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Objective To determine the effect of prone sleeping on cerebral oxygenation in preterm infants in the neonatal
intensive care unit.
Study design Preterm infants, divided into extremely preterm (gestational age 24-28 weeks; n = 23) and very
preterm (gestational age 29-34 weeks; n = 33) groups, were studied weekly until discharge in prone and supine
positions during active and quiet sleep. Cerebral tissue oxygenation index (TOI) and arterial oxygen saturation (SaO2)
were recorded. Cerebral fractional tissue extraction (CFOE) was calculated as CFOE = (SaO2 - TOI)/SaO2.
Results In extremely preterm infants, CFOE increased modestly in the prone position in both sleep states at age
1 week, in no change in TOI despite higher SaO2. In contrast, the very preterm infants did not have position-
related differences in CFOE until the fifth week of life. In the very preterm infants, TOI decreased and CFOE in-
creased with active sleep compared with quiet sleep and with increasing postnatal age.
Conclusion At 1 week of age, prone sleeping increased CFOE in extremely preterm infants, suggesting reduced
cerebral blood flow. Our findings reveal important physiological insights in clinically stable preterm infants. Further
studies are needed to verify our findings in unstable preterm infants regarding the potential risk of cerebral injury
in the prone sleeping position in early postnatal life. (J Pediatr 2019;204:103-10).

A dvances in neonatal care have resulted in increased survival rates of preterm infants born at earlier gestational ages
(GA).1 However, the likelihood of brain injury and neurodevelopmental disability is concerning.2 Although the etiol-
ogy of preterm brain injury is complex, impairments in cardiovascular and cerebrovascular function leading to cere-

bral hypoxia-ischemia have been implicated.3 During the early postnatal period, preterm infants undergo rapid brain growth
and maturation, and the role of sleep in brain development is emphasized.4 However, instabilities in cardiovascular and cere-
brovascular function are most marked during sleep.5 It is common practice for preterm infants in a neonatal intensive care
unit (NICU) or special care unit (SCU) to be in the prone position for >50% of the time, with the understanding that the
prone sleeping position improves respiratory function and oxygenation.6 However, prone sleeping increases the risk of the
sudden infant death syndrome (SIDS), and the association between the prone sleeping position and SIDS is 4-fold stronger in
preterm infants compared with term-born infants.7 In term-born infants, prone sleeping is associated with reduced cerebral
oxygenation,8 lower blood pressure,9 and impaired autonomic cardiovascular control,10 which are most marked at age 2-3
months when the risk of SIDS is greatest. These adverse effects are amplified by preterm birth.11,12 To date, the effect of sleep-
ing position on cerebral oxygenation and cardiovascular variables has not been examined longitudinally in preterm infants in
the NICU.

Sleep state also has a significant effect on both cardiovascular and respiratory functions. Preterm infants spend the
majority of their time in active sleep, a state in which cardiorespiratory control is most unstable.13 The previously reported
respiratory and SaO2 improvements in the prone position may be confounded by the sleep state, because infants have
more quiet sleep in the prone position, a state of reduced respiratory instability.14 In addition, the high level of brain
activity during active sleep results in greater cerebral oxygen consumption compared with quiet sleep during the newborn
period.15

In this study, we aimed to examine the effect of sleeping position on cerebral
oxygenation, cerebral oxygen extraction, and cardiovascular measures in preterm
infants born at a range of GAs, studied longitudinally while in the NICU and SCU,
taking into account the effect of sleep state. We hypothesized that the prone sleep-
ing position would be associated with lower cerebral oxygenation compared with
the supine position, and that the reduction in cerebral oxygenation would be most

CBF Cerebral blood flow
CFOE Cerebral fractional oxygen extraction
FiO2 Fraction of inspired oxygen
GA Gestational age
HR Heart rate
IVH Intraventricular hemorrhage

MABP Mean arterial blood pressure
NICU Neonatal intensive care unit
SaO2 Arterial oxygen saturation
SCU Special care unit
SIDS Sudden infant death syndrome
TOI Tissue oxygenation index
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prominent in preterm infants born at earlier GAs and at
younger postnatal ages.

