little is known about the intergenerational impact of sleep
disturbances during pregnancy. The Developmental Or-
igins of Health and Disease (DOHaD) model highlights
sensitive periods in early life, such as the prenatal period,
as robust contributors to lifespan health.4,5 Consistent
with this model, previous research demonstrates inter-
generational consequences of poor prenatal maternal
sleep on offspring birth outcomes (e.g., preterm birth,
low birthweight), above and beyond maternal physical
(e.g., body mass index) and mental health (e.g., depres-
sion).3,6,7 Emerging evidence also suggests that poor
maternal sleep influences child socioemotional develop-
ment, including negative emotionality,8 which is a
transdiagnostic risk factor for later psychopathology.9 The
neurobiological pathways by which prenatal maternal
sleep may contribute to offspring negative emotionality
and vulnerability to subsequent psychopathology remain
unknown.

In preclinical models, experimentally induced pre-
natal maternal sleep deprivation leads to adverse
offspring outcomes, such as increased anxiety and
depressive-like behaviours.10,11 Further, experimental
rodent studies document that prenatal sleep distur-
bances alter maturation of offspring prefrontal and
limbic circuits, thus suggesting a potential mechanistic
pathway underlying links between prenatal maternal
sleep and offspring outcomes. Specifically maternal
gestational sleep deprivation inhibits hippocampal
neurogenesis10,11 and affects dendritic spine density
within prefrontal regions of the offspring rodent brain
lasting into adulthood.12

The developing human brain undergoes incredible
growth during pregnancy.13 The exponential and
orchestrated maturation of the foetal brain results in
the emergence of white matter tracts before birth.13

Such rapid growth renders the brain highly
susceptible to intrauterine environmental signals,
including variation in maternal-placental-foetal endo-
crine and immune/inflammatory stress biology.14–17

Across species, altered maturation of amygdala–
prefrontal circuits is a primary consequence of early
life stress.18–20 In humans, the uncinate and cingulum
bundle are two primary fronto-limbic tracts that con-
nect regions critical in emotional responsivity and
regulation.21–23 The uncinate fasciculus is a U-shaped
fibre connecting the orbitofrontal cortex to the anterior
temporal lobe.18 The cingulum bundle similarly con-
nects fronto-temporal regions.24 The uncinate fascic-
ulus and the cingulum promote emotional
development, and aberrant maturation within both of
these circuits has been linked with compromised
cognitive and emotional functioning later in life,
including the development of psychopathology.25–27

Together, these findings support fronto-limbic cir-
cuitry as a plausible neurobiological pathway linking
prenatal maternal sleep and early offspring negative
emotionality.

While the experimental rodent research provides a
strong foundation for the links between prenatal
maternal sleep and offspring neurocircuit development,
the effects of poor prenatal maternal sleep on neonatal
white matter microstructure remain largely unknown in
humans. Our research group has demonstrated that
poor prenatal sleep during pregnancy is associated with
increased neonatal hippocampal volume.28 Further,
prenatal circadian misalignment assessed with actig-
raphy is associated with reductions in newborn global
grey and white matter volumes.29 Although specific
white matter tracts were not assessed, global reductions
in white matter support the hypothesis that fronto-
limbic tracts known to be influenced by prenatal
experiences may be susceptible to prenatal sleep dis-
turbances. These two human studies, alongside more
extensive studies with rodents, highlight the potential
implications of poor sleep across pregnancy on devel-
oping limbic regions and the need for examination of
www.thelancet.com Vol 109 November, 2024
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the link between prenatal maternal sleep and matura-
tion of fronto-limbic circuits.

The present study examined the longitudinal re-
lations among prenatal maternal sleep quality,
measured across pregnancy, newborn fronto-limbic
white matter microstructure, and later infant negative
emotionality. Fractional anisotropy (FA), or the fraction
of diffusion that is directionally dependent (i.e., aniso-
tropic), is a widely used summary metric that is sensi-
tive to multiple aspects of white matter microstructure.
FA was measured within two hypothesis-driven fronto-
limbic tracts: the uncinate fasciculus and the cingulum
bundle. To probe the specificity of observed associa-
tions, two non fronto-limbic control tracts, the
corticothalamic-parietal tract and the motor segment of
the corpus callosum were also investigated. These two
tracts form major white matter pathways that connect
motor and somatosensory regions30,31 distinct from
fronto-limbic circuitry. Further, as sleep is dynamic over
pregnancy32 and sleep at different prenatal timepoints
may exert different effects on the offspring brain,28 we
first examined links between sleep trajectories and
neonatal uncinate and cingulum white matter micro-
structure, covarying for potential confounding factors,
including maternal depression and anxiety, and expo-
sure to stressful life events during pregnancy. We then
examined whether neonatal white matter microstruc-
ture mediates the associations between prenatal
maternal sleep problems and multimodal assessment of
infant negative emotionality. Grounded in findings
from the experimental rodent literature, we expected
that prenatal maternal sleep would longitudinally pres-
age individual differences in offspring fronto-limbic
white matter circuitry and subsequent negative
emotionality.
Methods
Study overview
Adult pregnant participants reported on prenatal sleep
quality at 16, 29, and 35 gestational weeks. Their off-
spring’s neonatal white matter microstructure was
assessed during natural sleep using magnetic reso-
nance imaging (MRI) at around five weeks postnatal
age (Mage = 5.1 weeks, SDage = 2.27). Infants were
scanned as close to birth as possible to assess the ef-
fects of prenatal perturbations to brain development
while minimizing the effects of the postnatal envi-
ronment.28,33 Infant negative emotionality was assessed
at six months using both laboratory behavioural
observation and maternal report (Mage = 6.1 months,
SDage = 0.47). See Fig. 1 for a schematic of the study
procedures.

