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Abstract

Study Objectives: To longitudinally compare sleep/wake identification and sleep parameter estimation from sleep diaries to acceler-
ometers using different algorithms and epoch lengths in infants.

Methods: Mothers and other caregivers from the Nurture study (southeastern United States, 2013-2018) reported infants’ 24-hour
sleep in sleep diaries for 4 continuous days, while infants concurrently wore accelerometers on the left ankle at 3, 6,9, and 12 months
of age. We applied the Sadeh, Sadeh Infant, Cole, and Count-scaled algorithm to accelerometer data at 15 and 60 seconds epochs. For
sleep/wake identification, we assessed agreement by calculating epoch-by-epoch percent agreement and kappas. We derived sleep
parameters from sleep diaries and accelerometers separately and evaluated agreement using Bland-Altman plots. We estimated
longitudinal trajectories of sleep parameters using marginal linear and Poisson regressions with generalized estimation equation
estimation.

Results: Among the 477 infants, 66.2% were black and 49.5% were female. Agreement for sleep/wake identification varied by epoch
length and algorithm. Relative to sleep diaries, we observed similar nighttime sleep offset, onset, and total nighttime sleep duration
from accelerometers regardless of algorithm and epoch length. However, accelerometers consistently estimated about 1 less nap per
day using the 15 seconds epoch, 70 and 50 minutes’ shorter nap duration per day using the 15 and 60 seconds epoch, respectively; but
accelerometers estimated over 3 times more wake after nighttime sleep onset (WASO) per night. Some consistent sleep parameter
trajectories from 3 to 12 months from accelerometers and sleep diaries included fewer naps and WASOs, shorter total daytime sleep,
longer total nighttime sleep, and higher nighttime sleep efficiency.

Conclusions: Although there is no perfect measure of sleep in infancy, our findings suggest that a combination of accelerometer and
diary may be needed to adequately measure infant sleep.
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RESULTS

sleep duration and greater efficiency.

(D) Epoch-by-epoch sleep/wake status identification varied by epoch length and algorithm.
(2) At each time point, accelerometer estimated fewer naps, shorter nap duration, and more WASOs than sleep diaries.
(3 Over infancy, accelerometer and sleep diaries estimated fewer naps and WASOs, less daytime sleep, more nighttime

Statement of Significance

Sleep is a key component of infant health and development, but few studies have assessed longitudinal and more objectively
measured sleep in a large sample of racially diverse infants. We assessed absolute values and longitudinal changes in 24-hour
sleep using caregiver-reported diaries and accelerometers in over 400 infants. We found that relative to diaries, accelerometers
underestimated naps, and overestimated night wakings. However, diaries and accelerometers were in agreement for other sleep
parameters, such as duration and efficiency of nighttime sleep. We found general agreement for 12-month trajectories, including
decreasing naps, night wakings, and daytime sleep, and higher nighttime sleep efficiency. Accelerometer data using the Sadeh In-
fant algorithm had greater concordance with sleep diaries than the Sadeh, Cole, and Count-scaled algorithms.

Introduction

Infants experience major changes in sleep behaviors as a result
of rapid neurobehavioral development and cognitive function-
ing during the first year of life. As infants age, they are expected
to spend more time awake than asleep, have more consolidated
sleep periods, and fall asleep and resume sleep with little regula-
tion by caregivers [1]. Yet, what constitutes healthy, normal sleep
for infants is highly dependent on biological and sociocultural
factors [2, 3]. Unfavorable sleep habits during infancy may persist
into childhood [4, 5] and contribute to adverse metabolic, psy-
chological, and developmental consequences in childhood and
beyond [6-8]. However, the need for sleep varies both between
infants of the same age and within an individual infant through-
out the first year. Nevertheless, reference values of sleep param-
eters are still useful to help parents, clinicians, and researchers
identify sleep problems in infancy. A 2018 systematic review
summarized reference values and changes in sleep parameters in
infants reported by 47 research articles conducted globally over
the past 20 years [9]. The authors confirmed the existence of dis-
crepancies across studies in reference values of sleep parameters
and emphasized the importance of methodological differences
that need to be considered when interpreting findings between
studies.

Different measurement methods used by previous studies may
have significant impacts on the estimation of infant sleep [10-18].
Parent report via sleep diary, questionnaire, or interview is the
most commonly used method partially due to its cost-effective-
ness and less labor-intensive nature [9]. However, parent report
is known to be sensitive to bias as parents rely on perceptions of
infant sleep rather than actual infant sleep and may not always
know when an infantis awake. Various factors could result in such
reporting bias. For example, parenting stress, parent fatigue, and
infant childcare attendance may all influence reporting [19, 20].
In contrast, objective methods including polysomnography and
accelerometer are less prone to bias and have been increasingly
used in infant populations. Polysomnography, typically measured
in a laboratory setting, is thought to be the gold standard of sleep
measurement [21]. Polysomnography determines sleep behaviors
by a combination of measurements, including electroencepha-
lography, electrooculography, electromyography, and electrocar-
diography [21]. An accelerometer, on the other hand, is a much
simpler device that can be worn on the wrist, ankle, or waist and
continuously records motility in the natural environment with-
out the need for a laboratory. Many studies have used accelerom-
eters to measure infant sleep, despite methodological challenges
[9, 22, 23].



Multiple accelerometer devices are available and they have
different placement requirements (e.g. ankle, wrist), settings of
epoch length (e.g. 15, 60 seconds), and sensor sensitivity [22, 23].
This raises questions on device comparability of research findings
[9, 22, 23]. Moreover, algorithms should be applied to raw accel-
erometer data before useful sleep parameters can be derived,
but most of the available algorithms were not developed for use
with infants. There are, however, four algorithms that have been
applied in infant populations. The Sadeh algorithm was initially
developed for use in young adults, with accelerometers attached
to both wrists operating using the 60 seconds epoch [24]. When
used in infants and compared to polysomnography, the Sadeh
algorithm had a sensitivity (i.e. sleep agreement) of 89% and a
specificity (i.e. wake agreement) of 52% with a single acceler-
ometer placed on the ankle [25]. Sadeh et al. developed another
algorithm specifically for infants with an accelerometer worn on
the left ankle, referred to as the Sadeh Infant algorithm in this
paper. This algorithm applied to accelerometer data in 60 seconds
epoch had a sensitivity between 54.9% to 88.1% and a specificity
between 82.8% to 99.3% relative to direct observation, depending
on the specific age of infants [26]. Similarly, the Count-scaled algo-
rithm was recently developed and validated against polysomnog-
raphy in infants 10 to 22 weeks of age and had a sensitivity of 86%
and specificity of 85% with accelerometer in the recommended
15 seconds epoch length [27]. The Count-scaled algorithm was
argued to be independent of sensor sensitivities or placements
[27]. The Cole algorithm, on the other hand, was developed in
adults based on wrist actigraphy in 60 seconds epoch length [28].
It was reported to have a sensitivity of 80.0% and a specificity of
89.9% compared with polysomnography in infants [27].

