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intermittent growth spurts has been observed to be the normal 
process by which individuals grow when carefully measured at 
time-intensive intervals across developmental ages and species, 
in both endochondral and membranous bone.18,19

The well-known associations between growth hormone 
(GH) and sleep20 led to the hypothesis that sleep patterns may 
be associated with saltatory growth spurts. Previous reports 
have postulated that ultradian GH physiology may be related 
to discontinuous, saltatory growth patterns in children,21 but the 
association between GH, sleep, and growth remains circum-
stantial. The precise sequence of biological events that clock 
when normal children grow—and how much they grow—re-
mains unknown. This study aimed to objectively quantify pat-
terns in day-to-day infant sleep and to investigate if changes 
in infant sleep were temporally concurrent with their growth 
spurts in total body length.

METHODS

Subjects and Data Protocol
After written parental informed consent of an institutionally 

approved human subjects’ protocol, infants participated in a lon-
gitudinal growth study during the first year of life with growth 
measurement protocols of weekly, semi-weekly, or daily assess-
ments. Parents were asked to keep daily records of sleep, indicat-
ed as continuous lines from onset to waking to the quarter hour 
on linear graphical charts of the 24-h day, similar to sleep charts 
used by other groups.22 Parents were also asked to note each day 
whether they were breastfeeding and/or formula-feeding, and 
to record whether their infant experienced an illness (vomiting, 
diarrhea, fever, rash, congestion, or other medically diagnosed 
condition). The sleep records are the focus of this report.

The study subjects were a non-random convenience sample 
of middle-class American families selected for their willing-

INTRODUCTION
The variability and unpredictability in infant sleeping pat-

terns are primary concerns to parents, as their own sleep pat-
terns follow their child’s.1 Previous research has established 
that cyclic patterns of active and quiet sleep, already present 
prenatally,2,3 are organized during the first weeks of life,4,5 as are 
circadian and ultradian rhythms.6-10 The maturation of the sleep/
wake cycle continues to about 6 months11-13 with significant in-
ter-individual variation,14 and day/night effects may continue 
for the first two years.15

Less is known about variability in the patterns of day-to-day 
infant sleeping. This study aimed to investigate sleep patterns 
of infants in their natural environment through continuous sleep 
records. Previous studies have noted that actigraphy is a bet-
ter research method than parental recall.16 The present study 
did not rely on recall. Parental records were kept in real-time 
registration and were chosen as actigraphy was not practical 
for a longitudinal study duration of up to 500 continuous days 
because of externally induced motion at young ages and infant 
interference with the device at older ages. This study did not 
aim to investigate electrophysiological aspects of sleep cycles 
or quantify sleep states.

The infants in this study were participants in a longitudinal 
growth study. Their growth in body length has been previously 
reported as occurring in aperiodic episodic saltations punctuat-
ing intervals of no significant growth.17 A saltatory pattern of 
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were assessed for their relative temporal irregularity compared 
to randomness by comparing the observed ApEn values to ran-
dom ApEn values, generated by shuffling each original data 
series by Monte Carlo procedures 1000 times. A normalized 
ratio of the observed-to-random ApEn is the result. A ratio of 1 
identifies randomness in the sleep patterns of each child, with 
increasing ApEn values identifying greater disorderliness, and 
decreasing values representing less irregularity. Regression 
analysis with ApEn value as the dependent variable then inves-
tigated the potential influences on sleep irregularity of feeding 
mode (breastfeeding vs non- breastfeeding), infant sex, illness 
(presence/absence), and length growth.

Identifying Influences on Infant Sleep Patterns
The data were further explored for covariate effects in ran-

dom effects multi-level regression for repeated measures, in 
separate models for total daily hours slept, number of daily 
sleep bouts, and hours per bout (HPB) as the continuous out-
come variables, and individual as the random effect (xtreg for 
hours and HPB, xtpoisson for number of bouts, STATA 11.29) 
The potential systematic effect of sex was assessed, together 
with influences of feeding style (breastfeeding, non-breastfeed-
ing), and illness (presence, absence).

The effect of length growth was then investigated with in-
fant sex, feeding style, and age as covariates, and an interaction 
term between infant sex and saltatory length growth investi-
gated potential sex differences in sleep changes associated with 
growing.

