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Abstract
Study Objectives: To characterize objectively assessed sleep-wake patterns in infants at approximately 1 month and 6 months and examine
the differences among infants with different racial/ethnic backgrounds and household socioeconomic status (SES).

Methods: Full-term healthy singletons wore an ankle-placed actigraph at approximately 1 month and 6 months and parents completed sleep
diaries. Associations of racial/ethnic and socioeconomic indices with sleep outcomes were examined using multivariable analyses. Covariates
included sex, birth weight for gestational age z-score, age at assessment, maternal education, household income, bed-sharing, and breastfeeding.

Results: The sample included 306 infants, of whom 51% were female, 42.5% non-Hispanic white, 32.7% Hispanic, 17.3% Asian, and 7.5%
black. Between 1 month and 6 months, night sleep duration increased by 65.7 minutes (95% CI: 55.4, 76.0), night awakenings decreased by 2.2
episodes (2.0, 2.4), and daytime sleep duration decreased by 73.3 minutes (66.4, 80.2). Compared to change in night sleep duration over this
development period for white infants (82.3 minutes [66.5, 98.0]), night sleep increased less for Hispanic (48.9 minutes [30.8, 66.9]) and black
infants (31.6 minutes [-5.9, 69.1]). Night sleep duration also increased less for infants with lower maternal education and household income.
Asian infants had more frequent night awakenings. Adjustment for maternal education and household income attenuated all observed day
and night sleep duration differences other than in Asians, where persistently reduced nighttime sleep at 6 months was observed.

Conclusions: Racial/ethnic differences in sleep emerge in early infancy. Night and 24-hour sleep durations increase less in Hispanic and
black infants compared to white infants, with differences largely explained by SES.

Statement of Significance

Previous evidence, composed mainly of studies with parent-reported sleep, has indicated that children with minority racial/ethnic back-
grounds have short sleep duration, but the age at which such differences first emerge remains unknown. Sleep estimates based on ob-
jective 24-hour sleep-wake assessments in infants are limited. Using actigraphy, an objective assessment of sleep/wake patterns in the
home environment, we found that differences in sleep-wake patterns emerged between 1 month and 6 months across racial/ethnic groups
and infants from different socioeconomic status (SES) households. Hispanic/Latino, Asian, and black infants or infants from lower SES fam-
ilies had less consolidated and shorter 24-hour sleep.
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Introduction

Rapid development of sleep-wake patterns is one of the major
physiological changes over the first months of life. During this
period, infants’ sleep problems are a common concern to both
parents and pediatric professionals. Parent reports indicate that
approximately 20% to 30% of infants experience sleep problems
such as difficulties in sleep initiation and excessive nighttime
awakenings [1, 2]. Sleep problems often persist into childhood [1,
3, 4], and short or fragmented sleep is associated with long-term
medical, psychological, and social consequences, such as obesity
[5, 6], elevated blood pressure [7, 8], poor language acquisition [9],
anxiety [10], suboptimal cognitive development [11], and poor
academic performance [12]. Understanding sleep-wake patterns
at early ages may shed light on the origins of chronic health con-
ditions and provide an evidence base for refining pediatric sleep
recommendations and for developing early-life sleep interven-
tions. However, few studies have reported longitudinal changes
of objectively estimated sleep patterns during early infancy.

Driven by the maturation of the circadian system and
sleep-wake homeostasis [13, 14] as well as environmental
and parenting factors, such as exposures to light, sound, and
timing of feeding, sleep undergoes profound changes during
the first six months of life. Previous studies of change in infant
sleep mainly using parent-reported questionnaires, reported
increased regularity and consolidation (i.e. longer night sleep
intervals [15-19], fewer wake bouts during night sleep [15, 16,
18, 20-22], fewer daytime naps [23], and less overall sleep time
[15, 24-26]). Prior parent-reported survey data in children and
adolescents indicated that Hispanic [27, 28], Asian [18, 28], and
black [27-29] children have shorter sleep duration compared to
non-Hispanic white children, and that differences may be par-
tially explained by socioeconomic and environmental factors
[27, 28]. Cross-country/cultural studies also reported the poor
sleep quantity and quality in Hispanic, Asian, and black children
[18, 30]. However, the timing of when differences first emerge is
unknown [28, 29, 31], and the evidence from objectively assessed
sleep-wake patterns is limited.

With the current study, we fill these gaps by characterizing
24-hour sleep-wake patterns in the earliest and fastest sleep
development period (i.e. between approximately 1 month and
6 months of age), using actigraphy, an objective sleep assess-
ment tool able to be used at home [32]. We evaluated the asso-
ciations of race/ethnicity and socioeconomic status (SES) with
sleep-wake patterns and quantified the extent to which con-
trolling for SES indicators (maternal education and household
income), as well as breastfeeding and co-sleeping attenuates ra-
cial/ethnic differences in sleep-wake patterns.

Methods
Subjects

As a part of the ongoing Rise & SHINE (Sleep Health in Infancy
& Early Childhood) study, a birth cohort examining associations
between sleep-wake patterns and growth in early life, infants
were recruited from the newborn unit of Massachusetts General
Hospital in Boston, MA. Full-term singletons with no genetic or
congenital abnormalities and their biological mothers without
diagnosed chronic medical or mental conditions participated in
this study. Other eligibility criteria included mother’s fluency in

English or Spanish, mother’s age of at least 18 years old, and the
family living within 40 miles without plans to move from the
area within study period. The study was approved by Partners
HealthCare Office of Research. Signed informed consent was
obtained from all the participating families during enrollment.

Demographic information

Parents completed questionnaires regarding race/ethnicity,
maternal education, household annual income, marital status,
exclusive/mixed/none breastfeeding, childcare (hours staying
at childcare per week), and parenting practices such as bed-
sharing (days per week sharing bed with parent at night). Other
demographic and perinatal information, including mother’s
age, gestational age, child’s sex, birth weight, was obtained from
electronic health record database. Birth weight for gestational
age z-score was calculated using the US national reference [33].