Furthermore, in infant sleep research, researchers rely on
specific definitions to derive sleep parameters after accelerom-
eter data are scored using algorithms [22, 29]. However, existing
definitions used by previous studies either are not reported or
vary greatly [22, 29]. A review of 228 pediatric sleep studies with
accelerometer assessment found that only 70% of studies pro-
vided definitions for the reported sleep parameters. The incon-
sistency of definitions was evident in the example of determining
“bedtime/sleep onset” where studies have used 3, 10, 15, and 20
consecutive minutes of decreased activity as the definition [22].
Researchers have emphasized the critical importance of a com-
prehensive and clear reporting of the process of sleep parameter
derivation based on accelerometer data to facilitate comparabil-
ity [22, 29, 30]. Lastly, the aforementioned methodological com-
plexities may have contributed to the inconsistent agreement
between accelerometer and sleep diaries in measuring infant
sleep reported by previous studies. Although some studies have
reported good agreement [10, 17], others have reported poor or
mixed agreement [15, 16, 18]. Studies have also documented that,
compared to sleep diaries, accelerometers captured fewer day-
time sleep and shorter duration of daytime sleep [9, 10, 15, 16, 30],
while detecting greater frequency and longer duration of night
wakings [9, 10, 14-16]. However, none of these studies evaluated
the agreement while considering different algorithms, epoch
lengths, and sleep parameter definitions used with accelerometer
data simultaneously.

Our study aimed to address these research gaps by (1) assess-
ing agreement of sleep/wake status identification by differ-
ent algorithms based on accelerometer sampled at different
epoch lengths, (2) deriving sleep parameters encompassing the
24-hour period using accelerometer based on recommended
definitions, and (3) evaluating agreement of absolute values as
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well as longitudinal trajectories of sleep parameters obtained
from sleep diary and accelerometer. Our hypotheses are: (1) the
agreement of sleep/wake status identification based on accel-
erometer varies by algorithm and epoch length, (2) accelerom-
eters tend to estimate fewer occurrences and shorter durations
of daytime sleep but estimate higher frequency and longer dura-
tion of night waking than sleep diaries, and (3) accelerometer
and sleep diaries estimate similar trajectories of sleep param-
eters. Although not originally developed for infants, a system-
atic review published in 2021 found that 10.1% and 4.1% of the
58 articles that assessed infant sleep via accelerometer used
the Sadeh and Cole algorithm, respectively [23]. Therefore, we
included these two algorithms in our study to facilitate a com-
prehensive comparison of different algorithms. We used data
from a racially diverse cohort of infants residing in the south-
eastern United States with longitudinal measurements of sleep
at 3,6, 9, and 12 months.

Methods

Study design and population

Participants were from the Nurture study, a prospective, obser-
vational birth cohort of women and their infants residing in the
southeastern United States (2013-2018) [31]. The Nurture study
was designed to assess longitudinal associations of multiple car-
egivers on infant adiposity and weight trajectories throughout
the first year of life. We recruited pregnant women between 20 to
36 weeks’ gestation from a local private prenatal clinic and the
county health department prenatal clinic. Women were eligible
to participate if they had a singleton pregnancy with no known
congenital abnormalities, were at least 18 years of age, spoke
and read English, intended to keep the baby, and planned to stay
within the area until at least 12 months postpartum. Infants were
included if they were born after 28 weeks’ gestation, did not have
congenital abnormalities that could affect growth and develop-
ment, were not in hospital for 3 or more weeks after birth, and
were able to take food by mouth at the time of hospital discharge.
We obtained written consent at recruitment during pregnancy
and confirmed participation shortly after delivery for both moth-
ers and infants. We conducted home visits when infants were
aged 3, 6, 9, and 12 months. The Duke University Medical Center
Institutional Review Board approved this study and its protocol.
Additional information about the Nurture study is available else-
where [31].

Sleep diaries

Mothers and other caregivers were instructed to concurrently com-
plete a paper-based sleep diary for four full, continuous days over
2 weekdays and 2 weekend days, while infants were wearing the
accelerometer at 3, 6, 9, and 12 months. The sleep diaries traveled
with infants so the adult responsible was instructed to complete
the diary (i.e. if the infant went to child care the child care provider
completed the diary). Caregivers reported infant start and stop
time for nighttime sleep and naps each day. We calculated sleep
parameters including total nighttime sleep duration, frequency of
wake after nighttime sleep onset (WASO) and naps, WASO dura-
tion, total WASO duration, nap duration, total daytime sleep, total
nighttime sleep, nighttime sleep efficiency, and total 24-hour sleep,
based on the definitions described in Table 1. In addition, caregiv-
ers noted the start and end times in sleep diaries when accelerom-
eters were removed from infants.
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Table 1. Decisions to Process Accelerometer Data and Derive
Sleep Parameters in the Nurture Study

Decisions

Non-Wear

Valid day
Valid recording

Nighttime sleep
onset

Nighttime sleep
offset

Total nighttime sleep
duration

Wake after nighttime
sleep onset (WASO)
WASO duration

Total WASO duration
Nap

Nap duration

Total daytime sleep

Total nighttime sleep

Nighttime sleep
efficiency

Total 24-hour sleep

Non-wear if:

(1)recorded as non-wear in diary; or
(2)had =60 consecutive minutes of 0 in
accelerometer data between nighttime
sleep offset and onset in a day.

A 24-hour day was valid if had >12 hours
of wear time.

A 4-day recording was valid if had >3
valid days.

The start of the first >15 consecutive
minutes of sleep in the time period
between 09:00 pm to 09:00 am.

The end of the last >15 consecutive
minutes of sleep in the time period
between 09:00 pm to 09:00 am.

Calculated as the duration of time
between nighttime sleep onset and offset.

In a WASO if had >5 consecutive minutes
of wake between nighttime sleep onset
and offset.

Calculated as the mean duration per
WASO.

Calculated as the duration of all WASOs.

In a nap if had >15 consecutive minutes
of sleep preceded by >5 consecutive
minutes of wake between nighttime sleep
offset and onset.

Calculated as the mean duration per nap.

Time spent asleep between nighttime
sleep offset and onset. Calculated as the
duration of all naps.

Time spent asleep between nighttime
sleep onset and offset. Calculated as
(total nighttime sleep duration - total
WASO duration).

The percentage of time spent asleep
between nighttime sleep onset and offset.
Calculated as (total nighttime sleep +
total nighttime sleep duration x100).

Time spent asleep in a 24-hour day.
Calculated as (total daytime sleep + total
nighttime sleep).

Accelerometer

Infants wore ActiSleep+ accelerometer (ActiGraph, Pensacola,
Florida, USA) on the left ankle for four full, continuous days at 3,
6,9, and 12 months. We instructed caregivers to keep accelerom-
eters on infants at all times including when infants were sleeping
and bathing. The accelerometer used a 30 Hz sampling rate and
recorded triaxial acceleration data in 15 seconds epoch.

Data cleaning and application of algorithms.