In addition to saltatory length growth, infant size was inves-
tigated: anthropometric variables included recumbent length, 
weight, and the weight-for-length ratio, as well as 3 skinfold 
variables estimating limb (upper arm, thigh, and calf), trunk 
(subscapular and abdominal), and abdominal (abdominal and 
suprailiac) subcutaneous adiposity. The mixed-model approach 
with individual as a random covariate permits consideration of 
unmeasured individual-level confounding effects, such as ge-
netically based metabolic differences, maternal prenatal milieu, 
or other unknown confounders that may contribute to inter-in-
dividual variability in sleep.31

Sleep and Growth Timing
This analysis was conducted at the level of the individual, 

with each subject serving as his/her own control. The investi-
gation of whether time-specific changes in sleep were concor-
dant with discrete growth saltations involved 2 steps. In the 
first step, the sleep data were subjected to an objective quan-
titative analysis designed to identify statistically significant 
increases and decreases in a time series data set. The CLUS-
TER pulse identification program uses a sliding T-test to in-
vestigate significant increases and decreases between groups 
of serial data, employing a 5% false positive criterion.32 This 
method defines “peaks,” “nadirs,” and inter-peak sequences, 
if present, in serial data, relative to measurement error. As 
employed here, a 0.5-h measurement error of recording was 
used (sleep records were recorded to the nearest quarter h), 
with a minimum time interval of one day defining either a 
peak or a valley. Due to the significant trends with age in 
the raw data, the data were transformed by first differences 
before analysis by the CLUSTER 8 software (PULSE_XP).33 

ness to participate in the protocol, and was unintentionally 
weighted to educators and medical personnel. Growth in total 
body length was assessed using the maximum stretch tech-
nique,23 and weight and subcutaneous skinfolds were mea-
sured24 for durations ranging from 4 to 17 months. Ninety 
percent of the subjects’ measurements were taken at the same 
time of day (± 1 h).17

The specific aims of this study were to describe temporal 
characteristics of infant sleep and to investigate the timing 
relationship between infant sleep and growth in total body 
length. Three daily sleep variables were investigated: num-
ber of sleep bouts, number of hours per bout (HPB), and total 
sleep hours. A sleep bout was defined as bounded by parent-
recorded sleep onset and waking. The number and duration of 
daily sleep bouts were calculated from the sleep records. The 
sum of the durations of all sleep bouts in 24 h was the total 
daily sleep hours. For each individual, the 24-h sleep clock 
was calibrated for the analysis to the time of growth measure-
ment to permit a comparison between growth and sleep across 
coincident intervals.

The challenges in the present analysis included identifying an 
analytic method to quantify the temporal patterns in sleep that 
did not impose assumptions regarding the time-series nature of 
the data. That is, in lieu of a periodic analysis, for example, that 
assumes a sine wave, a model-independent method was needed 
to permit an objective assessment of the biological timing pat-
terns in the data, and to permit investigation of temporal cor-
respondence, if any, with growth. In order to isolate the nature 
of the relationship between sleeping and growth, the first steps 
in this investigation involved an exploration of other potential 
influences on sleeping patterns, including breastfeeding,25,26 ill-
ness,27 and infant sex28 as potentially significant covariates.

All variables were investigated for distributional characteris-
tics by Shapiro-Francia and Kolmogorov-Smirnov procedures, 
and comparisons among means and medians employed T-test, 
Kruskal-Wallis, and K-sample median tests.29

Quantifying Infant Sleep Patterns
Approximate entropy (ApEn), developed to statistically dis-

criminate patterns in time series data by quantifying the irregu-
larity in data series such as electrocardiographic sequences,30 
was used in the first step in this analysis. Specifically, ApEn 
measures the logarithmic likelihood that patterns in a time series 
for m consecutive observations remain similar when considered 
at m+1 serial observations. A higher probability of remaining 
similar, or “close” (less irregularity) gives smaller ApEn values, 
and greater independence in sequential values results in larger 
ApEn values. Calculation of ApEn requires prior definition of 
m, the length of the series to be compared, and r, the magnitude 
of “closeness” that defines irregularity.

In the present analysis, ApEn was used to quantify the prob-
ability that sleep patterns of hours and bouts on sequential days 
were similar within errors of measurement. ApEn was applied 
to both raw and detrended data (first differences, or day-to-day 
changes, to remove effects of developmental trends in sleeping 
behaviors), and calculated with m = 1 (one day in the present 
study) and r = 0.20 times the standard deviation of the data 
(the error estimate appropriate for shorter time series accord-
ing to experimental simulations).30 Day-to-day changes in sleep 
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between-individual subjects in sleep parameters implies indi-
vidual differences in sleeping patterns over time. The ability to 
quantitatively compare patterns permits greater insight into this 
aspect of individual biology.

Irregularity in Daily Infant Sleep: Quantifying Global Patterns
Approximate entropy statistics identified that individual 

study subjects differed significantly in the temporal irregular-
ity of their sleep patterns (K-sample equality of medians test; 
P < 0.0001, Figure 2), with greater irregularity in the pat-

The second step assessed the concordance between bursts in 
sleeping hours or bouts, and growth saltations as previously 
identified.17 The present investigation examined the null hy-
pothesis that significant changes in sleep co-occurred with 
growth saltations due to random chance.34 This algorithm 
uses computer simulations to calculate the probability dis-
tributions for purely random concordance between ≥ 2 inde-
pendently regulated processes in repeated measures. The null 
hypothesis was rejected when it was less than 5% likely that 
the number of concordances was due to chance alone, permit-
ting temporal coupling between the 2 processes (sleep and 
length growth) to be inferred.