Ethics
Participants were compensated at each timepoint.
Further, written and informed consent was obtained
www.thelancet.com Vol 109 November, 2024
from mothers for themselves and their infant under the
University of Denver (956,810) and Colorado Multiple
Institutional Review Boards (16–2040).

Participants
116 pregnant participants and their neonates were
included in this study. Participants were drawn from the
Care Project, a larger longitudinal study assessing the
effect of interpersonal therapy on prenatal maternal
depression and offspring health and development.34,35

Individuals randomized to the treatment group of the
parent study were not included in current analyses.
Study recruitment was primarily from two major med-
ical centres in Denver, Colorado serving ethnic-racially
and socioeconomically diverse populations. To pro-
mote the recruitment and participation of a sample
comparable to the Denver metropolitan area, we pro-
vided flexible scheduling (e.g., weekends), daycare
assistance, paid transportation, a quarterly project
newsletter, and online options (e.g., zoom). At recruit-
ment, inclusion criteria for the overall study was: a)
maternal age between 18 and 45, b) singleton preg-
nancy, c) gestational age <25 weeks, d) English profi-
ciency, e) no current illegal drug or methadone use, f)
no major maternal health conditions requiring invasive
or intensive treatments (e.g., dialysis, chronic long-term
steroid use), g) no current or past symptoms of psy-
chosis or mania based on the Structured Clinical
Interview (SCID) for DSM-5. Further, exclusion criteria
for this study include: a) miscarriage or foetal demise
(n = 2), b) major chromosomal anomalies (n = 1), and c)
absence of maternal sleep data (n = 1). Of the 122
newborns who attended an MRI scan appointment,
three were not scanned (e.g., did not fall asleep during
scanning window), two did not yield imaging data (woke
up during scan), and one failed quality control (direc-
tional bias within image). The six newborns excluded
from analyses did not differ from the 116 participants
with respect to maternal age, income, gestational age at
birth, and birth weight percentile (all ts < 1.29, all
ps > 0.19).

Table 1 provides details on sample characteristics.
Pregnant participants were, on average, 30 years old
(range 21–41). Participants had a median household
income of $79,542, which is lower than the median
household income in the county of Denver in 2022
($88,213).36 Thirty-two percent reported living at or
near the federal classification of poverty (less than
200% income-to-needs ratio). Forty-five percent
identified as belonging to a marginalized ethnic or
racial group. The race and ethnicity of the pregnant
participants and their neonates was reported by the
pregnant individual and was reflective of the de-
mographics of the Denver metropolitan area.36 Neo-
nates (MGestational Age at Birth = 38.92 weeks, SD = 1.45,
range 33.3–41.6) were 52.6% female, 36.8% firstborn,
and otherwise healthy at birth.
3
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Fig. 1: Schematic of study timeline.
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Measures
Maternal self-report measures
Prenatal sleep. Prenatal maternal sleep quality was
collected using the Pittsburgh Sleep Quality Index
(PSQI).37 The PSQI is a 19-item questionnaire comprised
of seven subscales (sleep latency, sleep duration, sleep
disturbances, sleep medication, subjective sleep quality,
sleep efficiency, and daytime dysfunction), on a 0–3 scale.
The subscales scores are summed to form total subjective
sleep quality score from zero to 21 with higher scores
indicating poorer sleep quality or more sleep problems.37

On total sleep quality, a score higher than five charac-
terizes poor sleep.38 The PSQI possesses good validity
and internal consistency (α = 0.83) within prenatal pop-
ulations37,39,40 and has been previously validated with
wearable devices.41 In our sample, one participant (0.8%)
had missing sleep data at the first assessment, six (5%)
were missing sleep at the second, and 12 (10%) were
missing sleep data at the third prenatal assessment. Lit-
tle’s missing completely at random test demonstrated
that data were missing at random (MAR; X2 (7) = 11.62,
p = .114). Sixty-five percent of pregnant individuals were
identified as poor sleepers (PSQI score >5) early in
pregnancy, and this percentage increased to 70.7% in
mid and late pregnancy.

Prenatal stressful life events. The Life Events Checklist
(LEC-5)42 was used as a measure of objective stress
exposure during pregnancy. The LEC is a 17-item
questionnaire that assesses exposure to traumatic
events, including assault and life-threatening condi-
tions. Pregnant participants were asked if, during their
current pregnancy,(1) the event happened to them,(2)
witnessed it (3) learned about it happening to someone
close to them,(4) happened as part of their job,(5) they
were not sure or (6) the event was not applicable to
them. Items were added to yield a sum score (0–17),
with higher scores indicating greater stress exposure
during pregnancy. The LEC-5 possesses good test–retest
reliability (r = 0.82).43

Prenatal anxiety. The 20-item state subscale of the
State-Trait Anxiety Inventory (STAI)44 was used as a
measure of distress during pregnancy given previous
research demonstrating that the factor structure reflects
high-order negative affectivity.45 Items are endorsed on a
4-point Likert scale, with higher scores indicating more
distress during pregnancy. The STAI has been previ-
ously validated and utilized within pregnant pop-
ulations.33,46 In our sample, the STAI possessed excellent
internal consistency (α = 0.96).

Prenatal depression. The Edinburgh Postnatal Depres-
sion Scale (EPDS)47 was used as a measure of prenatal
depression. The EPDS is a widely used measure of
depression symptoms with prenatal populations.48

Pregnant participants endorsed depression symptoms
on a 4-point Likert scale, with higher scores indicating
greater levels of depression. The EPDS possesses good
internal consistency and validity.47 In our sample, the
EPDS possessed good internal consistency (α = 0.91).