A total of 506 infants had accelerometer data available during
at least one-time point, which in total comprised 5432 days. We
downloaded the raw data using the Actilife software (version
6.13.4) and converted it to activity counts in both 15 seconds
and 60 seconds epochs. We classified non-wear time if the cor-
responding time period was labeled as non-wear in sleep diaries
regardless of activity counts recorded by the accelerometer or if

the accelerometer recorded >60 minutes of consecutive 0 seconds
when not indicated as non-wear in sleep diaries, when the infants
were not engaging in nighttime sleep (Table 1). We defined a valid
day as having at least 12 hours of wear time and a valid record-
ing as having at least 3 days of usable data [32]. We excluded 29
infants (comprising 438 days) due to insufficient valid days or
valid recordings. Our final analytic sample included 477 infants
(4994 days) who had at least one valid accelerometer recording
across 4-time points. We then applied each of the four algorithms,
including Sadeh [24], Sadeh Infant [26], Cole [28], and Count-
scaled algorithm [27] separately for 15 and 60 seconds epochs.

Derivation of sleep parameters.

We derived a total of 12 sleep parameters based on the definitions
described below and in Table 1. We calculated all sleep parameters
for each infant for each day and then averaged across the days at 3,
6,9, and 12 months. We determined nighttime sleep onset as the start
of the first >15 consecutive minutes of sleep and nighttime sleep offset
as the end of the last >15 consecutive minutes of sleep, between
09:00 pm to 09:00 am [18, 22]. We then calculated total nighttime sleep
duration as the time elapsed between nighttime sleep onset and
offset. We classified an infant as having a WASO if the accelerom-
eter data had =5 consecutive minutes of wake time between night-
time sleep onset and offset [18, 22]. We then calculated frequency of
WASOs, WASO duration as the mean duration per WASO, and total
WASO duration as the duration of all WASOs. Next, we classified an
infant as having a nap if the accelerometer data have >15 consecu-
tive minutes of sleep preceded by >5 consecutive minutes of wake
between nighttime sleep offset and onset [22, 30, 33]. We calculated
frequency of naps, nap duration, and total daytime sleep following the
similar approach as for WASO parameters. Lastly, we calculated total
nighttime sleep as total nighttime sleep duration — total WASO dura-
tion, nighttime sleep efficiency as total nighttime sleep + total night-
time sleep duration x 100%, and total 24-hour sleep as total daytime
sleep + total nighttime sleep.

Other measures

We collected additional information on mothers and infants
through interviews and questionnaires administered at recruit-
ment, after delivery, and during each home visit. We obtained
clinical information from a review of electronic medical records.
Infant information included sex (male; female), race (black;
white; other race or multiple races), ethnicity (not Hispanic or
Latinx; Hispanic or Latinx), gestational age at birth (continuous),
birth weight (continuous), delivery mode (not cesarean delivered;
cesarean delivered), weeks of any breastfeeding from birth (con-
tinuous), and if shared bed with parents at the time of sleep meas-
urement (yes; no). We further calculated infant birth weight for
gestational age z-score based on the Intergrowth-21st standards
[34]. Maternal information included age (continuous), race (black;
white; other race or multiple races), ethnicity (not Hispanic or
Latinx; Hispanic or Latinx), education (high school graduate or
below; some college or above), marital status (married or living
with partner; other), annual household income (<$20 000; >$20
000), parity (nulliparous; multiparous), and prepregnancy body
mass index (continuous).

Statistical analyses

Agreement of sleep/wake status identification by different
algorithms.

We examined agreement of sleep/wake status identification
for each epoch between each pair of the algorithms, separately



for accelerometer data in 15 and 60 seconds epoch during each
home visit at 3, 6, 9, and 12 months. We calculated sleep agree-
ment, wake agreement, and overall agreement for each infant
in each day and then averaged these daily statistics across the
recording for each infant at 3, 6, 9, and 12 months. Sleep (or
wake) agreement was calculated as the proportion of epochs
that were identified as sleep (or wake) by both algorithms
among the epochs identified as sleep (or wake) by the second
algorithm. Overall agreement was calculated as the proportion
of epochs that were identified consistently by both algorithms
among all epochs. We computed kappa and prevalence-ad-
justed, bias-adjusted kappa (PABAK) to assess level of agree-
ment after accounting for the agreement expected by chance,
as well as the unbalanced prevalence of sleep and wake in
infants [35, 36]. The interpretation of kappa and PABAK is as
follows: <0 indicates poor agreement, 0.01 to 0.20 slight agree-
ment, 0.21 to 0.40 fair agreement, 0.41 to 0.60 moderate agree-
ment, 0.61 to 0.80 substantial agreement, and 0.81 to 1 almost
perfect agreement [35, 36].

Agreement of sleep parameters between sleep diaries and
accelerometer.

We used mean and standard deviation (SD) to summarize all
the 12 sleep parameters derived from sleep diaries and accel-
erometers in 15 and 60 seconds epochs based on 4 algorithms
during each home visit at 3, 6, 9, and 12 months. We quantified
agreement of each sleep parameter comparing accelerometer
(based on a certain algorithm in either 15 or 60 seconds epoch)
against sleep diaries using the Bland-Altman plot [37]. The Y
axis of Bland-Altman plot represents the difference in the sleep
parameter between accelerometer and sleep diaries with the
middle dash line representing the mean difference; and the X
axis represents the mean of the sleep parameter of these two
measures. The upper and lower dash lines on Bland-Altman plots
show the upper and lower limits of agreement within which 95%
of the differences between the two measures are included. When
the 95% confidence interval does not include 0, the sleep param-
eter estimated by accelerometer and sleep diaries are statistically
significantly different.

Trajectories of sleep parameters over the course of infancy.
We built marginal regression models using the generalized esti-
mation equation approach with robust variance and autore-
gressive 1 correlation structure to estimate monthly changes
in sleep parameters over infancy. We used marginal linear
regressions for the 10 sleep parameters that were continuous,
including nighttime sleep offset and onset, nap and WASO
duration, total nighttime sleep duration, total WASO duration,
total daytime, nighttime, and 24-hour sleep, as well as night-
time sleep efficiency. We used marginal Poisson regressions
for the remaining two sleep parameters that were count out-
comes, including number of naps and WASOs. We estimated
trajectories separately for sleep parameters derived from sleep
diaries and accelerometer. We conducted all statistical analy-
ses using R software version 4.0.2 (R Foundation for Statistical
Computing). Evidence of statistical significance was based on a
two-sided p < .05.

Results

We included a total of 477 infants in this study. Among the
excluded infants who did not have sufficient accelerometer
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recordings (n = 29), we found that they were generally compa-
rable to the included infants, except for being more likely to be
Latinx, born via Cesarean section, born to a nulliparous mother,
and having a shorter duration of any breastfeeding at 12 months
(Supplementary Table S1). Infants who were excluded from the
analysis due to attrition (n = 160) had a shorter duration of any
breastfeeding at 12 months, were born to mothers who were
younger and had lower prepregnancy body mass index; however,
they were comparable to the included infants otherwise.