In order to address the question of whether there is a predic-
tive relationship between sleeping and growth, the data were 
investigated by subject-specific logistic regression. Random ef-
fects mixed model regression investigated the potential effects 
of sleep on infant weight and skinfolds, both contingent on and 
independent of length growth.

RESULTS
Twenty-three parents (14 girls, 9 boys) maintained daily 

records that consistently recorded sleep bouts to the quarter 
hour. The total number of daily sleep bouts and hours were de-
termined from these parental records (n = 5798 daily records). 
All parents slept within audible range of their infants. One in-
fant co-slept with her parents for the duration of the study. The 
infants in this study were clinically healthy at birth, delivered 
from uncomplicated pregnancies after a mean 39.5 gestational 
weeks of age, birth weight of 3500 grams, birth length of 50.3 
cm, and ponderal index (weight/length3 × 100) of 2.33 gm/cm3. 
All were free of colic and medical complications during their 
first year. Sixteen infants were predominantly breastfed to 4 
months of age (10 girls, 6 boys), and 7 received formula. Eigh-
teen infants were measured semi-weekly, 3 infants were mea-
sured daily, and 2 were measured weekly for durations ranging 
from 4 to 17 continuous months. The median age at study onset 
was 12 days (interquartile [IQR] 8-18 days), with a range of 4 
to 316 days.

Daily Sleep
For the sample, the distributions of total hours slept, number 

of sleep bouts, and HPB were non-Gaussian. With increasing 
age, there were significant negative trends for total hours and 
bouts, and a positive trend for hours per bout (P < 0.001 for 
each). Across the first year, there was a decline in median total 
daily sleep of 3 h (14.5 h/day at one month [IQR 12-15.5 h], 
12.5 h at 6 months [IQR, 11-14 h], and 11.5 h at one year [IQR, 
10.5-12.5 h]) and 2 sleep bouts (median 6 bouts at one month 
[IQR 5-7], 4 bouts at both 6 and 12 months of age [IQR, 3-5]). 
The day-to-day changes in total hours, bouts, and HPB were 
also non-Gaussian. For the sample, the medians for day-to-day 
changes were zero for all parameters, with IQRs of ± 1.5 h, ± 
1 bout, and ± 0.75 HPB, with 1st to 99th percentile ranges of −7 
to +7.5 day-to-day changes in total hours slept, ± 4 daily bouts, 
and −5.25 to +4.5 HPB.

Significant within- and between-individual variability 
in sleep hours, bouts, and HPB were identified (Figure 1), 
and individuals did not share a common population median 
(P < 0.001). Identifying significant variability within- and 

Figure 1—Subject-specific sleep with total daily hours (top panel), number 
of daily bouts (middle panel), and hours per bout (HPB, lower panel). Box 
plots represent each individual’s data. Central lines are the medians, 
and the whiskers are the upper and lower adjacent values [ ± 1.5 × IQR] 
for each individual subject (STATA 1129). Inter-individual differences in 
medians for hours, bouts, and HBP were significant (P < 0.001).
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variance in daily sleep bout irregularity (P = 0.001, Figure 3). 
While infant sex did not reach significance as an independent 
predictor, breastfeeding and sex accounted for 44% of the vari-
ance in sleeping bout irregularity among the infants (P = 0.001). 
No significant effects were identified for irregularity in total 
hours slept for either feeding style or infant sex. No signifi-
cant independent effects of study duration, total number of sick 
days, total growth in length, or number of growth saltations 
were identified. Further investigation of influences operating at 
the level of global sleep patterns was limited by sample size. 
Multi-level models using the power of the serial data permitted 
more thorough examination into associations between day-to-
day sleep and potential sources of variability.

Sleep Effects from Infant Sex, Breastfeeding and Length Growth
Regressing sleep hours, HPB, and number of daily sleep 

bouts for the pooled sample data identified that neither infant 
sex nor feeding style had significant independent effects on to-
tal daily sleep hours (infant age was a covariate).

Boys had more sleep bouts (P = 0.03) and shorter sleep bout 
duration compared to girls (P < 0.001), and breastfeeding was 
associated with more sleep bouts (P < 0.001) of shorter duration 
than formula-feeding (P < 0.001; Table 1, Model 1).