Magnetic resonance imaging acquisition and processing
Infants were scanned unsedated during natural sleep
following the same scanning protocol as described in
Demers et al., 2021. A Siemens Skyra 3T MRI system
www.thelancet.com Vol 109 November, 2024
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Maternal characteristics M (Range) or %

Age at enrolment 30.50 (20–42)

Obstetric complications

No complications 38.3%

One complication 36.5%

Two or more complications 25.2%

Annual household income ($) 79,542 (0–280,001)a,b

Household Income-to-needs ratio 4.19 (0.06–17.0)a,b

At or below 200% poverty line 32.4%

Cohabitation status

Cohabitating with partner 86.7%

Living alone 13.3%

Education (highest degree earned)

Less than high school 2.6%

High school 14.0%

Some college 17.5%

Associate degree 12.3%

Bachelor’s degree 31.7%

Graduate degree 21.9%

Race and ethnicity

Asian American/Asian 3.5%

African American/Black 9.7%

Hispanic/Latinx 26.3%

Non-Latinx White 54.3%

Native Hawaiian/Pacific Islander 1%

Multiracial/Multiethnic 5.2%

Prenatal substance use (any) 2.6%

Prenatal distress (STAI) 38.25 (20–77)

Prenatal stressful life events (LEC) 4.49 (0–14)

Newborn characteristics

Postconceptional age at MRI (weeks) 44.05 (41.6–52.3)

Age at MRI scan (weeks) 5.12 (1.9–13.4)

Parity (first born) 36.8%

Biological sex at birth

Female 52.6%

Male 47.4%

Race and ethnicity

Asian American/Asian 3.0%

African American/Black 6.0%

Hispanic/Latinx 25.0%

Non-Latinx White 49.1%

Native Hawaiian/Pacific Islander 1.4%

Multiracial/Multiethnic 15.5%

Birth outcome

Gestational age at birth (weeks) 38.92 (33.3–41.6)

Birth weight percentile 46.39 (1–96)

Study variables

Maternal sleep (PSQI) at 1st timepoint 6.53 (1–17)

Maternal sleep (PSQI) at 2nd timepoint 6.78 (1–18)

Maternal sleep (PSQI) at 3rd timepoint 7.65 (1–19)

Motion 7.36 (0–33)

Uncinate FA

Left 0.26 (0.21–0.34)

Right 0.26 (0.21–0.32)

(Table 1 continues on next column)

Maternal characteristics M (Range) or %

(Continued from previous column)

Cingulum FA

Left 0.25 (0.16–0.30)

Right 0.25 (0.16–0.31)

Infant Negative Emotionality (IBQ) 3.10 (1.53–6.75)

Infant Negative Emotionality (Lab-TAB)

Facial Aversion 1.81 (0–4)

Distress Vocalizations 1.14 (0–5)

aMedian reported. bAn outlier for income (i.e., SD ≥ 5 above the mean) was
converted to the value 3 SDs above the mean, preserving its rank as the highest
value.

Table 1: Sample characteristics (n = 116).
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equipped with a 20-channel head coil at the Brain Im-
aging Centre at the University of Colorado Anschutz
Medical Campus was used.

Diffusion tensor images were obtained using a
simultaneous multislice sequence (SMS; TR = 6100 ms,
TE = 60, FOV = 220, matrix size = 128 × 128; 50 axial
slices with 2.0 mm thickness; PE direction = AP) for the
uncinate fasciculus and the hippocampal component of
the cingulum (See Supplement Figure S1). Diffusion
MRI data were acquired with three diffusion weightings
(b-values) (b = 300, 800, 2000 s/mm2), with 10, 30, and
64 unique gradient directions per respective shell (104
gradient directions total). In addition, 18 interspersed
b = 0 s/mm2 images were acquired as a baseline. The
total acquisition time was 7 min (multiband acceleration
3, echo time (TE)/TR 92/3600 ms).

A study-specific quality control protocol was applied
to all raw DWI data using DTIPrep (www.nitrc.org/
projects/dtiprep, version 1.2.10). Slice-wise and
gradient-wise artifact detection, eddy current and mo-
tion correction were included as part of DTIPrep. For all
diffusion tensor analyses, the b = 300 and b = 800 shells
(40 gradients total) were used to calculate the diffusion
tensor images (DTI) using the weighted least-squares
algorithm.49 Lower b-values were employed for calcula-
tion of the diffusion tensor given the decreased signal-
to-noise and the increased non-Gaussian contribution
to the diffusion signal at higher b-value acquisitions.50

As an additional quality control step, interactive trac-
tography was performed in Slicer (http://www.slicer.
org) and visually assessed for artifacts undetectable by
voxel-wise inspection, such as any consistently observed
directional biases. Skull and non-brain tissue were
masked using the Brain Extraction Tool (BET)51 on the
geometric mean of the DWI image, followed by manual
correction, if necessary. Two motion scores were
calculated per participant: (a) the number of DWI gra-
dients removed by the DTI Prep preprocessing pipeline,
and (b) the number of DWI gradients with significant
levels of corrected motion. These two scores were
5
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summed to create the single motion artifact covariate
used in the association analyses.

A study-specific DTI atlas was created from the
diffusion tensor data using the UNC−Utah National
Alliance for Medical Image Computing DTI frame-
work.52 Nonlinear, diffeomorphic pair-wise registration
was performed to map individual participant DTIs into
atlas space, and registration accuracy was visually
inspected in DTI-AtlasBuilder to determine if the
computed transforms were appropriate. Tracts of inter-
est were determined semi-automatically in this atlas
space53 using the tract definition in Short et al.54

Resulting deformation fields were then used to map
the atlas fibres into individual participant space, where
diffusion tensor metrics were extracted at evenly spaced
points (arc lengths) along each fibre tract. As an addi-
tional quality control step, individuals were excluded
from further association analyses for a given tract if
their fractional anisotropy profile was weakly correlated
with the population tract average profile (correlation
<0.70). A low correlation typically flags poor alignment
of the participant’s DTI to the atlas across the respective
fibre regions. For each participant, the profile of the
respective diffusion tensor metric was then averaged
along the respective fibre to yield robust tract metric
averages for the association analyses.