Methods

Ethical approval was obtained from the Monash Health and
Monash University Human Research Ethics Committees. The
project was carried out in accordance with the 2007 National
Statement on Ethical Conduct in Human Research produced
by the National Health and Medical Research Council of Aus-
tralia. Written and informed parental consent was obtained,
and no monetary incentive was provided for participation.

Preterm infants were studied while receiving care in the
NICU or SCU at Monash Newborn, Melbourne, Australia. Ex-
clusion criteria included intrauterine growth restriction, in-
dwelling umbilical catheters, major congenital abnormalities,
or major brain pathologies, such as grade 3-4 intraventricu-
lar hemorrhage (IVH) and periventricular leukomalacia. All
aspects of the clinical management were at the attending phy-
sician’s discretion. Infants were studied longitudinally on a
weekly basis, with the first study performed at 1 week of life.
Studies were continued until term age or until transfer or dis-
charge from the NICU or SCU.

Each preterm infant underwent a daytime sleep study of 2-4
hours duration. Infants were studied with the prone/supine
or supine/prone sequence according to the nursing schedule.
In the supine position, the head was maintained in the midline,
and in the prone position, the head was rotated homolaterally
to the near-infrared spectroscopy probe placed on the tem-
poroparietal region (see below). During the study, care pro-
cedures were minimized. Preductal arterial oxygen saturation
(SaO2) was measured using an oximeter probe (Masimo, Irvine,
California) placed on the right upper limb. SaO2 was main-
tained at 90%-95% with ventilatory and oxygen adjustments
according to clinical protocol. Heart rate (HR) was recorded
from electrocardiogram leads (Covidien, Dublin, Ireland).

Cerebral oxygenation, expressed as cerebral tissue oxygen-
ation index (TOI; %), was continuously measured by near-
infrared spectroscopy (NIRO 200NX; Hamamatsu Photonics,
Hamamatsu, Japan). Two aligned photodetectors were housed
inside the detection probe and fixed at 4 cm from the emis-
sion probe. The probes were placed over the temporoparietal
region.

Mean arterial blood pressure (MABP) was measured using
a small photoplethysmographic cuff (Finometer; Finapres
Medical Systems, Enschede, The Netherlands) placed around
the infant’s wrist, as has been previously validated during sleep
in preterm infants.4 MABP data were collected in 1- to 2-minute
epochs, with at least 4 minutes between inflations to prevent
venous pooling in the hand. All physiological measures (elec-
trocardiography, SaO2, MABP, and TOI) were recorded simul-
taneously on a Powerlab system (AD Instruments, Sydney,
Australia) at sampling rate of 400 Hz.

Infant sleep state was scored in 30-second epochs at the
bedside using established behavioral criteria.16 Quiet sleep was
characterized by absence of eye movements, regular respira-
tory and HR patterns, and absence of body movements. Active

sleep was characterized by the presence of eye movements,
irregular respiration and HR patterns, and frequent gross and
small body movements. When the criteria for neither quiet sleep
nor active sleep were met, sleep was classified as indetermi-
nate sleep, but these epochs were excluded from the analyses.

Data were analyzed using LabChart software (AD Instru-
ments). Beat-to-beat values were calculated for TOI, SaO2, and
HR in 1- to 2-minute epochs when MABP was recorded.11 By
simultaneously monitoring TOI and SaO2, cerebral fractional
oxygen extraction (CFOE) can be calculated as CFOE = (SaO2

- TOI)/ SaO2.17 In preterm infants with respiratory illness and
fluctuating SaO2 that affects the TOI values, CFOE is a useful
indicator of the balance between cerebral blood flow (CBF)
and cerebral oxygen consumption.17 Data were averaged for
each 1-2 min epoch and pooled for each sleep state and po-
sition within each postnatal week. An average of 4 (3-5) epochs
were analyzed in each sleep state and position at each study.

Statistical Analyses
Statistical analysis was performed using SPSS version 24 (IBM,
Armonk, New York). For demographic variables, the Fisher
exact test or c2 test was used. Linear regression was used to
assess the effect of GA at birth as a continuous variable in all
infants on TOI, SaO2, CFOE, HR, and MABP in each posi-
tion and state at each postnatal week.