Assessment of sleep measures

During home visits, a research coordinator instructed mothers
how to use an actigraph and complete a paper-based, 24-hour,
7-day sleep diary. In a sleep diary, parents recorded sleep
periods, wake, sleep in motion (e.g. asleep in the stroller), and
actigraph “off” periods, providing annotations using a time line
shown as 5-minute intervals for the period overlapping the
actigraphy monitoring. Parents also completed the Brief Infant
Sleep Questionnaire (BISQ) [20, 34].

A Philips Actiwatch 2 (Philips Healthcare, Andover, MD) was
placed on infants’ left ankle for 7 continuous days after the home
visit. Data were recorded in 30-second epochs at a sampling rate
of 32 Hz [35, 36], and analyzed at the low activity threshold set-
tings of 80 counts for wake detection. An earlier model of the
Actiwatch AW64 demonstrated an agreement rate of 87%-94%
with polysomnography (PSG) and 85%-89% with direct obser-
vation using the 80 counts per epoch threshold in infants [37,
38]. In the validation study between actigraphy and PSG in in-
fants younger than 6 months, the data using low threshold
yielded better sensitivity (89%-96%) and appreciable specificity
(39%-76%) compared to high (20 counts), median (40 counts),
and auto threshold (mean activity in full active period x 0.888)
[37]. Matched data of AW64 and Actiwatch 2 in healthy adults
demonstrated no differences in performance of the two models
[39]. A trained research assistant, blinded to other clinical data,
annotated the actigraphy data using caregiver-completed sleep
diary and processed the records using the commercially avail-
able algorithms for Actiwatch 2, Respironics Actiware 6 (Version
6.0.9, Philips/Respironics) scoring algorithm. Sleep onset was
denoted as the clock time when activity counts dropped for 5
consecutive minutes in association with bedtime reported by
sleep diary. Sleep offset was the clock time when activity counts
increased after the main sleep period and coincided with prior
reported wake time [40]. Average values were calculated across
measurement days. Data lost due to technical failure, parent
nonadherence, or artifacts were 11 out of 375 (3%) at 1 month,
and 8 out of 323 (2%) at 6 months. Three hundred six infants
who completed sleep assessment at both time points, at least 3
nights for each, were finally analyzed. In the analytical sample,
the average nights for actigraphy data collection were 7.5 (SD:
1.2) at 1 month, and 7.3 (1.2) at 6 months.



Primary exposures

This study focused on three primary exposures: race/ethnicity
of the infant, collected and defined according to Race and Ethnic
Standards for Federal Statistics and Administrative Reporting
[41]; maternal education, collected as: <Bachelor’s degree,
Bachelor’s degree, and graduate degree; and annual household
income, collected as: <$80k, $80-199k, and >$200k.

Primary outcomes

Sleep intervals were determined by the combination of in-
formation from the diary and the activity patterns on the
actigraph [42]. The night and day sleep intervals were defined
as between 07:00 pm and 07:59 am and 08:00 am and 06:59 pm,
respectively, reflecting the cutoffs in the sleep questionnaire
we used for nighttime and daytime sleep periods [20]. Based
on these, six sleep-related outcomes were considered: (1)
night sleep duration (minutes); (2) longest continuous night
sleep (minutes), taken to be the sum of sleep epochs within
the longest sleep interval between sleep onset and offset; (3)
wake after sleep onset (WASO, minutes), taken to be the total
amount of minutes of all wake epochs over the night sleep
period; (4) night wake bouts, the number of episodes of wake-
fulness showing a sharp increase of activity for longer than
5 minutes between intervals of nighttime sleep; (5) daytime
sleep duration (minutes); and (6) total (24-hour) sleep duration
(minutes). Each of these outcomes was assessed at 1 month
and 6 months. In addition, for each, we calculated the change
between 1 month and 6 months.

Statistical analyses

Infant and maternal demographic information and actigraphy
measurements were summarized using means/SDs and counts/
percentages (as appropriate), overall and by race/ethnicity. Then,
we fit a series of multiple linear models to the six sleep out-
comes for each of the three primary exposures. Due to potential
differences across groups in sex, birth weight for gestational age
z-score, and age at assessment, these variables were included
in each model to eliminate any potential confounding influence
associated with sex or age. From these, we calculated differ-
ences in the predicted marginal means across the levels of each
of the three primary exposures.

In addition, multiple linear regression was used to examine
the impact of adjusting for socioeconomic and behavioral fac-
tors on the association between race/ethnicity and sleep dur-
ation (night, daytime, and total). Toward this, three models were
fit: Model 1 included race/ethnicity, sex, birth weight for gesta-
tional age z-score, and age at assessment; Model 2 additionally
adjusted for maternal education and household income (meas-
ures of household SES); Model 3 additionally adjusted for bed-
sharing and breastfeeding (parental practices).

Following data collection, 127 parents who consented did not
provide valid actigraphy data for both time points due to several
reasons, such as parenting challenge, travel, frequent drop of
the actigraph, and medical conditions. As sensitivity analyses,
we performed each analysis using inverse probability weighting
(IPW) based on a logistic regression model for whether valid
actigraphy data were provided as a function of race and ma-
ternal education [43].
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All statistical analyses were conducted using SAS 9.4 (SAS
Institute, Cary, NC), with the LSMEANS statement used to calcu-
lated predicted marginal means. Throughout, we used a p-value
of <0.05 together with evidence of consistency of findings across
models to identify associations of interest.