Infant negative emotionality
Infant negative emotionality was assessed using both
maternal report and observations of infant behaviour.
Maternal report of infant negative emotionality was
collected using the 59-item negative affectivity subscale
from the Infant Behaviour Questionnaire (IBQ).55 The
IBQ is a standardized 191-item maternal-report ques-
tionnaire validated for use with infants and with strong
external validity.55,56 Internal consistency for the negative
emotionality scale in the current sample was α = .85.
Ten participants (9%) were missing infant behaviour
questionnaire data.

Infant negative emotionality additionally was
assessed using a standardized and validated measure
from the Laboratory Temperament Assessment Battery,
the Robot Behavioural Task.57 Videos were coded for
intensity of facial negative affectivity (0–4) and distress
vocalizations (0–5) in response to a robot that moves and
makes noises. Scores across facial and vocalization in-
tensity were standardized and averaged to create a
composite score of infant negative emotionality, with
higher scores indicating higher negative emotionality.
Twenty percent of videos were coded independently by
two coders and interrater reliability for facial negative
affectivity and distress vocalization scores was 0.94. Of
116 participants, 39 were missing data on negative
emotionality from the Robot Task. Little’s missing at
random test demonstrated that parent report and
behavioural observation of negative emotionality data
were missing at random (X22 = 2.81, p = 0.245).
Pregnancy and birth outcomes
Gestational age at birth, obstetric complications,
newborn sex at birth, birth weight percentile, and parity
were obtained via medical charts. Gestational age at
birth (GAB) was computed using the American College
of Obstetricians and Gynaecologists (ACOG) guidelines
to derive estimated date of delivery. Estimated date of
delivery was based on embryo measurements from an
early ultrasound (before 14 weeks gestation) and/or the
date of the last menstrual period as obtained from
medical records.58 Additionally, neonatal postconcep-
tional age was calculated by adding GAB and weeks
from birth to MRI scan, thus accounting for pre and
postnatal brain growth. Further, obstetric complications
were calculated by summing the number of pregnancy-
related complications present in the current pregnancy,
including prenatal infection, pregnancy-induced hyper-
tension, gestational diabetes, oligohydramnios, poly-
hydramnios, preterm labour, vaginal bleeding, placenta
previa, and anaemia.59 Additionally, birth weight
percentile was calculated considering GAB and newborn
sex.

Statistics
Statistical power
As prior studies linking prenatal sleep and offspring
white matter in humans are not available, effects sizes
for power analyses were derived from previous research
with other prenatal factors and offspring white matter
microstructure,33 and two studies on prenatal maternal
sleep and offspring neurodevelopment.28,29 Effect sizes
ranged from small to medium indicating that with 116
dyads, we have 74.3–98.9% power to detect an effect size
of 0.01–0.38 at α = 0.05.

Missing data
Given Little’s test suggesting that our prenatal sleep and
infant negative emotionality data were missing at
random, multiple imputation was employed to address
missing data using the following list of auxiliary or pre-
dictor variables: prenatal income-to-needs ratio, cohabi-
tation status and education, prenatal depression, parity,
sex at birth, birthweight percentile, age at six-month
assessment, and whether children turned 6 months at
the time of the COVID-19 shutdown.

Covariates
Following best practices in infant neuroimaging studies,
postconceptional age at scan (defined as gestational
length plus postnatal age), motion during acquisition,
and sex at birth were included in all analyses.33,60 We
additionally examined birth weight percentile, prenatal
income-to-needs ratio, parity, cohabitation status,
maternal education and maternal postnatal sleep quality
as potential covariates using correlations with tract FA
across the uncinate and the cingulum, as well as infant
negative emotionality (alpha <0.05; See Table 2). A one-
www.thelancet.com Vol 109 November, 2024
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Left Uncinate (FA) Right Uncinate (FA) Left Cingulum (FA) Right Cingulum (FA)

PCA at MRI 0.73** 0.74** 0.52** 0.49**

Motion −0.10 −0.08 0.03 −0.03

Sex at birtha 0.07 0.05 0.13 0.12

BWP 0.15 0.13 −0.02 −0.17

Income-to-needs ratio −0.19* −0.22* −0.11 −0.13

Birth orderb 0.16 0.11 0.09 0.15

Cohabitation status −0.07 −0.05 −0.11 −0.13

Maternal education −0.13 −0.16 −0.11 −0.11

Postnatal Sleep 0.16 0.19 −0.003 −0.02

Note. *p < .05, **p < .01. FA, Fractional Anisotropy; PCA, Postconceptional Age; MRI, Magnetic Resonance Imaging; BWP, Birthweight Percentile; INR, Income-to-needs
ratio. aSex coded as 0 = female, 1 = male. bBirth order coded as 0 = primiparous, 1 = multiparous.

Table 2: Bivariate correlations of potential covariates with uncinate and cingulum white matter fractional anisotropy.

Articles
way ANOVA was conducted to test obstetric complica-
tions (zero, one, two or more) as a potential covariate.
Analyses revealed that only posconceptional age at scan
and income-to-needs ratio were associated with
newborn uncinate fasciculus microstructure (FA; all
rs > −0.19, all ps < 0.05) and infant negative emotionality
(r = −0.26, p = 0.008) and was therefore retained as a
covariate in all analyses.

Additional analyses covarying for prenatal stressful
life events, maternal anxiety, and depression were con-
ducted to test the effect of maternal sleep quality during
pregnancy on neonatal neurocircuitry above and beyond
these factors.