When saltatory length growth was added to the models, 
saltatory growth in length was significantly associated with 
increased total hours (P < 0.001) and number of sleep bouts 
(P = 0.001; Table 1, Model 2). Investigating sex-specific ef-
fects of growth on sleep by adding an interaction term identi-
fied that length saltations were associated with increased sleep 
bout duration among boys compared to girls (P = 0.003), and 
increased sleep bouts among girls compared to boys (P = 0.01; 
Table 1, Model 3).

terns of day-to-day total sleep hours, compared to sleep bouts 
(P = 0.004, Kruskal-Wallis).

Regression of ApEn values on potential covariates identified 
that breastfeeding vs formula-feeding accounted for 39% of the 

Figure 2—Subject-specific approximate entropy (ApEn) values. 
Individuals differed significantly in the temporal irregularity of their sleep 
hours (diamonds) and bouts (triangles) (P < 0.001). There was greater 
irregularity in sleep hours compared to sleep bouts (P = 0.004).
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Figure 3—Breastfeeding increased sleep bout irregularity. Day-to-day 
changes in the number of sleep bouts (y-axis) by age (x-axis) illustrate 
the greater sleep bout irregularity (P = 0.001) of the breastfed infant 
(bottom panel, ApEn score of 0.95) by comparison with the formula-fed 
infant (top panel, ApEn score of 0.72).
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Table 1—Multi-level mixed effects regression
1Hours 1Hours per bout 3Bouts

Model 1
Coefficient 
(P-value)

Coefficient 
(P-value)

4IRR 
(P-value)

Boys ns -1.18 (< 0.001) 1.27 (0.03)
Breastfeeding ns -0.93 (< 0.001) 1.27 (< 0.001)
2R2 0.02, 0.32, 0.05 0.07, 0.21, 0.11

Model 2
Length growth 0.26 (< 0.001) ns 1.05 (0.001)
Boys ns 1.18 (0.001) 1.28 (0.03)
Breastfeeding ns -0.93 (< 0.001) 1.26 (< 0.001)
2R2 0.02, 0.31, 0.05 0.07, 0.21, 0.11

Model 3
Length growth ns 0.15 (0.05) ns
Boys ns -1.29 (< 0.001) 0.72 (0.02)
Breastfeeding ns -0.91 (< 0.001) 1.33 (< 0.001)
Sex*Growth Girls 0.21 (0.15) Boys 0.27 (0.003) Girls 0.92 (0.01)
2R2 0.02, 0.31, 0.05 0.07, 0.20, 0.11

1xtreg; 2R2 values within-individual, between-individual, and overall 
assessed by xtreg; 3xtpoisson; 4relative risk (STATA 11). Regressing daily 
sleep hours, hours per bout, and number of bouts on sex, breastfeeding, 
and saltatory length growth.
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peaks and nadirs in the number of daily sleep bouts, with an av-
erage of 3 extra sleep bouts per day during 2 consecutive days 
at the peak. Between peaks, the median day-to-day difference 
in total sleep hours was < 30 min, and less than one sleep bout.

Temporal Concordance Between Sleep and Growth Saltations
The comparison of sleep and growth was restricted to in-

fants measured semi-weekly and daily (n = 21 infants, 4790 
records). A co-occurrence between body length growth salta-
tions and peaks in total daily sleep h and/or sleep bouts was 
evident more often than would be expected by chance alone 
(P < 0.05) (Table 2).

Figure 4 illustrates the temporal correspondence between 
peaks in total daily sleep hours and length growth saltations for 
infants measured twice weekly (alternating 3- and 4-day inter-

Sleep Effects from Infant Size, Growth in Weight and 
Subcutaneous Fat

Regressing sleep hours, HPB, and number of daily bouts for 
the pooled sample data identified that there were no significant 
effects on sleep from infant size (in terms of length, weight, or 
weight-for-length ratios), adiposity (limb, trunk, or abdominal 
skinfolds), weight gain, or changes in subcutaneous skinfolds 
(data not shown).

In summary, linear regression analyses on the pooled sample 
data identified significant associations between sleep and sal-
tatory length growth with sex-specific effects: Boys increased 
their HPB compared to girls, and girls increased their sleep 
bouts compared to boys. While statistically significant, these 
effects were relatively modest in terms of real-time changes, 
ranging from 10 min to 1.5 h, and one sleep bout. Consider-
ing the significant intra- and inter-individual variability in 
sleep (Figure 1), these results suggested that investigation of 
more specific temporal relationships between sleep and length 
growth at the individual-level would be useful in generating 
hypotheses about the biological relationships between length 
growth and sleep.