Two-way repeated-measures ANOVA with Student-Newman-
Keuls post hoc testing was used to assess the effects of sleep
position and sleep state on TOI, SaO2, CFOE, HR, and MABP
in each GA group (extremely preterm and very preterm) and
at each postnatal week. The effect of postnatal age was deter-
mined using a linear mixed model with Bonferroni post hoc
testing in each GA group and sleep state, with postnatal age
and sleep position as fixed effects and subject as the random
effect. Results are presented as mean ± SEM with signifi-
cance taken at P < .05.

Results

We studied 56 preterm infants (28 females and 28 males) born
at 24-34 weeks of GA. Regression analysis identified that during
the first 3 weeks of life, TOI, SaO2, and MABP were positively
correlated with GA at birth in both sleep positions and both
sleep states (Tables I and II; available at www.jpeds.com).During
the first 2 weeks of life, CFOE was negatively correlated with
GA at birth in the prone position in both sleep states. Because
these initial analyses showed significant effects of GA on the
physiological variables of interest, infants were subdivided into
the 2 groups defined by GA for all subsequent analyses: 240/7

to 286/7 weeks GA (extremely preterm; n = 23) and 290/7 to 346/7

weeks GA (very preterm; n = 33). Extremely preterm infants
had an average of 7 studies (range, 1-12), and the very preterm
cohort had an average of 3 studies (range, 1-8) per infant.

Demographic characteristics for the group as a whole and
in the 2 GA groups are presented in Table III. By design, GA
at birth and birth weight were significantly lower in the ex-
tremely preterm group. The extremely preterm infant group
had more intubations during resuscitation at birth and
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required more mechanical respiratory support than the very
preterm group. All extremely preterm infants had apnea of pre-
maturity. During the study period, all infants were clinically
stable, and none received inotropic medications. At postna-
tal week 1, 18 of 23 extremely preterm infants required me-
chanical respiratory support; 5 were intubated and on
intermittent positive-pressure ventilation (1 in fraction of in-
spired oxygen [FiO2] of 25%-34% and 4 in air), 11 were on
continuous positive airway pressure (CPAP) (2 in FiO2 of 21%-
32 %, 9 in air), and 2 were on high flow in air. In compari-
son, 12 of 33 very preterm infants required respiratory support
(10 on CPAP in air and 2 on high flow in air; P < .05) at post-
natal week 1. By week 6 of life, 10 of 15 of extremely preterm
infants required respiratory support (1 on CPAP at an FiO2

of 33%-36%, 5 on CPAP in air, 4 on high flow in air), whereas
only 2 of 5 of very preterm infants required high flow in air.
Two extremely preterm infants and 1 very preterm infant had
a hemodynamically significant patent ductus arteriosus re-
quiring indomethacin treatment.

In extremely preterm infants, there was no effect of sleep-
ing position on TOI at any of the ages studied, except at
week 3, when TOI was significantly higher in the prone po-
sition compared withthe supine position (P = .05; Table IV).
SaO2 was higher in the prone position compared with the
supine position at postnatal weeks 1, 2, and 3 (main effect,
P < .05 for all). CFOE was significantly higher, although dif-
ferences were small, in the prone compared with the supine
position at postnatal week 1 (main effect, P < .001), but not
at any of the other ages studied. HR was higher in the prone
position during active sleep at week 2 (state × position, P < .05)
and higher in the prone position at week 6 (main effect,
P < .05). There was no effect of sleeping position on MABP
at any of the ages studied.

Examining the effect of sleep state in extremely preterm
infants, TOI was significantly lower during active sleep com-
pared with quiet sleep at postnatal weeks 1, 2, 3, and 6 (main
effect, P < .05 for all; Table IV). SaO2 was significantly lower
during active sleep compared with quiet sleep at postnatal weeks
1, 2, 4, 5, and 6 (main effect, P < .05 for all). There was no effect
of sleep state on CFOE at any of the ages studied. For HR, there
was a significant interaction (state × position, P < .05) at week
2; however, post hoc analysis could not identify where these
differences lay. HR was higher during active sleep compared
with quiet sleep at week 5 (main effect, P < .05). There were
no effects of sleep state on MABP at any age studied.