Results

Of 1459 eligible mother-infant dyads, 433 consented to partici-
pate, and 306 infants completed actigraphy at both 1 month
and 6 months, which included at least 3 nights of sleep moni-
toring at both time points. Among the 306 infants, 42% were
non-Hispanic white, 33% were Hispanic, 17% were Asian, and
8% were black. Compared to the 306 participants in the analyses,
fewer nonparticipants (N = 1026) had college-educated mothers
(56% vs. 85%). The analytic sample included a higher percentage
of Hispanic (33% vs. 17%) and Asian infants (17% vs. 12%), and
lower percentage of white (42% vs. 55%) and black infants (8%
vs. 14%) compared to nonparticipants. Participants who con-
sented but failed to provide valid sleep data for both time points
(N = 127) also had higher education level than nonparticipants
(68% vs. 56% for college education) and included higher per-
centage of Hispanic (45% vs. 17%) and lower percentage of white
infants (30% vs. 55%). Variation in infant and mother character-
istics by race/ethnicity is shown in Table 1. Average gestational
age was 39.5 weeks (SD: 1.0) and infant birth weight was 3.4 kg
(0.4). Average infant age at the two home exams were 36.2 days
(7.6) and 194.6 days (16.8), respectively.

At 1 month, night sleep duration and longest continuous
night sleep duration averaged 461.2 (95% CI: 453.0, 469.4) and
282.8 minutes (271.2, 294.4), respectively. Over the follow-up
period, average night sleep duration and average longest night
sleep duration increased by 65.7 (55.4, 76.0) and 177.6 minutes
(162.8, 192.4), respectively (both p < 0.001). Night wake bouts de-
creased by 2.2 episodes (2.0, 2.4) per night (p < 0.001). Daytime
sleep duration decreased by 73.3 minutes (66.4, 80.2) (p < 0.001).

Unadjusted values for sleep indices by race/ethnicity are
shown in Figure 1, with Table 2 further showing values adjusted
for sex, birth weight for gestational age z-score, and age at as-
sessment. At approximately 1 month, both unadjusted and ad-
justed analyses showed that night sleep duration and longest
continuous night sleep duration did not significantly differ by
race/ethnicity. In contrast, Asian infants had more frequent
awakenings compared to black and white infants and longer
WASO compared to Hispanic/Latino infants. Daytime and
24-hour sleep durations were longer in Hispanic/Latino and
black infants compared to white and Asian infants. For example,
24-hour sleep duration was approximately 75.1 minutes more
in black than white infants (746.8 [700.5, 793.1] vs. 671.7 [652.3,
691.1]).

Atapproximately 6 months (Figure 1; Table 2), night sleep dur-
ation was shorter by an average of 39.8, 29.0, and 37.5 minutes in
Hispanic/Latino, Asian, and black infants compared to white in-
fants, respectively, after adjustment for sex, birth weight for ges-
tational age z-score, and age at assessment. Longest continuous
night sleep duration was also shorter in Hispanic/Latino, Asian,
and black infants compared to white infants. Conversely, in
adjusted analyses, daytime sleep duration was higher by 20.4,
12.5, and 34.4 minutes in Hispanic/Latino, Asian, and black in-
fants, compared to white infants, respectively. Night wake bouts
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Table 1. Characteristics of subjects by infant race/ethnicity

Overall Non-Hispanic white Hispanic or Latino Asian Black
Characteristics (N =306) (N =130) (N =100) (N =53) (N=23)
Infant characteristics Mean (SD)
Gestational age (weeks) 39.5(1.0) 39.7 (1.0) 39.5 (1.0) 39.4 (1.1) 39.1 (1.0
Birth weight (kg) 3.4 (0.4) 3.4 (0.4) 3.4 (0.4) 3.2(0.4) 3.3(0.5)
Birth weight for gestational age z-score -0.2 (0.9) -0.2 (0.9) -0.1(0.8) -0.6 (0.7) -0.4 (1.1)
Age at 1-month visit (days) 36.2 (7.6) 36.8 (9.2) 36.0 (6.9) 35.5 (4.4) 34.6 (6.2)
Age at 6-month visit (days) 194.6 (16.8) 196 (17.5) 192.2 (16.9) 192.6 (15.9) 194.3 (16.5)
Bed-sharing at 1 month (days per week) 1.9 (2.8) 0.9 (2.1) 2.9(3.1) 2.1 (3.0) 3.2(3.2)
Bed-sharing at 6 months (days per week) 2.2 (3.0) 1.2 (2.4) 3.2(3.2) 2.6 (3.3 33(3.1)
Childcare (hours per week at 6 months) 11.1(17.1) 15.4 (18.9) 7.7 (14.4) 10.0 (17.1) 4.3 (10.5)
n (%) Percentage
Infant sex, female 156 (51.0) 46.9 59.0 52.8 34.8
Breast feeding at 1 month
Exclusive 141 (46.1) 64.6 25.0 453 34.8
Mixed 143 (46.7) 30.8 64.0 49.1 56.5
None 22 (7.2) 46 11.0 5.7 8.7
Breast feeding at 6 months
Exclusive 119 (38.9) 46.2 27.0 49.1 26.1
Mixed 94 (30.7) 315 28.0 30.2 39.1
None 93 (30.4) 22.3 45.0 20.8 34.8
Mother characteristics Mean (SD)
Age 32.8 (4.9) 34.0 (3.6) 30.6 (5.6) 33.9 (4.2) 32.7 (5.9)
n (%) Percentage
U.S. born 144 (47.1) 77.7 24.0 22.6 30.4
Marital status
Married 253 (82.7) 94.6 62.0 92.5 82.6
Not married, living together 34 (11.1) 4.6 24.0 5.7 4.4
Not married, living separate 18 (5.9) 0.8 14.0 1.9 8.7
Refused 1(0.3) 0 0 0 4.3
Education
< Bachelor’s degree 80 (26.1) 7.7 60.0 0 43.5
Bachelor’s degree 77 (25.2) 27.7 23.0 20.8 30.4
Graduate degree 149 (48.7) 64.6 17.0 79.2 26.1
Annual household income
<$80k 110 (36.0) 115 69.0 18.9 69.6
$80-199k 104 (34.0) 42.3 22.0 434 17.4
>$200k 84 (27.5) 43.9 7.0 35.8 4.3
Refused 8(2.6) 2.3 2.0 1.9 8.7
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Figure 1. Sleep-wake patterns by race/ethnicity. (A) Night sleep duration. (B) Longest continuous night sleep. (C) Wake after sleep onset. (D) Night wake bouts. (E)
Daytime sleep duration. (F) Total sleep duration. *p < 0.05 compared to white infants.
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Table 2. Infant sleep-wake patterns overall and by race/ethnicity, adjusted for sex, birth weight for gestational age, and age at assessment