Among the included infants, 66.2% were black, 16.4% were
white, 15.7% were other race or multiple races, and most (86.8%)
were not Hispanic or Latinx (Table 2). A total of 50.5% of infants
were male. On average, infants were born at 39.0 (SD: 1.6) weeks
of gestation and weighed 3.2 (SD: 0.5) kg at birth. More than half
(55.6%) of the infants were living in households with an annual
income of <$20 000. In total, 390 infants had valid accelerometer
data at 3 months, 334 at 6 months, 307 at 9 months, and 290 at 12
months. Among them, 355 infants also had available sleep diary
data at 3 months, 291 at 6 months, 281 at 9 months, and 263 at
12 months. Over half (55.3%) of the infants shared beds with their
parents at the time of sleep measurement. Mothers had a mean
age of 27.7 (SD: 5.8) years and 54.1% of them attended some col-
lege or above.

Agreement of sleep/wake status identification by
different algorithms

The algorithms applied to the 15 seconds epoch accelerometer
data identified longer sleep duration and shorter wake duration
than algorithms applied to the 60 seconds epoch data across all
time points (Supplementary Table S2). The Sadeh Infant algorithm
consistently identified the longest sleep duration regardless of
epoch length, followed by the Cole, Sadeh, and the Count-scaled
algorithmsin the 15 seconds epoch data, or the Cole, Count-scaled,
and Sadeh algorithms in the 60 seconds epoch data. Epoch-by-
epoch comparisons of sleep/wake status identification between
each pair of algorithms were similar across all time points (Figure
1). The highest sleep agreement was observed when comparing
the Sadeh Infant algorithm against the other algorithms, as well
as when comparing the Cole algorithm against the Sadeh and
Count-scaled algorithms (Figure 1, first column). However, the
Sadeh Infant algorithm had the lowest wake agreement with the
other three algorithms (Figure 1, second column), while the wake
agreement among the other three algorithms was similar. This
led to similar overall agreements between the Sadeh, Cole, and
Count-scaled algorithms, ranging from 85% to 95%. In contrast,
the overall agreement was lower when comparing Sadeh Infant
algorithm against all other three algorithms, ranging from 60% to
80% (Figure 1, third column). Similarly, the kappa and PABAK sug-
gested that the Sadeh Infant algorithm had modest agreement
with the other algorithms, while the other algorithms had moder-
ate to almost perfect algorithms with each other (Figure 1, fourth
and fifth columns).

Agreement of sleep parameters between sleep
diaries and accelerometer

Accelerometers, regardless of epoch length and algorithm, tended
to agree relatively well with sleep diaries with regard to nighttime
sleep offset (Table 3, Supplementary Figure S1), nighttime sleep
onset (Supplementary Figure S2), and total nighttime sleep dura-
tion (Supplementary Figure S3). However, there was a trend that
the differences between accelerometer and sleep diaries were
proportional to the size of nighttime sleep offset and onset in a


http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsad160#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsad160#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsad160#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsad160#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsad160#supplementary-data

6 | SLEEP, 2023,Vol. 46, No. 11

Table 2. Characteristics of Infants and Mothers in the Nurture
Study (n =477)

Infant Characteristics

Mean (SD)
Gestational age at birth, weeks 39.0 (1.6)
Birth weight, kg 3.2 (0.5)
Birth weight for gestational age z-score 0.1 (1.0)
Duration of any breastfeeding at 12 months, weeks 18.0 (18.3)
N (%)
Female 236 (49.5%)
Race Black 316 (66.2%)
White 78 (16.4%)
Other race or multiple races 75 (15.7%)
Missing 8 (1.7%)
Ethnicity Not Latinx 414 (86.8%)
Latinx 41 (8.6%)
Missing 22 (4.6%)

Cesarean delivered 152 (31.9%)

Co-slept with parents at the time of sleep 264 (55.3%)

measurement

Maternal characteristics

Mean (SD)
Age, years 27.7 (5.8)
Prepregnancy BMI, kg/m? 30.2 (9.2)
N (%)
Race Black 334 (70.0%)
White 96 (20.1%)
Other race or multiple races 46 (9.6%)
Missing 1(0.2%)
Ethnicity Not Latina 449 (94.1%)
Latina 27 (5.7%)
Missing 1(0.2%)
Education High school or below 219 (45.9%)
Some colleges or above 258 (54.1%)
Married or living with partner 275 (57.7%)
Annual household <$20 000 265 (55.6%)
income
>$20 000 191 (40.0%)
Missing 21 (4.4%)
Parity Nulliparous 163 (34.2%)
Multiparous 300 (62.9%)
Missing 14 (2.9%)

way that the differences were larger in infants who seemed to
wake up or fall asleep either earlier or later than their peers.

As compared with sleep diaries, accelerometer using the 15
seconds epoch systematically estimated fewer number of naps
(Table 3, Supplementary Figure S4 panel A). Using the 60 sec-
onds epoch, the Sadeh algorithm generated similar number of
naps to sleep diaries, the Sadeh Infant algorithm generated more
naps, whereas the Cole and Count-scaled algorithms generated
fewer naps (Supplementary Figure S4 panel B). Accelerometers

systematically estimated shorter nap duration by about 70 min-
utes with 15 seconds epoch data and 50 minutes with 60 seconds
epoch data (Table 3, Supplementary Figure S5). Consequently,
accelerometers reported about 2 hours shorter total daytime
sleep duration than sleep diaries, though the differences were
smaller with the 60 seconds epoch based on the Sadeh or Sadeh
Infant algorithms (Supplementary Figure S6). The discrepancies
between accelerometer and sleep diaries were generally greater
in infants who slept longer either per nap or in total throughout
the day.

Accelerometers systematically estimated more number of
WASOs but the magnitude was smaller when applying the Sadeh
algorithm with the 60 seconds epoch or the Sadeh Infant algo-
rithm with the 15 seconds epoch (Table 3, Supplementary Figure
S7). The Cole and Count-scaled algorithms estimated more num-
ber of WASOs by about 3 counts with 15 seconds epoch data and
10 counts with 60 seconds epoch data (Supplementary Figure S7).
Conversely, accelerometers derived on average about 20 minutes
shorter duration per WASO than sleep diaries and the differences
were smaller using an epoch length of 60 seconds instead of 15
seconds (Supplementary Figure S8). As for total WASO duration,
it was similar to sleep diaries when using the 15 seconds epoch
but longer when using the 60 seconds epoch based on algorithms
other than Sadeh (Supplementary Figure S9). The differences in
the three WASO-related sleep parameters between accelerometer
and sleep diaries were also proportional to the sizes of these sleep
parameters.

For total nighttime sleep and nighttime sleep efficiency, accel-
erometer, and sleep diaries agreed relatively well except when
based on the Cole and Count-scaled algorithms using the 60
seconds epoch length, which estimated shorter total nighttime
sleep by around 4 hours (Table 3, Supplementary Figure S10)
and estimated higher nighttime sleep efficiency by around 25%
(Supplementary Figure S11). The Sadeh Infant algorithm with the
60 seconds epoch slightly estimated higher nighttime sleep effi-
ciency by roughly 10%. Finally, all algorithms estimated shorter
total 24-hour sleep with the smallest difference being observed
for the Sadeh Infant algorithm (Supplementary Figure S12). There
were no clear patterns in total nighttime sleep or total 24-hour
sleep comparing accelerometers with the 60 seconds epoch with
sleep diaries.