Trajectories of prenatal maternal sleep and neonatal uncinate
and cingulum white matter microstructure
Generalized linear mixed models (GLMMs), were used
to test the links between trajectories of prenatal sleep
quality and neonatal uncinate fasciculus and cingulum
microstructure using the lmer and glmer packages in
R-studio.

GLMMs allow linear and nonlinear data to be nested
within individuals and investigated at multiple, hierar-
chical levels.61 GLMMs also are relatively stable when
conducting analyses with longitudinal data that contains
robust heterogeneity in timing of repeated assessments.
Prenatal maternal sleep quality was regressed on weeks
of gestation to test linear and quadratic trajectories for
model fit. Our GLMMs were centred at the first mea-
surement timepoint, eight gestational weeks. The best fit
of prenatal sleep trajectory was determined by comparing
linear and quadratic model fit. If linear slope and
quadratic curve estimates were significant, a difference in
deviance score estimate was calculated by subtracting the
deviance score from the linear and quadratic models. The
alpha level of this difference deviance score was then
identified using a critical value chi-square distribution
table and the difference in degrees of freedom between
the linear and the quadratic model. Once trajectory fit
was determined, level two predictors, including neonatal
www.thelancet.com Vol 109 November, 2024
uncinate fasciculus and cingulum tract FA and cova-
riates, were added to the GLMMs. False discovery rate
(FDR) correction (q = 0.0375) was used to correct for
multiple comparisons across bilateral uncinate and
cingulum (four tracts, treating left and right separately).
For tracts that passed FDR correction, we then examined
axial diffusivity (AD; diffusivity along the main fibre) and
radial diffusivity (RD; diffusivity perpendicular to the
main fibre orientation) to further investigate specific
white matter microstructure metrics that might be
driving overall differences in FA.

Trajectories of prenatal maternal sleep and white matter
microstructure of two control tracts: corticothalamic and
corpus callosum. Identical generalized linear mixed
models were used to examine associations between
sleep and two non-prefrontal-limbic tracts: bilateral
corticothalamic-parietal and motor segment of the
corpus callosum.

Sensitivity analyses. Sensitivity analyses were conduct-
ed excluding pregnant individuals with prenatal sub-
stance use exposure (n = 3) and preterm infants (n = 6
born <37 gestational weeks).

Neonatal uncinate fasciculus as pathway linking prenatal
maternal sleep and infant negative emotionality
Tests of indirect effects were employed to evaluate
whether total poor sleep quality exposure (average across
prenatal timepoints) indirectly predicted multimodal
assessment of infant negative emotionality through
neonatal white matter microstructure. Follow up ana-
lyses on timing effects were then conducted to test
whether prenatal maternal sleep early, mid, and late in
pregnancy were indirectly associated with infant nega-
tive emotionality via neonatal white matter microstruc-
ture. Mediation analyses62 were conducted using SPSS
version 28 if significant associations (alpha <0.05) were
found between prenatal maternal sleep quality and
neonatal white matter tracts.
7
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Sex differences
Since environmental inputs can affect the foetus in a
sex-specific manner,63 we explored sex at birth as a po-
tential moderator of the associations between prenatal
maternal sleep quality and neonatal white matter. Sex
differences were analysed using hierarchical regressions
in SPSS version 28 if significant associations (alpha
<0.05) were found between prenatal maternal sleep
quality and neonatal white matter tracts.

Role of funders
The funding agencies of this study played no role in
study design, data collection, data analysis, interpreta-
tion, or writing of this manuscript.
Results
Prenatal maternal sleep quality and neonatal
uncinate fasciculus and cingulum
Trajectories of prenatal maternal sleep quality were best
modelled via accelerating quadratic growth curves
(specifically, model fit indices reveal that a quadratic
function best fits the data ΔX2

(1) = 1626.3–1613.1 = 13.2, p = 0.0003, GLMM; See
Supplement Table S1), such that sleep problems wors-
ened later in gestation (See Supplement Table S1 &
Supplement Figure S2). Poorer prenatal maternal sleep
quality across gestation was associated with higher
bilateral neonatal uncinate fasciculus FA, after inclusion
of covariates (e.g., income-to-needs ratio; left: b = 0.20,
p = .004; right: b = 0.15, p = .027, GLMM; See Table 3
and Fig. 2). Follow-up analyses to determine if AD or
RD were associated with poor prenatal sleep revealed
Fixed effects Left Uncinate

b estimate SE

Uncinate on intercept of prenatal sleep 61.75* 24

Motion −0.08** 0

PCA at MRI 0.03 0

Income-to-needs ratio −0.21** 0

Sex at birth −0.01 0

Uncinate on linear rate of change of prenatal sleep −6.56** 2

Uncinate on quadratic rate of change of prenatal sleep 0.20** 0

Fixed effects Left Cingulum

b estimate SE

Cingulum on intercept of prenatal sleep 17.34 25

Motion −0.09** 0

PCA at MRI 0.19 0

Income-to-needs ratio −0.22** 0

Sex at birth −0.11 0

Cingulum on linear rate of change of prenatal sleep −1.10 2

Cingulum on quadratic rate of change of prenatal sleep 0.03 0

Note: *p < .05, **< 0.01, * **p < .001. PCA, Postconceptional age; MRI, Magnetic reso

Table 3: Generalized linear mixed models of maternal sleep quality across ge
anisotropy (FA).
that prenatal maternal sleep quality was linked to
neonatal bilateral RD in the uncinate fasciculus, but not
AD (See Supplement Table S2). The trajectory of pre-
natal sleep quality was not significantly associated with
bilateral neonate cingulum FA (left: b = 0.03, p = .31;
right: b = 0.11, p = .18, GLMM; See Table 3).