Overall White Hispanic or Latino ~ Asian Black
Sleep-wake patterns (N =306) (N =130) (N =100) (N =53) (N=23) F (df) P
1 month
Night sleep duration 461.2 465.8 459.0 445.7 478.2 1.38 (3, 299) 0.25
(minutes) (453.0, 469.4) (453.2, 478.4) (444.6, 473.5) (425.8, 465.7) (448.1, 508.3)
Longest continuous 282.8 286.4 283.7 259.7 309.6 1.46 (3,299) 0.23
night sleep (minutes) (271.2, 294.4) (268.7, 304.1) (263.4, 304.0) (231.7, 287.7) (2674, 351.8)
WASO (minutes) 54.0 56.5 47.5 62.4 48.4 3.38(3,299)  0.02
(50.5, 57.5) (51.2,61.7) (41.5, 53.5) (54.1,70.7) (35.9, 60.9)
Night wake bouts 33 3.2 33 3.9 2.8 3.73(3,299) 0.02
(episodes) (3.1,3.5) (2.9, 3.5) (2.9, 3.6) (3.5,4.4) (2.1,3.5)
Daytime sleep 215.6 197.6 227.7 217.3 259.6 9.81(3,299) <0.001
duration (minutes) (208.7, 222.5) (187.4, 207.7) (216.1, 239.3) (201.3, 233.3) (235.4, 283.7)
Total sleep duration 685.2 671.7 695.5 671.0 746.8 3.49(3,299) 0.02
(minutes) (672.4, 698.0) (652.3,691.1) (673.3,717.8) (640.3,701.7) (700.5,793.1)
6 months
Night sleep duration ~ 526.9 547.8 508.0 518.8 510.3 8.15(3,299) <0.001
(minutes) (519.4, 534.4) (536.6, 558.9) (495.2, 520.7) (501.2, 536.5) (483.7,536.8)
Longest continuous 460.4 482.8 446.1 444.2 432.9 3.94 (3,299) 0.009
night sleep (minutes) (449.2,471.6) (465.6,499.9) (426.5, 465.7) (417.1,471.3) (392.1, 473.6)
WASO (minutes) 58.5 58.9 53.5 66.0 61.3 3.81(3,299) 0.01
(56.0, 61.0) (55.1, 62.7) (49.1,57.8) (60.0, 72.0) (52.3,70.4)
Night wake bouts 1.1 0.9 1.1 1.5 1.3 3.67 (3,299) 0.03
(episodes) (1.0,1.2) 0.7,1.1) (0.9, 1.4) (1.2,1.8) (0.8,1.7)
Daytime sleep 142.3 130.8 151.2 143.3 165.2 7.72(3,299) <0.001
duration (minutes) (137.7, 146.9) (123.8, 137.7) (143.3, 159.2) (132.3, 154.3) (148.7, 181.8)
Total sleep duration 674.4 682.2 667.9 665.1 678.9 1.39 (3, 299) 0.24
(minutes) (667.3, 681.5) (671.2, 693.2) (655.2, 680.5) (647.7, 682.5) (652.7, 705.0)
Change between
1 month and 6 months*
Night sleep duration 65.7 82.3 48.9 72.7 31.6 3.75 (3, 298) 0.01
(minutes) (55.4,76.0) (66.5, 98.0) (30.8,66.9) (47.8,97.6) (-5.9, 69.1)
Longest continuous 177.6 196.8 162.3 183.8 122.5 2.75 (3, 298) 0.04
night sleep (minutes) (162.8, 192.4) (174.0, 219.6) (136.2, 188.4) (147.8, 219.9) (68.2,176.8)
WASO (minutes) 4.6 2.3 6.0 37 13.3 0.71(3,298)  0.55
(0.6, 8.6) (-3.9,8.4) (1.0, 13.0) (-6.0,13.3) (-1.3,27.8)
Night wake bouts -22 -22(-2.5,-1.9) -2.1 -24 -15 148 (3,298)  0.19
(episodes) (2.4, -2.0) (-2.5,-1.8) (-2.9,-1.9) (-2.2,-0.7)
Daytime sleep -73.3 -67.2 -76.3 -73.8 -93.6 1.36 (3, 298) 0.26
duration (minutes) (-80.2, —66.4) (-77.7,-56.6) (-88.4, —64.2) (-90.5, -57.1) (-118.8, —68.4)
Total sleep duration -11.0 10.7 -28.2 -6.4 -67.8 3.99 (3, 298) 0.008
(minutes) (-24.4, 2.4) (-9.6,31.0) (-51.7, -4.8) (-38.5,25.8) (-116.3, -19.4)

df = degrees of freedom. Overall sleep-wake patterns are described with raw mean and 95% confidence interval (95% CI); sleep-wake patterns in different race/ethni-
city groups are described using mean and 95% CI adjusted for sex, birth weight for gestational age z-score, and age at assessment.

*Positive value means increased sleep duration from 1 month to 6 months; negative means decreased.

and duration were higher in Asian infants compared to white
infants.

Between 1 month and 6 months, night sleep duration in-
creased by 82.3 minutes (66.5, 98.0) in white infants, which was
significantly higher than in Hispanic and black infants (48.9
minutes [30.8, 66.9] and 31.6 minutes [-5.9, 69.1], F [df] = 3.75
[3,298], p = 0.01). Change in daytime sleep duration did not sig-
nificantly differ across racial/ethnic groups. However, 24-hour
sleep duration increased in white infants but decreased in
the other groups and was lower in black compared to white
infants.

Sleep-wake patterns also varied by SES indicators. Sleep-
wake patterns by maternal education are shown in Figure 2
and Table 3, and by annual household income in Figure 3 and
Table 4. At approximately 1 month, night sleep duration and
longest continuous night sleep duration did not differ among

infants with different levels of maternal education or household
income. However, daytime sleep duration and 24-hour sleep
duration were higher in infants of mothers with lower educa-
tion or annual household income. WASO and wake bouts did
not differ by SES.