In very preterm infants, for TOI and CFOE, there was a sig-
nificant interaction (state × position, P < .05 for both) at post-
natal week 1, however post hoc analysis could not identify where
these differences lay (Table V). TOI was higher and CFOE lower
in the prone position only at postnatal week 5 (main effect,
P < .05 for both). SaO2 was higher in the prone position during
active sleep at week 2 (state × position, P < .05), but not at any
of the other ages studied. HR was significantly higher in the
prone position at weeks 1 and 2 (main effect, P < .05 for both),
but not at any of the other ages. There was no effect of sleep-
ing position on MABP at any of the ages studied.

In very preterm infants, TOI was lower during active sleep
compared with quiet sleep in the supine position at postna-
tal week 1 (state × position, P < .05) and lower during active
sleep compared with quiet sleep at weeks 2 and 3 (main effect,
P < .001 for both; Table V). SaO2 was also significantly lower
during active sleep compared with quiet sleep at postnatal weeks
1 and 3 (main effect, P < .001 for all), and SaO2 was lower
during active sleep compared with quiet sleep in the supine
position at week 2 (state × position, P < .05). CFOE was higher
during active sleep in the supine position at postnatal week 1

Table III. Demographic characteristics of all infants and cohort split by GA into extremely preterm (<29 weeks) and
very preterm (≥29 weeks) groups

Clinical features
All infants
(n = 56)

Extremely preterm
(n = 23)

Very preterm
(n = 33)

Female sex, n (%) 28 (50%) 10 (44%) 18 (55%)
Twin, n (%)† 16 (28%) 6 (26.1%) 10 (30.3%)
GA at birth, wk, median (range) 29 (24-34) 27 (24-28)* 30 (29-34)
Birth weight, g, mean (range) 1307 (715-2133) 1040 (715-1719)* 1492 (1031-2133)
1-min Apgar score, median (range) 7 (3-9) 6 (4-8) 8 (3-9)
5-min Apgar score, median (range) 8 (3-10) 8 (3-9) 9 (6-10)
Resuscitation at birth-intubation, n (%) 7 (12) 5 (22)* 2 (6)
Received antenatal steroids, n (%) 46 (82) 21 (91) 25 (76)
Respiratory distress syndrome, n (%) 51 (91) 23 (100) 28 (85)
Apnea of prematurity requiring caffeine treatment, n (%) 47 (84) 23 (100)* 27 (82)
Bronchopulmonary dysplasia, n (%) 10 (18) 7 (30) 3 (9)
Early-onset sepsis, n (%) 2 (3) 1 (4) 1 (3)
Treated for presumed or proven late-onset sepsis after week 1, n (%) 52 (93) 22 (96) 30 (91)
Necrotizing enterocolitis, n (%) 4 (7) 2 (9) 2 (6)
IVH (grade 1 or 2) on cranial ultrasound, n (%) 4 (7) 2 (9) 2 (6)
Infants on respiratory support at study 1, n (%) 30 (54) 18 (78)* 12 (36)
FiO2 of 22%-40% at study 1, n (%) 3 (5) 3 (13) 0
Infants on respiratory support at study 6, n/N (%)‡ 12/20 (60) 10/15 (66) 2/5 (40)
Fractional inspired oxygen of 22-40% at study 6, n/N (%)‡ 1/20 (5) 1/15 (7) 0/5
Hemodynamically significant patent ductus arteriosus requiring treatment, n (%) 3 (5) 2 (9) 1 (3)

*P < .05 extremely preterm vs very preterm.
†Only 1 infant was recruited from twin pregnancies.
‡Reduction in number of infants at later studies due to discharge from the NICU.
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(state × position, P < .05) and higher during active sleep at weeks
2 and 3 (main effect, P < .05 for both). There were no effects
of sleep state on HR or MABP at any of the ages studied.

The effects of postnatal age are presented in the Figure.
For extremely preterm infants, our mixed-model analyses
found no overall significant effects of postnatal age or sleep
on TOI or CFOE in either sleep state (Figure, A and C).
There was an overall effect of postnatal age, but not of sleep
position, on SaO2 (P = .02) and HR (P = .04) during quiet
sleep as both measures increased with age. However, post
hoc analysis did not identify when the differences occurred.
In both sleep states, there was an overall effect of postnatal
age on MABP (overall P < .01 for both active sleep and quiet
sleep). Post hoc analysis showed a higher MABP at week 6
compared with week 1 (P = .03, active sleep and quiet sleep)
and week 2 (P = .007, active sleep).