Trajectories of sleep parameters over the course
of infancy

Over the course of infancy, nighttime sleep offset remained
statistically significantly unchanged and nighttime sleep
onset tended to be 2.37 (95% CI: -3.46, —1.28) minutes earlier
per month according to sleep diaries. However, these trajecto-
ries were shown to be mixed in accelerometers using different
epoch lengths and algorithms (Figure 2, Supplementary Table
S3). Infants had significantly fewer naps as they aged based on
either sleep diaries or accelerometer, slept significantly longer
in each nap based on sleep diaries and accelerometer using the
60 seconds epoch, and had significantly shorter total daytime
sleep based on sleep diaries and accelerometer using the Sadeh
Infant algorithm in either epoch length or the Sadeh and Cole
algorithms using the 15 seconds epoch. For total daytime sleep,
sleep diaries generated a decrement of 10.05 (95% CI: -11.39,
-8.71) minutes per month, which was greater than the decre-
ments generated by accelerometers (Figure 2, Supplementary
Table S3).

As for WASO, accelerometers were largely consistent
with sleep diaries in the direction and magnitude of change,
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indicating that infants had significantly fewer WASOs, shorter
duration per WASO, as well as shorter total WASO duration
from 3 months to 12 months. Sleep diaries and accelerometers
in 60 seconds epoch were also in agreement with regard to sig-
nificantly increasing total nighttime sleep and slightly increas-
ing nighttime sleep efficiency over the course of infancy. Lastly,
sleep diaries and the Sadeh Infant algorithm showed that
infants had significantly lower total 24-hour sleep as they aged,
whereas accelerometers based on other algorithms revealed
either significantly longer or unchanged total 24-hour sleep
(Figure 2, Supplementary Table S3).

Discussion

In 477 racially diverse infants measured longitudinally at 3, 6,
9, and 12 months, we found that epoch length and algorithm
applied to accelerometer would impact the reliability of sleep/
wake status identification. In general, the agreement between the
Sadeh, Cole, and Count-scaled algorithms was higher than their
agreement with the Sadeh Infant algorithm. As for sleep param-
eters relative to sleep diaries, accelerometer derived similar
nighttime sleep offset, onset, and total nighttime sleep duration.
Accelerometers also estimated similar total nighttime sleep and
nighttime sleep efficiency when based on the Sadeh and Sadeh
Infant algorithms, whereas accelerometer systematically esti-
mated lower frequency and shorter duration of naps, estimated
higher frequency of WASOs, and estimated shorter duration per
WASO. Lastly, accelerometers and sleep diaries revealed some
consistent trajectories of sleep parameters over infancy, includ-
ing fewer naps and WASOs, longer duration per nap, shorter total
daytime sleep, shorter duration per WASO, shorter total WASO
duration, longer total nighttime sleep, and slightly increasing
nighttime sleep efficiency. However, accelerometers and sleep
diaries were not in agreement in the trajectories of nighttime
sleep offset, onset, and total 24-hour sleep. The Sadeh Infant
algorithm seemed to have more concordance with sleep diaries
in terms of the estimation of sleep parameters, compared with
the Sadeh, Cole, and Count-scaled algorithms.

A number of previous studies in the United States have
investigated infant sleep using less objective methods, such as
parent-reported sleep diary, interview, or questionnaire [9, 15].
However, most of these studies reported only a selected set of
sleep parameters and did not capture the entire picture of
infant sleep. Nevertheless, the sleep parameters derived in our
study based on sleep diaries were largely comparable to the val-
ues reported by parents in previous studies in the United States
[9, 15]. Furthermore, only a few studies in the U.S. employed a
longitudinal design and examined changes in parent-reported
infant sleep [30, 38]. McDaniel and Teti found in 150 infants from
Pennsylvania that the number of WASOs from sleep diaries was
greater when infants were aged 1 month compared to 3 months
[38], which was in accordance with the trend observed in our
study. In another study of 24 infants from Pennsylvania, Adams
et al. reported similar trajectories to our findings that infants had
fewer naps, shorter total daytime sleep, and longer total night-
time sleep from 6 to 24 weeks according to sleep diaries [30]. They
observed no change in total 24-hour sleep—a trend that was also
found by Sharkey et al. in 30 infants in Rhode Island measured at
2,6,and 16 weeks [39]. Conversely, caregivers in our study reported
a slight decrease in total 24-hour sleep from 3 to 12 months. Our
study had a much larger sample size and more assessments than
prior studies, which could explain the differences in findings. The
decreasing total 24-hour sleep that we observed over infancy has
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also been reported in multiple studies in infants from outside of
the United States based on parent reports [9].

The use of accelerometers in our study adds to a limited liter-
ature base of free-living objectively measured infant sleep in the
United States [10, 14, 15, 30, 40]. Moreover, only one previous study
had a somewhat comparable sample size [15, 40]. In 306 infants
from Massachusetts measured at 1 and 6 months, the researchers
derived six sleep parameters encompassing the 24-hour period
based on accelerometer data [15, 40]. A few more sleep parame-
ters also covering the full day were reported by Adams et al. in 24
infants from Pennsylvania [30]. However, several factors preclude
us from directly comparing our results to these two prior studies.
First, both of the studies adopted manual annotation conducted
by researchers to score sleep/wake periods after applying the Cole
[30] or Sadeh [40] algorithm in accelerometer data. We did not use
manual scoring in our study, as this is not a feasible method for
larger-scale longitudinal studies. Second, Adams et al. [30] meas-
ured infants at 6, 15, and 24 weeks, which only roughly aligned
with the assessment time points of 3 and 6 months in our study.
Though absolute values of sleep parameters differed between
these studies [30, 40] and ours, some consistent trajectories were
detected, including fewer naps, shorter total daytime sleep, fewer
WASOs, and longer total nighttime sleep as infants aged.

Another three studies in the United States that used accel-
erometer reported only nighttime sleep parameters without
including the daytime period. In 24 infants aged 12 months from
Rhode Island, Acebo et al. applied the Sadeh Infant algorithm
to 60 seconds epoch accelerometer data [10]. They reported an
earlier mean nighttime sleep offset (6:52 for boys and 7:02 for
girls vs. 8:01 overall in our study) but a later mean nighttime
sleep onset (22:04 for boys and 22:51 for girls vs. 21:48 in our
study), where we also used the Sadeh Infant algorithm with 60
seconds epoch accelerometer data for 12-month-old infants. One
possible explanation for the discrepancies is the use of differ-
ent definitions. Acebo et al. defined the nighttime period from
30 minutes before parents reported bedtime to 30 minutes after
parents reported waking. Conversely, we defined the nighttime
period as 21:00 to 9:00 without referring to caregiver report. In
addition, they used a minimum of 3 and 5 consecutive minutes
of sleep to define nighttime sleep onset and offset, respectively,
whereas we used at least 15 consecutive minutes of sleep to
define both. Furthermore, they found a slightly greater number
of WASOs per night (7.6 for boys and 5.6 for girls vs. 5.88) using
the definition of at least 3 consecutive minutes of awake time
during nighttime sleep, compared to our study where we used
at least 5 consecutive minutes. Horger et al. also used different
definitions to define sleep parameters and their sample size was
even smaller (nine infants) [14].