Timing of Significant Changes in Sleep Behaviors

Peaks in individual sleeping patterns
The CLUSTER algorithm identified a pattern of statistically 

significant episodic peaks and nadirs in total daily sleep h for 
each infant (Table 2). The average duration of peaks in total 
daily sleep h was 2 days, at an average increase of 4.5 h/day 
(SEM 0.2, 95% CI 3.9 to 4.9). Nine infants also had significant 

Table 2—Temporal concordance between sleep and saltatory length 
growth

Number of 
Peaks

In Hours

Number of
Length 

saltations Concordance

Number of 
Peaks

In Bouts Concordance
23 21 12 (0.009)
19 23 13 (0.006) 19 13 (0.006)
30 33 15 (0.001) 39 17 (0.003)
42 26 21 (0.0001)

 22 20 12 (0.003)
25 30 14 (0.025)
22 27 12 (0.02) 9 6 (0.04)
25 42 16 (0.003) 25 18 (0.00013)
 9 7 6 (6.5x10-7) 

23 25 18 (0.004)
19 17 11 (0.03)
14 13 11 (1.8x10-6)

 25 23 17 (0.01)
11 10 10 (0.01)
26 31 17 (0.001) 11 8 (0.02)
13 13 13 (8.7x10-7) 4 4 (0.003)
17 13 13 (3.5x10-5)
19 20 9 (0.04) 7 6 (0.003)
11 15 10 (0.01)
38 26 20 (3.2x10-5) 11 5 (0.001)
10 9 7 (4.9x10-7) 4 2 (0.045)

Figure 4—Concordance between peaks in total daily sleep hours and 
saltatory length growth for a female (top panel) and male (bottom panel) 
infant measured twice weekly (alternating 3- and 4-day intervals). The 
locations of the sleep hour peaks (illustrated by the spikes across the 
top of the graphs) were identified by the CLUSTER algorithm31 and the 
length saltations (the body of the graphs) by the saltatory algorithm.17 
The female (top panel) experienced 14 peaks in daily sleep hours and 
13 length saltations; 11 of the 13 length saltations were concordant with 
sleep peaks. This has a probability of less than 1.8 × 10-6 of occuring by 
random chance. The male experienced 38 sleep peaks and 26 length 
saltations; 20 of the 26 length saltations were coincident with sleep. This 
has a probability of less than 3.2 × 10-5 of occuring by random chance.
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lowed daily for 93 days from 11 days of age, during which time 
he grew 6.8 cm in 9 saltatory length growth spurts. During this 
time he experienced 10 peaks in total daily sleep hours, with an 
average of 14 (SD ± 0.75) h/day. These peaks were preceded 
by an average nadir of 10 (± 1.3) h, and were separated by 
1-20 days of 11.9 (± 0.75, SD) daily sleep hours. In addition, 
he experienced 4 days of peaks in sleep bouts, when he slept 
an average of 3 extra bouts; 2 of these co-occurred with peaks 
in total daily sleep hours. Seven of the 9 length saltations were 
coincident with a peak in total daily sleep hours, and 2 were 
associated with peaks in sleep bouts. The probability that this 
was due to random chance is less than 4.9 × 10-7 (hours) and 
0.045 (bouts).

Quantitative Predictability in Sleeping and Growth
Subject-specific logistic regression further identified signifi-

cant individual variability in the relationship between sleep and 
growth. Among 12 infants, each additional sleep bout increased 
the probability of a length growth saltation by a median of 43% 
(the median OR of 1.43, 95% CI = 1.21-2.03), with individual 
variability ranging from ORs of 1.21 (95% CI 1.09-1.33) to 
2.02 (95% CI 1.23-3.35). Among 8 individuals, the probability 
of a length growth saltation was increased by a median of 20% 
for each additional h of sleep (median OR 1.20, 95% CI, 1.15-
1.29), with individual ORs ranging from 1.16 (CI 1.04-1.29) to 
1.41 (CI 1.13-1.77).

In addition, for 2 infants the combination of fewer daily 
sleep bouts (OR = 0.83 and 0.81, 95% CI 0.68-0.96) of longer 
duration (OR = 1.43 and 1.35, 95% CI range, 1.03 to 1.68) pre-
dicted length growth saltations. One of these individuals was a 
breastfed male, among the youngest infants in the study (fol-
lowed from 7 to 120 days of age). The second was a female 
who was unique in co-sleeping with her parents, and specifi-

vals between measurements). The female infant was measured 
for 200 days from 188 days of age. She experienced 13 length 
saltations and 14 peaks in daily sleep h, with 11 concordant 
peaks between growing and sleep. This has a probability of oc-
curring due to random chance of less than 1.8 × 10-6.