At approximately 6 months, night sleep duration, longest
continuous night sleep duration, and 24-hour sleep duration
were lower but daytime duration was higher in infants of
mothers with less education and families with lower household
income. WASO did not significantly differ across SES, but wake
bouts were higher in infants of families with lower household
income.

Over the first 6 months of life, night sleep duration and
longest continuous sleep duration increased less in infants
from families with less educated mothers and lower household
income. Daytime sleep duration decreased more in infants of
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Figure 2. Sleep-wake patterns by maternal education. (A) Night sleep duration. (B) Longest continuous night sleep. (C) Wake after sleep onset. (D) Night wake bouts. (E)
Daytime sleep duration. (F) Total sleep duration. *p < 0.05 compared to bachelor’s degree.

Table 3. Infant sleep-wake patterns by maternal education, adjusted for sex, birth weight for gestational age, and age at assessment

< Bachelor’s degree

Bachelor’s degree

Graduate degree

Sleep-wake patterns (N =80) N=77) (N =149) F (df) P
1 month
Night sleep duration (minutes) 467.7 (451.6, 483.9) 460.4 (443.9, 476.8) 457.8 (446.0, 469.7) 0.48 (2, 300) 0.62
Longest continuous night sleep 303.4 (280.9, 325.9) 268.7 (245.8, 291.6) 278.7 (262.3,295.2) 2.47 (2, 300) 0.09
(minutes)
WASO (minutes) 49.6 (42.9,56.4) 51.9 (45, 58.7) 57 4(52.5,62.3) 1.93 (2, 300) 0.15
Night wake bouts (episodes) 3.0 (2.6, 3.3) 3.6 (3.2,4.0) .3(3.0,3.5) 2.53 (2, 300) 0.08
Daytime sleep duration (minutes) 240.7 (227.7, 253.8) 212.8 (199.5, 226.1) 203 3(193.7,212.9) 10.45 (2, 300) <0.001
Total sleep duration (minutes) 717.2 (692.4, 741.9) 680.5 (655.3, 705.7) 670.1 (652.0, 688.2) 4.63 (2, 300) 0.01
6 months
Night sleep duration (minutes) 495.1 (481.0, 509.1) 527.9 (513.6, 542.2) 543.6 (533.3, 553.9) 15.07 (2, 300) <0.001
Longest continuous night sleep 427.6 (406.0, 449.3) 460.4 (438.3, 482.4) 477.9 (462.1, 493.8) 6.80 (2, 300) 0.001
(minutes)
WASO (minutes) 57.2 (52.3,62.1) 56 3 (51.3, 61.3) 60 4 (56.8, 64.0) 1.04 (2, 300) 0.35
Night wake bouts (episodes) 1.3 (1.0, 1.5) .1 (0.9, 1.4) .1(0.9,1.3) 0.54 (2, 300) 0.52
Daytime sleep duration (minutes) 154.6 (145.6, 163.6) 141.4 (132.2,150.5) 135 9 (129.4, 142.5) 5.46 (2, 300) 0.005
Total sleep duration (minutes) 659.8 (645.8, 673.8) 673.6 (659.4, 687.7) 682.4 (672.2, 692.6) 3.33 (2, 300) 0.04
Change between 1 month and 6 months*
Night sleep duration (minutes) 26.8 (7.2, 46.5) 67.3 (47.3,87.3) 86.2 (71.8, 100.6) 11.46 (2, 299) <0.001
Longest continuous night sleep 123.5 (95.1, 152.0) 191.3 (162.3, 220.2) 199.8 (178.9, 220.7) 9.58 (2, 299) <0.001
(minutes)
WASO (minutes) 3(-0.5, 15.1) 4.6 (-3.4,12.5) 3.1(-2.7,8.8) 0.37 (2, 299) 0.69
Night wake bouts (episodes) —1 P (-2.2,-1.4) -2.4 (-2.8,-2.0) -2.2(-2.5,-1.9) 3.15 (2, 299) 0.04
Daytime sleep duration (minutes) -86.4 (-99.8,-73.0) -71.3 (-84.9,-57.6) -67.3(-77.1,-57.4) 2.62 (2,299) 0.07
Total sleep duration (minutes) -59.5 (-85.2, -33.8) -7.1(-33.1,18.8) 13.1 (-5.6, 31.8) 10.09 (2, 299) <0.001

df = degrees of freedom. Sleep patterns in different education groups are described using mean and 95% confidence interval adjusted for sex, birth weight for gesta-

tional age z-score, and age at assessment.
*Positive value means increased sleep duration from 1 month to 6 months; negative means decreased.

lower income families. Hence, 24-hour sleep duration decreased
in infants with lower SES, whereas it increased in infants with
higher SES. Night wake bouts also decreased less in infants with

less educated mothers.

Multivariable analyses are shown in Table 5 that con-
sidered both race/ethnicity and SES. Across various statistical
models, no racial/ethnic differences were observed for 1-month
nighttime sleep duration. For 6-month nighttime sleep duration,

adjustment for SES (maternal education and annual household
income) markedly attenuated the previously observed differ-
ences in nighttime sleep duration for Hispanic and black in-

fants as compared to white infants, which were minimal and

no longer significant in adjusted analyses. In contrast, Asian in-
fants were estimated to have an approximately 29-minute lower
nighttime sleep duration than white infants in models with and
without SES adjustment. Racial/ethnic differences in night sleep
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Daytime sleep duration. (F) Total sleep duration. *p < 0.05 compared to annual household income <$80k.