The existence of various definitions used by previous studies
to derive sleep parameters based on accelerometer data adds
to the complexity of comparing findings across studies. We fol-
lowed most of the recommendations by Meltzer et al. noted in
their review of 228 research articles that used accelerometer to
measure sleep in pediatric population (41 in infants) [22]. We also
adopted definitions from more recent evidence to define certain
sleep parameters on which Meltzer et al. did not provide detailed
recommendations. For example, a cutoff value of 20 consecu-
tive minutes of sleep for identifying naps among infants aged 6
months has been reported to have better agreement with par-
ent-reported sleep diaries than 30 or 40 minutes, but the agree-
ment level was only slight [33]. Without further information from
validation studies, we selected the value of 15 instead of 20 min-
utes in order to be more conservative in determining naps, also
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Figure 1. Comparison of sleep/wake status identification based on the Sadeh, Sadeh Infant, Cole, and Count-Scaled algorithms in accelerometer data
at 15 seconds (A) and 60 seconds (B) epoch measured at 3, 6, 9, and 12 months of age in infants. Abbreviations: SI, Sadeh Infant algorithm; S, Sadeh
algorithm; C, Cole algorithm; CS, Count-scaled algorithm; PABAK, prevalence-adjusted, bias-adjusted kappa. Sample size at 3 months is 390, 6 months
is 334, 9 months is 307, and 12 months is 290.
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Table 3. Sleep Parameters Derived From Sleep Diaries and Accelerometer in Infants Measured at 3, 6, 9, and 12 Months

Nighttime Nap Nap Total Nighttime Total WASO WASO Total Total Nighttime Total

Sleep n/day Duration Daytime Sleep Nighttime n/day Duration WASO Nighttime Sleep 24-Hour

Offset minutes/ Sleep Onset Sleep minutes/ Duration Sleep Efficiency Sleep

nap hours/ Duration WASO hours/ hours/ %/day hours/day
day hours/day day day

Sleep diary
3 7:53(1:24) 2.85 8546 3.89 22:12 9.59(1.62) 1.28 2861 0.81 8.83(1.68) 91.69 12.82 (2.05)
months (0.78) (36.63)  (1.78)  (1:11) (0.73) (26.28)  (0.72) (8.45)
6 7:54(1:13) 236 79.41 2.98 22:00 9.85(1.35) 0.95 2550 0.57 9.36 (1.40) 94.26 12.24 (1.48)
months (0.72) (33.41) (1.36) (1:13) (0.57) (28.18) (0.59) (6.45)
9 8:05 (1:16) 1.91 84.19 2.55 21:52 10.10 (1.20)  0.92 19.62 0.45 9.60 (1.31) 95.53 12.19 (1.57)
months (0.59) (37.05) (1.11) (1:15) (0.55)  (20.39) (0.47) (4.81)
12 8:05(1:19) 1.61 96.51 2.46 21:55 10.06 (1.27) 0.72 17.86 0.37 9.72 (1.55) 96.02 12.08 (1.74)
months (0.52) (39.20) (1.20) (1:13) (0.62) (28.26) (0.51) (6.25)
Accelerometer, 15-second epoch
Sadeh algorithm
3 7:59 (0:40) 1.35 2223 0.69 21:50 9.93(0.85) 546 1227 1.13 8.80(0.87) 88.834 9.49 (0.97)
months (0.67) (11.20)  (0.42)  (0:29) (2.00)  (4.63) (0.52) (4.97)
6 7:53 (0:44) 1.13 2243 0.61 21:49 9.84(0.90) 4.10 11.48 0.83 9.00 (0.86) 91.73 9.61 (1.02)
months (0.63) (14.30)  (0.41)  (0:33) (1.75)  (5.06) (0.46) (4.40)
9 7:52 (0:46) 0.97 2245 0.56 21:55 9.67 (0.77)  3.55 9.68 0.63 9.03(0.75) 93.59 9.59 (0.88)
months (0.54) (18.20)  (0.40)  (0:36) (1.58) (4.31) (0.36) (3.53)
12 7:48 (0:47) 0.76  19.64 0.45 21:54 9.54 (0.83) 3.53 9.48 0.63 8.91(0.90) 93.48 9.36 (1.01)
months (0.52) (15.35) (0.36) (0:36) (1.53) (4.97) (0.41) (4.22)
Sadeh infant algorithm
3 8:32(0:22) 1.00 12.27 0.64 21:31 10.95 (0.53)  2.19 7.57 0.34 10.61 96.94 11.25 (0.68)
months (0.61) (4.63) (0.50)  (0:23) (112)  (3.13) (0.20) (0.52) (1.77)
6 8:19 (0:30) 1.05 11.48 0.73 21:34 10.67 (0.62) 175 6.74 0.27 10.40 97.48 11.12 (0.80)
months (0.60) (5.06) (051  (0:27) (1.05)  (3.53) (0.19) (0.63) (1.74)
9 8:16 (0:36) 0.87 9.68 0.63 21:41 10.43 (0.66)  1.27 5.21 0.20 10.22 98.10 10.85 (0.83)
months (0.53) (4.31) (0.49) (0:32) (1.02) (3.66) (0.20) (0.66) (1.88)
12 8:15 (0:38) 0.75 9.48 0.54 21:41 10.36 (0.70)  1.22 4.79 0.20 10.16 98.13 10.70 (0.84)
months (0.51) (4.97) (0.43) (0:33) (1.12) (3.84) (0.23) (0.73) (2.16)
Cole algorithm
3 7:53(0:43) 0.66  13.42 0.32 21:54 9.68(0.91) 3.51 1047 0.66 9.02 (0.89) 93.33 9.33 (0.96)
months (0.49) (11.18)  (0.29)  (0:29) (151)  (3.65) (0.36) (3.47)
6 7:47 (0:46) 055  12.99 0.28 21:52 9.64 (0.98) 2.57 9.59 0.49 9.15(0.93) 95.02 9.43 (1.01)
months (0.43) (11.51) (0.26) (0:34) (1.36) (4.68) (0.33) (3.22)
9 7:47 (0:46) 047  11.81 0.24 21:56 9.52 (0.83) 2.17 7.89 0.38 9.14 (0.80) 96.15 9.39 (0.88)
months (0.41) (12.72) (0.26) (0:35) (1.21) (4.17) (0.28) (2.81)
12 7:43 (0:48) 0.40 11.60 0.23 21:55 9.40(0.83) 208  7.73 0.38 9.02 (0.89) 96.04 9.26 (0.98)
months (0.41) (12.94) (0.27) (0:36) (1.18)  (4.69) (0.34) (3.63)
Count-scaled algorithm
3 7:23 (0:55) 0.48 9.05 0.20 22:05 8.71(1.24) 4.93 11.40 0.96 7.76 (1.16) 89.45 7.96 (1.21)
months (0.42) (7.54) (0.20) (0:34) (1.92) (4.87) (0.47) (4.81)
6 7:27 (0:51) 048  10.33 0.22 21:58 9.02 (1.10)  3.59 11.00 0.70 8.32(1.01) 92.45 8.54 (1.08)
months (0.41) (9.56) (0.21) (0:35) (1.55) (4.98) (0.41) (4.10)
9 7:31(0:53) 045 11.30 0.24 22:01 9.06 (0.93) 3.15 9.44 0.55 8.52 (0.90) 94.11 8.75 (0.99)
months (0.44) (15.39) (0.31) (0:37) (1.42) (4.86) (0.32) (3.40)
12 7:30(0:52) 0.37  10.02 0.20 21:58 9.00(0.98) 3.14 8.78 0.54 8.46 (1.03) 94.13 8.66 (1.10)
months (0.36) (11.66)  (0.23)  (0:37) (1.43)  (4.67) (0.34) (3.69)
Accelerometer, 60-second epoch
Sadeh algorithm
3 7:25(0:58) 2.56  21.73 1.21 22:03 8.87(1.22) 1.60 11.36 0.42 8.45 (1.18) 95.31 9.67 (1.57)
months (1.22) (9.36) (0.69) (0:35) (0.99) (9.28) (0.32) (4.00)
6 7:25(0:54) 249  23.97 1.25 21:58 9.01 (1.08) 1.86 8.75 0.38 8.63 (1.05) 95.91 9.88 (1.39)
months (1.19) (11.23) (0.70) (0:34) (1.17)  (6.95) (0.28) (3.17)
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Table 3. Continued