Additional analyses covarying for prenatal exposure
to stressful life events, anxiety, and depression revealed
that associations between prenatal maternal sleep qual-
ity and neonatal uncinate fasciculus FA persisted in the
presence of these covariates (See Table 4).

Sensitivity analyses
Sensitivity analyses demonstrated that removing partic-
ipants with prenatal substance use (n = 3) or preterm
infants (<37 weeks GA; n = 6) did not affect the pattern
of the findings and were thus retained in final analyses
(See Supplement Tables S3 and S4).

Analyses conducted with two non-frontolimbic
tracts, bilateral corticothalamic-parietal and motor
segment of the corpus callosum, showed that prenatal
maternal sleep quality was not linked with FA within
either of these control tracts (See Table 5).

Neonatal uncinate fasciculus white matter as
mechanism linking prenatal maternal sleep and
later infant negative emotionality
Significant associations were observed between prenatal
maternal sleep and neonatal uncinate FA. Thus, medi-
ation analyses were conducted to test the indirect effect
of total exposure to prenatal maternal sleep problems
(average) on infant negative emotionality through
neonatal uncinate FA. Prenatal maternal sleep problems
Right Uncinate

T p b estimate SE T p

.48 2.52 0.01 72.26** 25.28 2.86 0.005

.03 −2.71 0.01 −0.08** 0.03 −2.76 0.006

.23 0.13 0.90 −0.10 0.22 −0.47 0.64

.09 −2.35 0.02 −0.23* 0.09 −2.64 0.01

.61 −0.03 0.98 −0.21 0.58 −0.36 0.72

.30 −2.86 0.005 −5.51* 2.42 −2.28 0.02

.07 2.92 0.004 0.15* 0.07 2.21 0.03

Right Cingulum

T p b estimate SE T p

.91 0.67 0.50 40.82 24.85 1.64 0.10

.03 −2.78 0.006 −0.09** 0.03 −2.82 0.005

.18 1.04 0.30 0.23 0.18 1.28 0.20

.09 −2.42 0.02 −0.23* 0.09 −2.52 0.01

.62 −0.18 0.86 −0.15 0.61 −0.24 0.81

.85 −0.39 0.70 −4.62 2.71 −1.71 0.09

.08 0.31 0.76 0.11 0.08 1.35 0.18

nance imaging.

station and neonatal uncinate fasciculus and cingulum fractional
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Fig. 2: Trajectories of prenatal maternal sleep quality by neonatal uncinate fasciculus fractional anisotropy (FA). Scores >5 on the PSQI indicate
poor sleep quality. Data were analyzed continuously and are split +/− 1 SD from the mean FA for visualization purposes only. Topographical
figure of the uncinate also included.
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indirectly presaged greater infant negative emotionality
(multimodally) via higher bilateral uncinate fasciculus
FA (See Fig. 3).

To further address the patterns of associations based
on timing of sleep problems during pregnancy, we
conducted additional mediation analyses focusing on
sleep quality during early, mid, and late pregnancy. No
clear pattern based on timing of sleep quality emerged
(See Supplement Figures S3–S5).

Sex differences
Regressions were conducted to test whether sex
moderated this association between prenatal maternal
sleep and neonatal fronto-limbic circuitry. Sex of the
infant did not moderate the association between pre-
natal maternal sleep quality and uncinate (left:
b = −0.001, p = .41; right: b = −0.001, p = .25) or
cingulum FA (left: b = −0.001, p = .52; right: b = 0.001,
p = .61).
Discussion
Maternal sleep quality across gestation portends
neonatal fronto-limbic circuit development and
www.thelancet.com Vol 109 November, 2024
subsequent elevations in infants’ negative emotionality.
Specifically, elevated sleep problems throughout preg-
nancy were associated with higher neonatal uncinate
fasciculus FA, which in turn, was associated with
greater negative emotionality, assessed multimodally,
when infants were six months old. Negative emotion-
ality constitutes a transdiagnostic risk phenotype, as
infants who are prone to feelings of fear, irritability, and
sadness are more susceptible to psychopathology later in
life.9 Overall, our findings suggest that prenatal
maternal sleep may affect offspring mental health
through neonatal fronto-limbic circuitry.

Evidence that prenatal maternal sleep problems are
associated with increased uncinate fasciculus FA is
consistent with previous human research indicating that
development of the uncinate fasciculus is susceptible to
early life signals.18–20 Experimental evidence in rats is
also consistent with these findings, highlighting in-
creases in offspring synaptic density following prenatal
maternal sleep deprivation.12 As FA increases on average
across development,13 it has been hypothesized that
higher FA following exposure to adversity may reflect
accelerated maturation.64 Prior research has found evi-
dence of accelerated white matter maturation (higher
9
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Fixed effects Left Uncinate Right Uncinate

b estimate SE T b estimate SE T

Model 1: Prenatal Stressful Life Events

Uncinate on intercept of prenatal sleep 60.71* 24.35 2.49 72.81** 25.30 2.88

Motion −0.07* 0.03 −2.24 −0.08* 0.03 −2.54

PCA at MRI 0.03 0.23 −0.13 −0.11 0.22 −0.49

Income-to-needs ratio −0.24* 0.09 −2.64 −0.25** 0.09 −2.87

Sex at birth −0.11 0.60 −0.18 −0.27 0.58 −0.47

Stressful life events 0.12 0.09 1.23 0.13 0.09 1.37

Uncinate on linear rate of change of prenatal sleep −6.23** 2.30 −2.84 −5.52* 2.42 −2.28

Uncinate on quadratic rate of change of prenatal sleep 0.20** 0.07 2.88 0.15* 0.07 2.19