Table 4. Infant sleep-wake patterns by annual household income, adjusted for sex, birth weight for gestational age, and age at assessment

Sleep-wake patterns <$80k (N = 110) $80-199k (N = 104) >$200k (N = 84) F (df) P

1 month
Night sleep duration (minutes) 460.0 (446.2,473.9) 465.0 (450.8, 479.3) 457.4 (441.6,473.2) 0.26 (2, 300) 0.77
Longest continuous night sleep (minutes) 283.4 (264.1,302.7) 291.6 (271.7, 311.5) 267.5 (245.5, 289.5) 1.30 (2, 300) 0.27
WASO (minutes) 48.6 (42.9, 54.4) 56.4 (50.5, 62.3) 57.4 (50.9, 64.0) 2.53 (2, 300) 0.08
Night wake bouts (episodes) 3.4(3.1,3.7) 3.2(2.9,3.6) 3.3(2.9,3.7) 0.15 (2, 300) 0.83
Daytime sleep duration (minutes) 239.8(228.8,250.7)  209.9 (198.7, 221.2) 193.0 (180.6,205.5)  16.28(2,300)  <0.001
Total sleep duration (minutes) 708.4 (687.2,729.6)  684.5 (662.7, 706.3) 657.5 (633.3, 681.7) 4.86 (2, 300) 0.008

6 months
Night sleep duration (minutes) 499.9 (488.1,511.7)  539.4 (527.2, 551.6) 548.4 (534.8,561.9)  17.05(2,300)  <0.001
Longest continuous night sleep (minutes) 424.8 (406.8, 442.8) 472.2 (453.6, 490.8) 491.9 (471.3,512.5) 12.87 (2, 300) <0.001
WASO (minutes) 56.4 (52.2, 60.5) 57.5 (53.2, 61.8) 62.5 (57.7, 67.2) 1.98 (2, 300) 0.14
Night wake bouts (episodes) 1.4 (1.2,1.6) 1.1(0.9, 1.4) 0.9 (0.6, 1.1) 4.60 (2, 300) 0.01
Daytime sleep duration (minutes) 154.4 (146.8,162.0)  134.8 (126.9, 142.7) 135.5 (126.8, 144.3) 7.79 (2,300)  <0.001
Total sleep duration (minutes) 662.3 (650.4,674.2)  678.0 (665.8, 690.2) 687.3 (673.8, 700.8) 3.94 (2, 300) 0.02

Change between 1 month and 6 months*
Night sleep duration (minutes) 39.5 (22.8, 56.3) 74.9 (57.6,92.1) 90.8 (71.7, 109.9) 8.60(2,299)  <0.001
Longest continuous night sleep (minutes) 141.0 (116.8, 165.1) 181.5 (156.5, 206.4) 223.9 (196.4, 251.5) 9.96 (2, 299) <0.001
WASO (minutes) 7.7 (1.0, 14.3) 1.2 (-5.7,8.1) 5.1(-2.5,12.7) 0.88 (2, 299) 0.42
Night wake bouts (episodes) -2.0 (-2.3,-1.6) -2.1(-2.5,-1.8) -2.5(-2.8,-2.1) 1.90 (2, 299) 0.15
Daytime sleep duration (minutes) -85.5(-96.9, -74.1) -75.1 (-86.9, -63.4) -57.3 (-70.3,-44.3) 5.21 (2, 299) 0.006
Total sleep duration (minutes) -47.4 (-69.3,-25.6) -5.6 (-28.0, 16.9) 29.8 (5.0, 54.6) 10.74 (2, 299) <0.001

df = degrees of freedom. Sleep patterns in different household income groups are described using mean and 95% confidence interval adjusted for sex, birth weight

for gestational age z-score, and age at assessment.

*Positive value means increased sleep duration from 1 month to 6 months; negative means decreased.

duration change from 1 month to 6 months for Hispanic and
black infants were also markedly attenuated after adjustment
for SES. Models that included breastfeeding (exclusive/mixed/
none) and bed-sharing (days per week) did not appreciably
change estimates from models that only adjusted for SES.

After adjustment for SES, 1-month daytime sleep duration re-
mained higher in black and Asian infants compared to white in-
fants. At 6 months, SES-adjusted daytime sleep differences were
only significant for black infants. After adjusting for SES, total
sleep duration at 1 month and the change between two time
points were no longer different across race/ethnic categories.

Models for sensitivity analyses that included childcare did
not appreciably change estimates for racial/ethnic differences

in sleep durations (Supplementary Table S1). In addition, appli-
cation of IPW in the regression analyses, as a means to adjust
for differential participation in the actigraphy study by race/
ethnicity and maternal education, yielded the same range of
estimates and significance compared to our primary analyses
(Supplementary Table S2).

Discussion

In this prospective birth cohort study, we observed a significant
increase in nighttime sleep duration, more consolidated sleep,
and less daytime sleep between 1 month and 6 months of age
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Table 5. Multivariable associations of race/ethnicity and sleep duration, adjusted for SES or parenting behaviors

Night sleep duration (minutes)

Daytime sleep duration (minutes)

Total sleep duration (minutes)