Figure 5 illustrates the temporal concordance between 
peaks in both total daily hours and total daily sleep bouts for 
an infant girl measured twice weekly (alternating 3- and 4-day 
intervals between measurements) from 3 to 517 days of age. 
In her first 17 months, this infant experienced 30 peaks in total 
daily sleep h and 39 peaks in daily sleep bouts. Her total body 
length growth of 32.0 cm during this time period was accrued 
during 33 length growth saltations. Fifteen length saltations 
were concordant with peaks in sleep h, and 17 were con-
cordant with peaks in sleep bouts. The likelihood that these 
events were due to random chance were < 0.001 and < 0.003, 
respectively. These data are the longest continuous individual 
record in the sample. Developmental effects are evident: Sig-
nificant changes in the number of sleep bouts (increased naps) 
have greater correspondence with growth at older ages. The 
presence of unmatched peaks in both sleep parameters and 
length growth saltations is also notable. Indeed, while all sub-
jects experienced statistically significant non-random concor-
dance between sleep alterations and length growth saltations, 
this was not a 100% correspondence, as illustrated for these 
individuals.

Daily growth data afford a closer resolution for investigat-
ing temporal correspondence between sleep and growth. Three 
infants provided a total of 217 days on which both sleep re-
cords and length growth measurements were reported. Among 
a total of 23 length growth saltations, 12 occurred concurrent 
with increased sleep in the previous 24 h, and 8 followed in-
creased sleep within 2 days. Figure 6 illustrates a male fol-

Figure 5—Concordance between saltatory length growth (the body of the 
graph) and peaks in total daily sleep hours (spikes located across the top 
of the frame) and peaks in daily sleep bouts (spikes located across the 
bottom of the frame). Measured twice weekly (3-day and 4-day intervals) 
from 3 days of age, in her first 17 months this infant experienced 30 
peaks in total daily sleeping hours and 39 peaks in daily sleep bouts. Her 
total body length growth of 32.0 cm during was accrued during 33 length 
growth saltations. Fifteen length saltations were concordant with peaks 
in sleeping hours, and 17 were concordant with peaks in sleeping bouts. 
The likelihood that these events were due to random chance was less 
than 0.001 and 0.003, respectively.
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Figure 6—A comparison between time of peaks in total daily sleep hours 
(top panel) and bouts (lower panel) as derived from the CLUSTER peak 
analysis, and body length growth spurts as previously identified (17) 
(middle panel) during 93 days from 117 days of age in a male infant. He 
experienced 10 significant peaks in total daily sleeping hours, 4 sleep 
bouts and grew 6.8 cm in 9 growth spurts. Seven length growth saltations 
were non-randomly linked to sleep hour peaks (P = 4.96 × 10-7) and 2 to 
sleep bout peaks (P = 0.045). The first growth saltation also seems to 
occur at the time of increased sleep, but the time frame was too short to 
permit identification of an upstroke, if present, and this apparent sleepy 
day is not identified as a peak by algorithm definition.
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DISCUSSION
This report provides the first documentation that infant 

growth in length is concordant with changes in sleep. Previous 
research has provided circumstantial evidence for a relationship 
between sleep and growth in length/height. Secretory growth 
hormone bursts are known to rise after sleep onset during slow 
wave sleep (sleep stages 3 and 4)35,36 with linear relationships 
between the amount of slow wave sleep and concomitant GH 
secretion identifying an important correspondence between 
sleep state and growth hormone secretory patterns.37 Decreased 
time in slow wave sleep has been found among children with 
psychosocial dwarfism38 and young adults with isolated growth 
hormone deficiency.39

In the present study, not only did length growth saltations 
follow increased napping and longer sleep, but the co-sleeping 
infant experienced less sleep fragmentation,40 common in co-
sleeping infants and specifically associated with reduced stages 
3-4 sleep.41 Thus, the co-sleeping infant’s decreased arous-
als suggest increased time in sleep stages 3-4 prior to growth 
spurts. A previous study reported ultradian patterns of growth 
hormone secretory irregularity and weekly height increments 
in children.21 The present data triangulate these observations 
and document for the first time that episodic, saltatory length 
growth spurts are temporally coupled to sleep.

The exact nature of the relationship between sleep biology 
and bone growth is unknown. One proposition is that augment-
ed slow wave sleep onset (via either altered sleep patterns and/
or duration), with its concomitant release of hormonal signals, 
translates in short time intervals to bone growth spurts, or cell 
level saltations as hypertrophic cells expand,42 and matrix depo-
sition follows. An animal study employing implants across the 
tibial growth plate identified discrete bone elongation pulses 
occurring during sleep/recumbency in growing lambs.19 Taken 
together, these observations provide an evidentiary base for the 
reality of growing pains, the aching limbs that waken children 
in the night.43,44

The Importance of Studying Growth, Not Size
Several previous studies have failed to find associations be-

tween sleep and size among groups of infants, children,45,46 and 
adolescents.47 Significant differences in data and analytic meth-
ods distinguish these reports.