In contrast to our findings in extremely preterm infants,
there was an overall effect of postnatal age, but not sleep

position, on TOI in very preterm infants, with TOI decreas-
ing at later postnatal ages in both sleep states (P = .04, active
sleep; P = .02, quiet sleep) (Figure, B). Post hoc analysis
identified TOI was higher in at week 1 compared with week
6 during quiet sleep (P = .05). In both sleep states, there was
an overall effect of postnatal age, but not of sleep position,
on CFOE, which increased with postnatal age (P < .001 for
both active sleep and quiet sleep) (Figure, D). Post hoc
analysis identified lower CFOE at week 1 compared with
week 6 (P = .02, quiet sleep).

For the very preterm infants, in both sleep states, there was
an overall effect of postnatal age, but not of sleep position, on
SaO2 (P = .03, active sleep and quiet sleep), HR (P < .001, active
sleep and quiet sleep), and MABP (P = .004, active sleep;
P = .001, quiet sleep), with values increasing with postnatal age
(data not shown). Post hoc analysis identified lower HR at weeks
1 and 2 compared with at weeks 3, 4, and 5 in both sleep states
(P < .05 for all). In addition, HR during active sleep was lower

Table IV. Effects of sleep position and sleep state on cerebral TOI, SaO2, CFOE, HR, and MABP over the first 6 weeks of
life in extremely preterm infants

Week

Supine position,
mean ± SEM

Prone position,
mean ± SEM

Position
P value

State
P value

Position × state
P valueAS QS AS QS

Week 1 (n = 21)
TOI, % 66.6 ± 1.3 68.3 ± 1.3 65.8 ± 1.2 66.2 ± 1.2 NS .04 NS
SaO2, % 93.5 ± 0.9 95.5 ± 0.5 95.7 ± 0.5 96.2 ± 0.5 .02 .02 NS
CFOE 0.29 ± 0.01 0.29 ± 0.01 0.31 ± 0.01 0.31 ± 0.01 <.001 NS NS
HR, bpm 156 ± 2 156 ± 2 158 ± 3 157 ± 3 NS NS NS
MABP, mmHg 49.5 ± 1.9 48.2 ± 1.8 49.6 ± 2.7 49.6 ± 2.5 NS NS NS

Week 2 (n = 20)
TOI, % 62.8 ± 1.8 63.8 ± 1.9 63.9 ± 1.7 64.4 ± 1.7 NS .01 NS
SaO2, % 93.9 ± 0.8 94.7 ± 0.7 95.2 ± 0.6 96.1 ± 0.4 .02 .05 NS
CFOE 0.33 ± 0.02 0.33 ± 0.02 0.33 ± 0.02 0.33 ± 0.02 NS NS NS
HR, bpm 155 ± 2 157 ± 2 158 ± 2 157 ± 2 .04 NS .03
MABP, mmHg 46.8 ± 1.7 48.5 ± 2.2 50.1 ± 2.3 50.2 ± 2.7 NS NS NS

Week 3 (n = 20)
TOI, % 63.9 ± 1.4 64.6 ± 1.5 64.9 ± 1.3 66.0 ± 1.4 .05 .01 NS
SaO2, % 94.1 ± 0.6 94.5 ± 0.9 95.5 ± 0.5 96.1 ± 0.5 .001 NS NS
CFOE 0.32 ± 0.01 0.32 ± 0.01 0.32 ± 0.01 0.31 ± 0.01 NS NS NS
HR, bpm 160 ± 3 160 ± 2 162 ± 2 161 ± 2 NS NS NS
MABP, mmHg 51.3 ± 2.1 51.3 ± 2.0 52.7 ± 1.8 54.1 ± 2.1 NS NS NS

Week 4 (n = 17)
TOI, % 64.5 ± 1.1 65.4 ± 1.3 64.7 ± 1.3 65.1 ± 1.5 NS NS NS
SaO2, % 95.9 ± 0.8 96.5 ± 0.8 96.0 ± 0.8 97.2 ± 0.7 NS .03 NS
CFOE 0.33 ± 0.01 0.32 ± 0.01 0.33 ± 0.01 0.33 ± 0.01 NS NS NS
HR, bpm 156 ± 2 155 ± 3 158 ± 2 157 ± 2 NS NS NS
MABP, mmHg 48.9 ± 1.7 49.4 ± 2.0 51.8 ± 2.4 51.0 ± 2.1 NS NS NS