Characteristics Model 1 Model 2 Model 3 Model 1 Model 2 Model 3 Model 1 Model 2 Model 3
1 month p =025 p=0.18 p=013 p <0.001 p=001 p=003 p =002 p=0.18 p=020
White 0 (Ref) 0 (Ref) 0 (Ref) 0 (Ref) 0 (Ref) 0 (Ref) 0 (Ref) 0 (Ref) 0 (Ref)
Hispanic -6.74 -10.72 -13.31 30.11 6.53 3.41 23.84 -3.73 -9.65
(-25.97, (-35.43, (-38.85, (14.68, (-12.83, (-16.70, (-5.71, (~41.55, (-48.81,
12.48) 13.99) 12.23) 45.53) 25.88) 23.53) 53.38) 34.09) 29.52)
Asian —-20.04 -20.02 -23.63 19.72 20.37 18.01 -0.66 0.10 -6.09
(-43.78, (-44.33, (-48.35, (0.68, (1.33, (-1.46, (-37.15, (-37.11, (-44.01,
3.70) 4.28) 1.10) 38.77) 39.42) 37.49) 35.82) 37.30) 31.82)
Black 12.40 15.54 11.70 62.01 40.98 38.13 75.11 55.65 48.7
(-20.27, (-21.44, (-25.63, (35.80, (12.00, (8.73, (24.91, (-0.97, (-8.54,
45.06) 52.53) 49.03) 88.21) 69.96) 67.53) 125.31) 112.27) 105.95)
6 months p <0.001 p=0.06 p=0.13 p <0.001 p=0.04 p=0.04 p=0.25 p=022 p=0.22
White 0 (Ref) 0 (Ref) 0 (Ref) 0 (Ref) 0 (Ref) 0 (Ref) 0 (Ref) 0 (Ref) 0 (Ref)
Hispanic -39.83 -9.22 -3.82 20.48 12.39 12.26 -14.30 4.79 10.11
(~56.80, (-30.03, (-24.61, (9.92, (-1.07, (-1.40, (-31.08, (-16.27, (-10.92,
-22.86) 11.59) 16.97) 31.05) 25.85) 25.91) 2.47) 25.85) 31.14)
Asian -28.94 -29.04 -24.47 12.52 12.07 12.71 -17.12 -17.12 -11.18
(-49.94, (~49.70, (~45.16, (-0.55, (-1.29, (-0.88, (-37.79, (-38.02, (-32.11,
-7.94) -8.39) -3.77) 25.59) 25.43) 26.31) 3.56) 3.77) 9.74)
Black -37.52 -8.48 -0.74 34.46 25.93 25.87 -33 14.89 22.58
(-66.34, (-39.75, (-31.94, (16.51, (5.71, (5.37, (-31.69, (-16.73, (-8.95,
-8.70) 22.78) 30.45) 52.40) 46.16) 46.36) 25.09) 46.52) 54.12)
Change between p=0.01 p=0.62 p=0.70 p=0.26 p=043 p=044 p =0.008 p=0.27 p=0.34
1 month and
6 months
White 0 (Ref) 0 (Ref) 0 (Ref) 0 (Ref) 0 (Ref) 0 (Ref) 0 (Ref) 0 (Ref) 0 (Ref)
Hispanic -33.41 2.12 6.65 -9.17 7.13 8.93 -38.94 9.92 15.42
(-57.36, (-27.71, (-23.63, (-25.26, (-13.38, (-11.96, (-69.98, (-28.94, (~24.03,
-9.46) 31.94) 36.92) 6.91) 27.64) 29.81) ~7.90) 48.79) 54.88)
Asian -9.55 -9.52 -5.35 -6.65 -7.89 —-6.65 -17.08 -17.94 -12.60
(-39.17, (-38.93, (-35.13, (~26.54, (-28.11, (-27.19, (-55.33, (-56.25, (-51.41,
20.07) 19.89) 24.43) 13.25) 12.33) 13.90) 21.18) 20.37) 26.21)
Black -50.72 -23.49 -17.69 -26.41 -13.66 -11.38 -78.53 -38.48 -31.43
(-91.43, (-68.14, (-62.81, (-53.76, (-44.37, (-42.51, (-131.11, (-96.68, (-90.25,
~10.00) 21.17) 27.43) 0.93) 17.04) 19.75) -25.94) 19.71) 27.39)

f (95% confidence interval); Model 1 adjusts for sex, birth weight for gestational age z-score, and age at assessment; each subsequent model includes the adjust-
ments in the preceding model, with the following further adjustments: Model 2 includes socioeconomic variables (maternal education and household income), and
Model 3 includes parenting behavioral factors (exclusive or mixed/none breastfeeding and frequency of bed-sharing).

*P-values for the racial/ethnic effects are shown.

Italic values represent P-value for race/ethnicity joint hypothesis test for linear trend.

using actigraphy. Additionally, racial/ethnic and SES differences
in day and night sleep patterns emerged in early life. While
at 1 month there were no differences in night sleep duration
across racial/ethnic or SES groups, daytime sleep duration was
longer in infants with racial/ethnic minority background and
lower SES. More striking differences in sleep across groups were
observed at 6 months of age: shorter night sleep, longer daytime
sleep, and more awakenings in Hispanic, Asian, and black in-
fants. Differences in sleep duration between white infants and
Hispanic or black infants were largely explained by differences
in SES. In contrast, SES-adjusted analyses showed that Asian in-
fants had more frequent wake bouts and, at 6 months, shorter
nocturnal sleep compared to white infants.

Our findings based on objective sleep measures are con-
sistent with previous studies using parent-reported surveys [28,
44-48] and actigraphy in older children [49]. In these studies,
Hispanic [28,46-48], Asian [28, 46, 47], and black children [28, 44—49]
from 6 months to 11 years old had less night sleep duration or
were at a higher risk of chronic sleep curtailment. The current

study extends the literature by providing objective evidence that
the sleep differences emerging in early infancy, are unlikely to
be attributable to reporting biases, and are more prominent at
6 months compared to 1 month of age. Moreover, the objective
and longitudinal measurements provide the ability to char-
acterize both day and night sleep, showing that infants from
minority backgrounds (or lower SES households) have longer
daytime sleep but shorter nighttime sleep at 6 months, and over
this period, both nocturnal and 24-hour sleep increase more in
white (or infants from higher SES households) compared to mi-
nority infants.

Differences in SES across racial/ethnic groups accounted for
much of the difference in sleep-wake patterns between black and
Hispanic as compared to white infants. Other possible reasons
for differences in nocturnal sleep of young children include
stress [50-52], maternal mental health [53], culture/tradition (i.e.
habitual daytime napping [18, 44] and co-sleeping/co-rooming
[31, 54, 55]), sleep environment (i.e. TV in room [28]), and be-
havioral factors (i.e. lack awareness of benefits from bedtime



routines [50]). Hispanic and black women may more frequently
experience postpartum depression [56], and their families are
more likely to co-sleep [54, 55] and have a TV in their infant’s
bedroom [57]. Parents with low SES may have less resources to
provide an optimal sleep environment, consistent bedtimes, and
bedtime routines [50, 51]. In contrast, differences between white
and Asian infants were not explained by SES, and Asian infants
had the highest frequency of nighttime awakenings and wake
duration, perhaps due to different cultural parenting practices
[18, 31]. While our objectives in this report were not to identify
the specific drivers of race/ethnic differences, we found that
adjusting for breastfeeding and co-sleeping did not alter the
study results.