Model 2: Prenatal Anxiety

Uncinate on intercept of prenatal sleep 60.73** 22.85 2.66 73.69** 23.80 3.10

Motion −0.07* 0.03 −2.49 −0.07** 0.03 −2.66

PCA at MRI −0.09 0.21 −0.46 −0.25 0.19 −1.30

Income-to-needs ratio −0.09 0.08 −1.06 −0.11 0.08 −1.39

Sex at birth −0.21 0.53 −0.39 −0.41 0.51 −0.80

Prenatal anxiety 0.11*** 0.02 5.53 0.11*** 0.02 5.63

Uncinate on linear rate of change of prenatal sleep −6.41** 2.30 −2.79 −5.34* 2.42 −2.21

Uncinate on quadratic rate of change of prenatal sleep 0.20** 0.07 2.85 0.15* 0.07 2.16

Model 3: Prenatal Depression

Uncinate on intercept of prenatal sleep 61.56** 22.65 2.72 73.53** 23.78 3.09

Motion −0.08** 0.03 −2.73 −0.07** 0.03 −2.78

PCA at MRI −0.07 0.021 −0.34 −0.22 0.19 −1.174

Income-to-needs ratio −0.01 0.08 −0.08 −0.03 0.08 −0.39

Sex at birth −0.16 0.51 −0.30 −0.23 0.49 −0.48

Prenatal depression 0.32*** 0.04 7.16 0.31*** 0.04 7.11

Uncinate on linear rate of change of prenatal sleep −6.62** 2.28 −2.92 −5.76* 2.39 −2.41

Uncinate on quadratic rate of change of prenatal sleep 0.20** 0.07 2.95 0.16* 0.07 2.34

Note: *p < .05, **< 0.01, * **p < .001. PCA, Postconceptional age; MRI, Magnetic resonance imaging.

Table 4: Generalized linear mixed models of maternal sleep quality across gestation and neonatal uncinate fasciculus covarying for prenatal stressful
life events, anxiety, and depression.
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FA) in fronto-limbic circuitry in infants of mothers
exposed to distress during pregnancy,33 and higher un-
cinate fasciculus FA in response to early life adversity.
In addition to FA, volumetric studies provide evidence
Fixed effects Left corticothalamic-
parietal

b estimate SE

Region on intercept of prenatal sleep −0.91 0.03

Motion −0.09* 0.03

PCA at MRI 0.33 0.22

Income-to-needs ratio −0.22* 0.09

Sex at birth 0.09 0.61

Region on linear rate of change of prenatal sleep −3.19 2.52

Region on quadratic rate of change of prenatal sleep 0.11 0.07

Note: *p < .05, **< 0.01, * **p < .001. PCA, Postconceptional age; MRI, Magnetic reso

Table 5: Generalized linear mixed models of maternal sleep quality across ges
corpus callosum (FA).
for accelerated maturation in response to prenatal
adversity65 including poor maternal sleep.28 While help-
ing to meet challenging environmental demands in the
immediate short term, such accelerated development
Right corticothalamic-
parietal

Corpus callosum

T b estimate SE T b estimate SE T

−0.04 −16.10 24.20 −0.67 2.49 24.45 0.10

−2.87 −0.09** 0.03 −3.30 −0.07* 0.03 −2.32

1.52 0.40* 0.19 2.04 0.34 0.20 1.66

−2.41 −0.27** 0.09 −3.12 −0.24 0.009 −2.64

0.14 −0.20 0.57 −0.34 0.13 0.62 0.21

−1.27 −2.34 2.47 −0.95 −1.36 2.69 −0.51

1.50 0.08 0.07 1.09 0.04 0.08 0.55

nance imaging.

tation and neonatal corticothalamic-parietal and motor segment of the
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Fig. 3: Neonatal uncinate fractional anisotropy partially mediates the association between prenatal maternal sleep quality and infant negative
emotionality (top row = right uncinate; bottom row = left uncinate).
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may shorten important periods of developmental plas-
ticity and increase vulnerability to subsequent psycho-
pathology.18,64 Consistent with this possibility, we find
that increases in uncinate FA were associated with
elevated negative emotionality in infancy. As negative
emotionality is a risk factor for development of psy-
chopathology, such heightened maturation of the unci-
nate associated with poor prenatal sleep may contribute
to increased vulnerability to mental illness later in life.

Notably, prenatal maternal sleep quality was associ-
ated with neonatal uncinate FA after covarying for
mental health (anxiety and depression) and exposure to
stressful life events. These results suggest that impacts
of prenatal maternal sleep are independent of maternal
mental health and are consistent with prior evidence
that prenatal sleep disturbances precede increases in
depression symptoms in pregnancy.66

Poor maternal sleep was related to increased
neonatal uncinate FA but not cingulum FA. This finding
is consistent with several studies indicating that the
uncinate fasciculus may be more specifically associated
with early life adversity19 and prenatal influences.67 The
uncinate develops around 13 weeks, followed by the
cingulum, which can be traced after 17 weeks.68 White
matter tracts continue to develop along differing time
courses postnatally.13 It is plausible that disparate sen-
sitive periods exist for the uncinate fasciculus and the
www.thelancet.com Vol 109 November, 2024
cingulum, and that effects of prenatal sleep on matu-
ration of the cingulum may emerge later in
development.

The present investigation focused on two primary
fronto-limbic circuits known both to be affected by early
life experiences67,69 and linked to negative emotionality.25

To further probe the specificity of these associations, we
examined white matter microstructure of the motor
segment corpus callosum and corticothalamic-parietal
tracts as two other tracts without a priori reasons to
hypothesize links to prenatal sleep or infant negative
emotionality. In contrast to our focus on negative
emotionality, disruptions in white matter microstruc-
ture within these two tracts are typically associated with
motor and cognitive deficiencies.70,71 Our analyses tested
specific hypotheses regarding fronto-limbic tracts, there
is, however, evidence that brain development is broadly
interconnected, with most circuits showing some cor-
relation in development.72–74 It is plausible that the ef-
fects of poor prenatal sleep extend beyond the uncinate
and the hippocampal cingulum, which is an important
direction for future research to investigate.