The unique findings in the present study reflect the fact that 
this is the first study to investigate sleep and growth, permit-

cally experienced a decrease in night time arousals with salta-
tory length growth.

In addition, individual relationships changed with develop-
mental age. For example, the strongest predictor of a length 
saltation during the first 3 months of life for the infant whose 
data are illustrated in Figure 5 was HPB, such that for each 
increased hour slept at a bout, the OR was 3.9 of concomitant 
length growth (95% CI = 1.27-12.0, P = 0.02). She was pre-
dominantly breastfed during this time. Subsequently, the OR 
for a length saltation associated with HPB was 1.26 (95% 
CI = 1.02-1.55, P = 0.03), similar to the effects of both total 
daily sleep hours (OR = 1.25, 95% CI = 1.02-1.54, P = 0.03) 
and number of sleep bouts (OR = 1.28, 95% CI = 1.01-1.62, 
P = 0.04), from 300 days. Thus, increased sleep preceding and 
concordant with length growth was accumulated through a va-
riety of altered sleep strategies.

Implications of Sleep and Growth Relationships
While neither infant size nor adiposity influenced sleep, in-

creased sleep had implications for patterns of infant weight gain 
and subcutaneous fat acquisition. Increasing HPB was related 
to both greater weekly infant weight gain and greater weekly 
accrual of abdominal skinfolds (Table 3). As these variables 
are known to interact with length growth,24 stratified analyses 
based on intervals during which a length growth saltation oc-
curred vs intervals when no length growth occurred further ex-
plored these relationships. Only at times of growth in length 
were weight gain and abdominal adiposity accrual associated 
with increased sleep (P < 0.001, P = 0.05, respectively). There 
were no significant systematic effects of infant sex.

Sleeping was also related to subcutaneous skinfold measure-
ments independently of concomitant length growth. Longer 
sleep at each bout (HPB) was associated with greater truncal 
adiposity (P < 0.001), with no systematic effects of either infant 
sex or growth in length.

Summary of Results
Individual variability in day-to-day sleep is quantifiable, 

with significantly more irregularity in daily infant sleep hours 
than sleep bouts. No significant effects of either infant sex or 
feeding style contributed to the irregularity in daily sleep hours, 
but breastfeeding and infant sex were associated with 44% of 
variance in sleep bouts.

Multiple regression for the pooled sample clarified that 
breastfeeding was associated with more frequent, short-dura-
tion sleep bouts, and boys experienced more frequent, short-
duration daily sleep bouts compared to girls. With infant sex 
and breastfeeding as covariates, saltatory length growth signifi-
cantly predicted an increase in both total daily sleep hours and 
sleep bouts. In the pooled sample, males and females altered 
their sleep differently during saltatory length growth. Grow-
ing boys experienced longer sleep bouts, and growing girls had 
more sleep bouts.

Individual-level analyses identified that saltatory growth in 
body length was significantly associated with increases in both 
total daily sleep hours as well as the number of sleep bouts. This 
was a nonlinear relationship among individuals, with episodic, 
aperiodic pulsatile increases in sleep non-randomly concordant 
with saltatory length growth within 2 days.

Table 3—Increased sleep bout duration and infant weight gain and 
subcutaneous skinfolds

2Weight 
gain

2Abdominal 
skinfolds

3Trunk 
skinfolds

Coefficient 0.36 0.07 1.20
P-value  < 0.001 0.05  < 0.001
Model P-value  < 0.001 0.003  < 0.001
1R2 (0.15, 0.32, 0.17) (0.06, 0.02, 0.06) (0.46, 0.50, 0.43)

Age was a covariate; 1R2 values for within individual, between individual 
and overall model (xtreg, STATA 11); 2effects concurrent with length 
growth; 3infant sex, weight, and concomitant length growth as covariates.
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physiological system underlies growth timing, involving meta-
bolic regulatory pathways that cross-talk with sleep regulation. 
A previous study, associating four days of night-time actigraphy 
with one assessment of infant size at 6 months of age among 96 
infants,51 found that longer and relatively thinner six-month-
old infants slept for a greater percentage of the night than their 
peers. This was interpreted by the authors as evidence that 
shorter nighttime sleep may contribute to infant weight gain 
and adiposity. The present study found no relationship between 
sleep and infant size, while documenting increased subcutane-
ous adiposity with increased sleep. The adiposity relationships 
were site-specific, with truncal adiposity increasing indepen-
dently of concomitant length growth, and abdominal adiposity 
associated with saltatory length growth. In view of the consid-
erable controversy surrounding sleep and obesity,46,52,53 further 
exploration of these relationships is important. We have pre-
viously reported increases in weight and abdominal skinfold 
changes concordant with length saltations in this sample.24 The 
present data suggest that sleep is integrating multiple anabolic 
processes in normal growth and development. This raises ques-
tions regarding anabolic pathways that may be driven during 
sleep more generally.