There is a paucity of research on 24-hour sleep patterns and
sleep regulatory mechanisms in infants [58]. Our study high-
lights the importance of not only assessing nocturnal but also
daytime sleep in young children. In our study, Hispanic/Latino,
Asian, and black infants slept less than white infants at night
but more during the day. Differences in 24-hour sleep patterns
may reflect an interactive relationship between day and night
sleep (disturbed nighttime sleep may lead to daytime sleep com-
pensation; or, daytime napping may reduce homeostatic drive,
resulting in less nighttime sleep). Differences in the distribution
of sleep across the day may also reflect inopportune light expos-
ures or timing of feeding, factors that can vary by cultural prac-
tices and SES. In addition, development of consolidated sleep
and mature patterns of sleep architecture also reflect the devel-
opment of the neural circuitry of the developing brain, which
reciprocally may be influenced by electrophysiological oscilla-
tions generated during sleep. Some data indicate that daytime
naps enhance learning and memory consolidation [59] and are
protective against injury in children [60]. However, other studies
indicate that more napping is associated with poorer nighttime
sleep [61-66] and poorer neurocognitive function in preschool
children [64]. Hence, 24-hour sleep distribution, circadian mis-
alignment, and the association with physiological stress in in-
fants require further investigation.

We recently described patterns of infant sleep duration as-
certained by the caregiver-completed BISQ in this same cohort
[48]. Similar to the current actigraphy results, that study also
showed a decrease in daytime sleep and increase in nighttime
sleep during child’s first 6 months of life. However, compared
to actigraphy, caregiver report overestimated sleep (by approxi-
mately 1 hour for nighttime sleep at both time points, more
than 2 hours for daytime sleep at 1 month, and more than half
an hour for daytime sleep at 6 months). Caregiver reported
nighttime sleep duration at 6 months was also shorter among
racial/ethnic minority infants compared to the white infants.
However, the shortest nighttime sleep was reported by care-
givers of Hispanic infants; nighttime sleep was significantly
shorter among Hispanic infants than white infants at both
1 month and 6 months. Daytime caregiver reported sleep tended
to be longer at both time points in Hispanic and black infants,
but those estimates were imprecise and not statistically signifi-
cant. In contrast, with actigraphy we found night sleep duration
at 6 months to be similarly curtailed in Hispanic and black in-
fants, and at both 1 month and 6 months we observed signifi-
cantly longer daytime sleep in Hispanic and black infants. These
findings suggest that caregiver report overestimates infant sleep
compared to actigraphy, especially for the daytime in early in-
fancy, but provides information on sleep duration changes
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across the first 6 months of life that generally reflect the patterns
observed using actigraphy. The actigraphy findings generally
were more precise and yielded somewhat different estimates
of relative differences across the race/ethnic groups compared
to caregiver report. While the latter suggests that there may be
systematic reporting biases across groups, we did not observe
systematic differences in actigraphy-BISQ biases (unpublished
data). Nonetheless, given differences in reporting biases across
race/ethnic groups in adults [67], the differences across these
studies suggest caution in interpreting demographic differences
in sleep when relying on self-report.

This study had several potential limitations. First, actigraphy
did not directly measure sleep and could overestimate wake-
fulness due to external motion (e.g. rocking) during sleep tran-
sitions [68]. To address this challenge, we required parents to
record time such as when the infant was in a stroller or car seat
(“sleep in motion”) and used this information to annotate the
actigraphy records. Second, the overall sample included a rela-
tively small proportion of African Americans, reflecting the local
clinic population. Race/ethnicity was also highly correlated with
SES, making it difficult to fully separate these influences. Third,
of the enrolled sample, 29% did not provide valid actigraphy data
for both time points, raising a concern over the generalizability
of the findings. However, in sensitivity analyses, we applied IPW
[43] to adjust for potential selection biases, and these analyses
did not identify substantive differences compared to our pri-
mary analyses. Fourth, we conducted multiple statistical tests,
including among six sleep variables that are highly interrelated
with each other and over time, as well as exposures (race/ethni-
city and SES) that are highly correlated. These tests were likely
not independent of one another, but because this was the first
longitudinal study using actigraphy to assess sleep patterns
from 1 month to 6 months in a diverse sample, we did not ad-
just for multiple comparisons. Instead, we highlighted findings
that met the usual nominal level of significance (i.e. p < 0.05) and
were internally consistent and biologically plausible. The find-
ings, therefore, should be replicated in other cohorts.

This study had several strengths, including its prospective
design with repeated measurements of sleep-wake patterns
over 24-hour periods in a diverse sample using objective record-
ings. While objective assessment of sleep-wake patterns in early
infancy is challenging due to fragmented sleep-wake patterns,
frequent feedings, and more sleep time in “motion” (during
rocking, driving in cars, etc.), actigraphy has been used in prior
studies for infants as early as 3 months of age [16, 23, 69, 70] as
it has provided estimates of infant sleep that agreed with parent
report [34], sleep diary [42], behavioral observation [38], and PSG
[37].

Conclusion

Infants sleep more at night but less during the day from ap-
proximately 1 month to 6 months of age. Nighttime sleep dur-
ation increases less in Hispanic and black infants than white
infants, although these differences are largely explained by
lower maternal education and household income, suggesting
social-environmental factors contribute to sleep health dif-
ferences across race/ethnicity in early life. Asian infants have
more frequent night awakenings and less night sleep duration
compared to white infants. Moreover, 24-hour sleep duration
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increases less or even decreases in infants from low SES house-
holds. Differences in both circadian distributions and quantity
of sleep emerge in early infancy, underscoring a need to identify
modifiable determinants of these differences and better under-
stand their impact on health and development.
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