Prenatal maternal sleep problems presaged greater
negative emotionality at six months through changes in
neonatal uncinate FA. Notably, these longitudinal asso-
ciations were corroborated across multimodal assess-
ments of infant’s negative emotionality, including both
11
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observational and maternal report. Negative emotion-
ality is an early emerging transdiagnostic risk factor for
diverse physical and mental health outcomes.75 Previous
work has linked negative emotionality with structural
differences within the uncinate.25,76 Building on this
association, our results showed that prenatal maternal
sleep problems were linked to later infant negative
emotionality indirectly through uncinate white matter
microstructure. This evidence that prenatal maternal
sleep may sculpt the foetal brain is consistent with
previous findings linking prenatal maternal sleep and
offspring hippocampal volume.28 Prenatal maternal
sleep and early white matter maturation of the uncinate
are linked to offspring cognitive and emotional func-
tions,8,25 suggesting that neonatal uncinate white matter
may be one pathway underlying the association between
prenatal maternal sleep and infant negative
emotionality.

Increases in uncinate FA was also accompanied by a
reduction in RD; however, no differences were observed
in AD. Although it is challenging to discern the bio-
logical underpinnings of differences in diffusion met-
rics, RD (the diffusivity perpendicular to the main fibre)
primarily indexes axonal myelination,77 while AD (the
diffusivity along the main fibre) is thought to reflect
information about axonal fibre organization, integrity
and density.77,78 Thus, processes related to myelination
may be susceptible to poor prenatal sleep. RD findings
are relatively uncommon in neonatal studies due to its
inherently low signal-to-noise ratio at such a young age.
Thus, detection of reductions in RD in this study sug-
gests that this may potentially be a strong effect. Our
findings supporting links with RD and not AD suggest
that differences in myelination could be a primary factor
underlying this association; however, reductions in RD
have also been shown to index axon composition and
density,79 therefore it is also possible that these alter-
native underlying processes may also be affected.
Further, the specific mechanisms through which pre-
natal sleep alters these processes is unknown. It is
plausible that maternal biology, such as changes in
hypothalamic-pituitary-adrenal (HPA) and placental axis
functioning, and immune and inflammatory markers
play a key role as they are linked to both prenatal sleep
health and offspring neurodevelopment.80–83

Study findings need to be considered in light of both
strengths and limitations. A key strength of this study is
the prospective and longitudinal design, including the
repeated assessment of sleep to capture the dynamic
nature of sleep across pregnancy. However, no clear
pattern based on timing of sleep quality across preg-
nancy emerged. In support of the ubiquity of sleep
difficulties, over two-thirds of individuals in the current
study were classified as poor sleepers. Sleep health is a
multidimensional construct, and a limitation of the
present investigation is that only subjective report of
sleep quality was reported in this study. Multiple
modalities to assess sleep exist (e.g., polysomnography,
actigraphy, and self-report), and yet objective and sub-
jective sleep are modestly correlated in clinical and
nonclinical samples.84,85 Future studies should incorpo-
rate prospective and longitudinal assessment of multiple
sleep parameters such as sleep onset latency, sleep
midpoint, and between-night variability, using objective
measures such as via actigraphy. An additional limita-
tion is that maternal sleep disturbances were not
examined prior to conception and thus, future research
investigating the relation between preconception
maternal sleep problems and neonatal white matter is
needed. Postnatal maternal sleep was tested as a covar-
iate and findings revealed that it did not correlate with
neonatal white matter microstructure. Another strength
of this study is that the effects of prenatal maternal sleep
on offspring neurobiology remained after covarying for
socioeconomic status, maternal prenatal stressful life
events, prenatal anxiety and depression, and postnatal
maternal sleep. However, it is possible that other factors
beyond maternal sleep quality may influence infant
brain development.86 For example, epidemiological
studies show evidence of racial and ethnic disparities in
sleep health during pregnancy.87 Future studies should
address this limitation and investigate the prospective
and longitudinal associations between prenatal sleep
health and other contextual factors, including consider-
ations of social determinants of prenatal sleep.

Study findings are consistent with the accelerated
maturation hypothesis. Neonates were scanned shortly
after birth to assess the effects of prenatal influences
while minimizing the interacting effects of the postnatal
environment. However, a limitation of the present
findings is that neonatal white matter microstructure
was only assessed once in this study. As white matter
tracts continue to develop in the early postnatal period,13

future studies should implement repeated assessment
of diffusion imaging early in life to characterize devel-
opmental trajectories of FA in association with prenatal
sleep quality. Future analyses using advanced dMRI
techniques, such as neurite orientation dispersion and
density imaging (NODDI)88 may be beneficial to further
characterize the dynamic patterns of microstructural
maturation beyond the diffusion metrics (FA, RD, and
AD) investigated within the current study. Finally, in
contrast to prior studies indicating sex-specific re-
sponses to early adversity,63 we did not find sex
moderation for the association between prenatal sleep
quality and neonatal white matter. Our study was likely
underpowered to detect sex moderation, and continued
work is needed to address this limitation and elucidate
sex-specific responses to the prenatal environment.

Findings from the present study support prenatal
sleep health as a robust signal with implications for
offspring white matter maturation and infant negative
emotionality. These findings highlight the importance
of considering prenatal sleep health as a potential factor
www.thelancet.com Vol 109 November, 2024

http://www.thelancet.com


Articles
sculpting child neurodevelopment and demonstrate the
need for prenatal interventions to improve sleep during
pregnancy.34,89,90
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