Nighttime Nap Nap Total Nighttime Total WASO WASO Total Total Nighttime Total

Sleep n/day Duration Daytime Sleep Nighttime n/day Duration WASO Nighttime Sleep 24-Hour

Offset minutes/ Sleep Onset Sleep minutes/ Duration Sleep Efficiency Sleep

nap hours/ Duration WASO hours/ hours/ %/day hours/day
day hours/day day day

9 7:27 (0:54) 223 24.89 1.19 22:04 8.94(0.99) 1.84 8.59 0.38 8.57 (0.97) 95.89 9.75 (1.33)
months (1.03) (13.69) (0.72) (0:36) (1.23) (7.16) (0.30) (3.39)
12 7:27 (0:55) 2.07  26.29 1.15 22:00 8.92(0.99) 1.93 8.13 0.38 8.54 (0.96) 95.83 9.69 (1.28)
months (1.02) (16.59) (0.67) (0:37) (1.25) (6.15) (0.30) (3.47)
Sadeh infant algorithm
3 8:13(0:34) 3.64 36.93 2.29 21:43 10.39(0.71) 697 1574 1.78 8.61(0.89) 83.05 10.90 (1.19)
months (1.04) (11.90) (0.76) (0:27) (2.37)  (5.20) (0.71) (6.64)
6 8:07 (0:38) 3.06 37.94 2.03 21:43 10.23(0.78) 6.15  14.08 1.39 8.85(0.85) 86.60 10.88 (1.16)
months (0.92) (13.87) (0.78) (0:32) (2.35)  (6.05) (0.62) (5.79)
9 8:04 (0:43) 2.50 40.28 1.77 21:49 10.03 (0.74) 594 12.12 1.17 8.86(0.78) 88.51 10.63 (1.07)
months (0.93) (19.33) (0.72) (0:35) (2.23)  (6.18) (0.52) (5.02)
12 8:01(0:44) 2.11  40.70 1.57 21:48 9.93(0.76) 5.88  11.49 1.12 8.81(0.93) 88.72 10.38 (1.12)
months (0.81) (18.38) (0.68) (0:35) (2.09) (5.65) (0.51) (5.17)
Cole algorithm
3 7:31(0:54) 1.97 20.35 0.89 22:02 9.04 (1.08) 9.21  19.65 2.93 6.11(1.14) 67.79 6.99 (1.34)
months (0.92) (8.84) (0.48) (0:33) (2.22) (5.82) (0.87) (9.00)
6 7:29 (0:56) 1.92 2247 0.94 21:57 9.12(1.10) 10.24  15.39 2.53 6.59 (1.08) 72.28 7.53(1.32)
months (0.93) (12.05) (0.58) (0:34) (2.48) (5.62) (0.77) (7.67)
9 7:32(0:52) 1.72 2373 0.89 22:03 9.08 (0.92) 11.22  13.73 2.52 6.55 (1.02) 72.03 7.44 (1.24)
months (0.84) (16.16) (0.55) (0:36) (2.35)  (4.30) (0.63) (6.97)
12 7:29(0:52) 1.58  23.92 0.86 21:58 8.97(0.98) 11.36  14.57 2.54 6.43 (1.07) 71.58 7.28 (1.30)
months (0.84) (13.76) (0.53) (0:37) (2.43) (10.27) (0.67) (7.26)
Count-scaled algorithm
3 7:18 (1:00) 1.99 18.20 0.85 22:05 8.59(1.24) 10.15  20.96 3.43 5.17 (1.11) 60.67 6.02 (1.30)
months (1.01) (8.48) (0.50) (0:35) (2.32) (6.70) (0.89) (8.80)
6 7:25(0:53) 2.07 2217 0.99 22:00 8.96 (1.11) 11.64 15.77 2.96 6.01(1.08) 67.13 7.00 (1.36)
months (1.06) (14.24) (0.64) (0:35) (2.64) (5.21) (0.82) (8.15)
9 7:28 (0:54) 1.95 23.15 0.99 22:04 9.00 (0.94) 12.15  14.04 2.79 6.21 (1.05) 68.83 7.20 (1.30)
months (0.94) (12.33) (0.60) (0:37) (2.42) (4.21) (0.68) (7.42)
12 7:28 (0:52) 1.78  23.69 0.95 21:58 8.92 (0.99) 12.33  14.47 2.80 6.12 (1.03) 68.39 7.06 (1.31)
months (0.93) (13.38) (0.58) (0:37) (2.44) (6.16) (0.68) (7.17)

Statistics are displayed using mean (standard deviation).

Sample size at 3 months is 355, 6 months is 291, 9 months is 281, and 12 months is 263.

taking into consideration that accelerometers are known to be
more sensitive in detecting sleep than wake time [22]. Additionally,
we included infants who wore accelerometers for at least 3 days,
12 hours per day (including daytime hours), to increase the valid-
ity of accelerometer data. This recommendation was made by a
generalizability study conducted in 2017 on 23 infants between 1
to 12 months of age from Michigan [32]. In contrast, the previous
five studies in the United States described above either failed to
include daytime hours [10, 14] or only partially followed this rec-
ommendation [15, 30, 40].