Previous research has suggested that sleep episode duration 
is associated with size and metabolic rate per unit body mass,54 
with relationships that change during development.55 The pres-
ent data contribute the perspective that sleep may interface met-
abolic state and growth of the organism at the whole body level. 
The significant differences found in this study by infant sex and 
feeding style identify the importance of further study of these 
relationships. This is particularly important in view of the mul-
tiple potential consequences of infant sleep in development.56

Reflections on the Current Study and Future Research
The strengths of the present investigation include sampling 

protocol and analytic methods. It is possible that actigraphy 
would have been a useful adjunct. Actigraphy has been shown 
to be a useful, relatively noninvasive approach to infant sleep 
assessment in the home environment.57 However, this longitu-
dinal study, comparing parental sleep records and actigraphy 
for three days a month across the first year, found no significant 
differences in the total percentage of sleep across the day, or 
during waking hours. At night, the two methods differed across 
developmental age, ranging from about 2 hours at one month 
of age to one hour subsequently.57 Other studies have found 
differences in the two methods on the order of 14 minutes.58 
From this evidentiary perspective, it is not likely that a potential 
bias in night-time parental record keeping is a significant con-
founder in the present study results. The CLUSTER analytics 
considered error ranges that exceeded these distinctions in the 
identification of significant day-to-day differences, and the ran-
dom effects mixed-model regression approach theoretically ac-
commodates unmeasured individual-level confounding effects.

Additional considerations regarding actigraphy concern the 
impact of external motion influences on actigraphic data, such as 
commonly used baby swings and rockers, designed to encourage 
infant sleep.59 The choice to rely on parental records for sleep in 
the present study was favored by the desire to remain as nonintru-
sive as possible under the demands of a daily longitudinal study 
that continued for 120 to more than 500 days. While noninvasive, 

ting a specific test of the temporal concordance between the 
two processes. The ability to specifically identify the presence 
of growth is related to sampling frequency,48 data acquisition 
methods, and analytic approach. Saltatory increments occur 
within daily timeframes, and growth proceeds intermittent-
ly, punctuating intervals of days to weeks of no measurable 
growth.17 Moreover, growing in length is an individual-level 
biological process. As individuals vary in the timing of growth 
saltations, pooled data lose the individual growth signals and 
fail to identify the unique patterns of growing individuals. The 
challenge in identifying influences on growth parallels endocri-
nological investigations: knowledge of where the comparisons 
are being undertaken, relative to the underlying pulsatile pat-
tern, is essential.

Individual Sleep Pattern Variability
The present study also identifies the importance of investi-

gating subject-specific effects in lieu of population-averaged 
relationships. The documentation of both inter- and intra-in-
dividual variability in sleep hours and bouts associated with 
growth clarify the poor resolution attendant to sample-level 
investigations.

The novel observations linking specific features of sleep to 
real-time infant growth also reflect the use of methods with no a 
priori assumptions regarding the temporal nature of sleep across 
time. The lack of resolution between growth and sleep based on 
linear regression models was illustrated. In lieu of nonlinear 
models with temporal assumptions, such as periodic functions, 
this analysis investigated significant differences in day-to-day 
sleep by two model-independent methods (ApEn and CLUS-
TER), and focused on individual-level analyses. This permitted 
identification of individual variability in the irregularity of day-
to-day sleep that was further characterized as specific differ-
ences in pulsatility characteristics of sleep bouts and duration. 
This investigation was coupled with the specific intent of in-
vestigating temporal correspondence between unique sleep and 
growth patterns within individuals. The precise nature of this 
relationship was variable between individuals, as well as within 
individuals, changing with age.

There may or may not be a direct causal relationship between 
sleep and bone biology. Instead, some common or synergistic 
mechanisms may underlie growth, expressed as episodic sleep 
changes. This is suggested by the observation that in spite of 
the significant concordance, sleep alterations occurred without 
concomitant length spurts, and not every growth spurt was pre-
ceded by sleep prolongation. We hypothesize that the former 
may be related to concomitant growth in other body dimen-
sions, most specifically head circumference.49 As for the latter, 
it is likely that the ability to resolve the specific relationships 
requires more sensitive methods. The lack of resolution does 
not exclude a connection. It is likely that the association be-
tween sleep and growth biology may involve a larger system, 
including effects from disinhibition,50 that may be involved in 
physiological mechanisms of the saltatory growth cascade.

Is Sleep an Anabolic Interface?
The observations that sleep is related to incremental length 

growth, as well as weight gain and abdominal skinfold accrual, 
are important contributions to the hypothesis that an integrated 
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