Other challenges in comparing results across studies lies
in inconsistent epoch lengths and algorithms used by previ-
ous research with accelerometer-based measurement of infant
sleep. Our study provides valuable insights by evaluating four
algorithms for identifying sleep/wake time with 15 and 60 sec-
onds epochs. One study in 31 infants aged 10 to 22 weeks from
New Zealand evaluated the performance of the Sadeh Infant,
Cole, and Count-scaled algorithms using 15, 30, and 60 seconds
epochs in a laboratory where infant sleep was measured dur-
ing naps [27]. The researchers compared each algorithm against

polysomnography and reported that all three algorithms gener-
ally yielded moderate agreement but the balance between sleep
and wake agreement (i.e. sensitivity and specificity) was depend-
ent on the specific algorithm and epoch length. Although that
study did not compare each pair of algorithms, we found similar
results in that the Sadeh Infant algorithm exhibited a higher sen-
sitivity to sleep than wake, particularly when using 15 seconds
epochs. This was evident through a higher agreement in sleep
versus wake when compared to polysomnography, as well as
when compared to other algorithms in our study. Furthermore,
another study compared the Sadeh and Sadeh Infant algorithms
using accelerometers with a 60 seconds epoch among nine
infants aged approximately 1-8 months from the United States
and Israel [14]. Consistent with our study, they found that the
Sadeh Infant algorithm reported more sleep time than the Sadeh
algorithm, even though they did not conduct epoch-by-epoch
comparisons and thus did not report statistics such as sleep and
wake agreement. Collectively, the higher agreement in sleep than
wake by the Sadeh Infant algorithm compared to the Sadeh, Cole,
and Count-scaled algorithms may be due to the Sadeh Infant
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Figure 2. Estimated monthly changes in sleep parameters over the course of infancy, derived from sleep diaries, and accelerometer. Abbreviations:
WASO, wake after sleep onset; SD, sleep diary; S, Sadeh algorithm; SI, Sadeh Infant algorithm; C, Cole algorithm; CS, Count-scaled algorithm. The

estimates presented in this figure correspond to Supplementary Table S3.

algorithm’s more stringent criteria for determining wake status
based on infant movement. This aligns with the original intent
behind developing the Sadeh Infant algorithm, which aimed to
incorporate natural movement during infant sleep [26]. However,
it is important to note that without a direct comparison to pol-
ysomnography or direct observation, our study cannot determine
which algorithm demonstrates superior sleep/wake agreement.
The discrepancies we observed between caregiver-reported
sleep diaries and accelerometers in measuring infant sleep were
not unexpected given aforementioned methodological issues
underlying accelerometers. Previous studies in and outside of the
United States, along with ours, consistently suggested that rela-
tive to sleep diaries, accelerometers tended to underestimate fre-
quency and duration of daytime sleep [9, 10, 15, 16, 30]. It should
be noted that in our study, the underestimation by accelerometer
was smaller in magnitude when using 60 seconds epoch versus
15 seconds epoch data. Nap duration appeared to drive the dif-
ferences. One possible explanation could be that parents may

not be able to instantly detect waking infants and thus would
likely perceive slightly longer naps. The same reason could also
help explain the overestimation in frequency and underestima-
tion in duration of night wakening by accelerometer observed in
our research and in previous studies [9, 10, 14-16]. Other possible
factors that could influence caregiver perceptions of infant sleep
include bed-sharing behaviors and mental health status of par-
ents and especially mothers during postpartum period [19, 20].

Despite the fact that absolute values of sleep parameters dif-
fered to a varying extent between caregiver reports and accel-
erometers, the trajectories of sleep parameters over infancy had
more congruence with studies in and outside of the United States
[9]. We found that Sadeh Infant algorithm appeared to have more
consistency with sleep diaries in terms of estimation of sleep
parameters, as compared with the Sadeh, Cole, and Count-scaled
algorithms. This could be due to the fact that the Sadeh Infant
algorithm was initially developed and validated in infant popula-
tions, whereas the Sadeh and Cole algorithms were not.
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Our study has limitations. First, although a previous study
suggested that at least 5 nights were needed to obtain reliable
measures of sleep in children [41], the Nurture study opted for a
shorter period of wear time (4 continuous days) for two reasons.
We recognized that infants would potentially struggle to wear
the device for longer periods of time, as compared to studies of
older children that recommended at least 5 days and we wanted
to maximize adherence. Additionally, at the time of the study, we
did not have specific guidance on wear time for infants related
to sleep assessment so we estimated an appropriate length of
time given challenges with assessment in infants. The second
limitation of this study is that definitions used in our study to
derive sleep parameters based on accelerometer data have not
been fully validated in infants. However, we did our best to max-
imize the validity of our results by using definitions based on
the most available evidence instead of from scratch. Third, we
were not able to tease out acceleration generated by caregivers
instead of infants which may have resulted in false wake time.
This is inevitable in infant sleep research via accelerometer
because infants are not fully mobile and no reliable approaches
to date have been developed to automatically separate move-
ments generated by infants and caregivers. Fourth, we did not
compare parent-reported sleep diaries or accelerometers against
polysomnography, as polysomnography was not used in the
Nurture study. Therefore, our study should not be viewed as a
validation study but rather a comparison between sleep diaries
and accelerometers. A small study in the United States suggested
that sleep diaries and accelerometers were more concordant
with one another than with videosomnography (polysomnog-
raphy with video) [13] and this should be investigated further
in future studies. Fifth, even though our study is the largest in
the United States to include objective longitudinal measures of
infant sleep, infants in Nurture were not fully representative of
infants in the United States, as there was a higher proportion
of black race. Nevertheless, our study makes a valuable contri-
bution because black participants are underrepresented in most
U.S. birth cohorts [42], and in the only other larger study of infant
accelerometers [40], only 8% of the 306 infants were black. Sixth,
we did not evaluate differences in terms of infants who regularly
did and did not co-sleep with their parents. Finally, as with most
birth cohorts in which families experienced rapid change due to
the birth of an infant, we faced issues with attrition. However,
from birth to 12 months, we retained over 70% of the Nurture
sample. This retention rate is higher than that of a similar birth
cohort from the same city, in which only 56% of women com-
pleted the 12-month visit [43].

Conclusion

Our study provides the first comprehensive investigation in
the United States on both reference values and longitudinal
changes in 24-hour sleep in infants using subjective and more
objective methods. We found that the reliability of sleep/wake
identification was dependent on epoch length of accelerom-
eters and algorithms used. These two factors also influenced
the agreement of accelerometers with caregiver-reported sleep
diaries in absolute values, as well as monthly changes in sleep
parameters. However, researchers should use caution when
interpreting these results, as both sleep diaries and acceler-
ometers have limitations when used to measure infant sleep.
The use of the Sadeh and Cole algorithms in infants should also
be approached with caution, as they were originally developed
for use in adults. Future efforts should be made to continue

developing, improving, and validating algorithms and defini-
tions that can be applied to accelerometer data to more relia-
bly estimate infant sleep over the first year of life. Our findings
support guidance put forth in previous literature reviews [22,
23], including recommendations related to device, epoch length,
algorithm, definitions of sleep parameters, and data processing
procedures. Future research on infant sleep using accelerome-
ters should consider these recommendations to improve validity
and enhance comparability.

Supplementary Material

Supplementary material is available at SLEEP online.
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