Week 5 (n = 17)
TOI, % 64.5 ± 1.6 64.0 ± 1.5 64.0 ± 1.3 64.7 ± 1.3 NS NS NS
SaO2, % 95.0 ± 1.0 95.5 ± 0.9 94.3 ± 1.1 95.5 ± 0.9 NS .01 NS
CFOE 0.32 ± 0.02 0.33 ± 0.02 0.32 ± 0.02 0.32 ± 0.02 NS NS NS
HR, bpm 159 ± 2 157 ± 2 161 ± 2 158 ± 2 NS 0.03 NS
MABP, mmHg 52.6 ± 2.1 50.4 ± 1.8 54.8 ± 1.9 53.7 ± 2.3 NS NS NS

Week 6 (n = 15)
TOI, % 63.5 ± 1.4 65.1 ± 1.4 64.3 ± 1.8 64.9 ± 2.0 NS <.001 NS
SaO2, % 95.7 ± 1.0 96.5 ± 1.1 96.2 ± 0.8 97.1 ± 0.7 NS .03 NS
CFOE 0.34 ± 0.02 0.32 ± 0.02 0.33 ± 0.02 0.33 ± 0.02 NS NS NS
HR, bpm 161 ± 3 159 ± 2 163 ± 3 162 ± 2 .01 NS NS
MABP, mmHg 55.7 ± 2.5 55.7 ± 2.7 58.0 ± 2.8 58.1 ± 3.0 NS NS NS

NS, not significant.
Signficant P values are in bold type.
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at week 6 compared with at weeks 4 and 5 (P < .05 for both).
MABP was lower at week 2 compared with week 5 during quiet
sleep (P = .01) and week 6 (P = .03).

Discussion

We rigorously assessed the effects of sleeping position on ce-
rebral and cardiovascular measures in preterm infants born
at a range of GAs longitudinally during their time in the NICU
or SCN, taking into account the effect of sleep state. We found
increased CFOE in the prone position at 1 week of life in the
extremely preterm infants, with no change in the TOI despite
higher SaO2 in the prone position. In contrast, we did not find
position-related differences in CFOE until the fifth week of life
in the very preterm infants. In addition, CFOE was higher in
infants born at lower GA during the first 2 weeks of life, but
this difference reached statistical significance in only the prone
position (Table I and Table II). CFOE represents the amount
of oxygen consumed as fraction of oxygen delivery. Assum-
ing that oxygen consumption remains constant, an increase

in CFOE is likely due to reduced cerebral oxygen delivery. Con-
tributing factors to low cerebral oxygen delivery include low
SaO2, low CBF, and anemia. As CFOE accounts for changes in
SaO2 levels and the hemoglobin concentration is the same
during a single study, the reduction in cerebral oxygen deliv-
ery is indicative of a reduction in CBF during prone sleep-
ing. CBF is already extremely low in the preterm brain, especially
in the white matter,3 and also during the early postnatal weeks.18

CFOE in the first 3 days of life is also higher in infants of lower
GAs.19 We also found that both TOI and SaO2 positively cor-
relate with GA in the first 3 weeks of life, indicating lower ce-
rebral oxygen delivery in the most preterm infants.

Although preterm infants in the NICU are often placed in
the prone position to promote respiratory status, there is no
evidence that prone positioning improves long-term outcomes.6

Furthermore, prone sleeping is associated with reduced cere-
bral oxygenation in term-born infants during the first 6
months,8 with these effects more prominent in ex-preterm
infants at the same post-term-corrected age.11 In contrast to
our hypothesis, sleep position had only minimal effects on
cerebral TOI, with values averaging 1%-2% lower in the prone

Table V. Effects of sleep position and sleep state on cerebral TOI, SaO2, CFOE, HR, and MABP over the first 6 weeks of
life in very preterm infants

Week

Supine position,
mean ± SEM

Prone position,
mean ± SEM

Position
P value

State
P value

Position × state
P valueActive sleep Quiet sleep Active sleep Quiet sleep

Week 1 (n = 34)
TOI, % 68.6 ± 1.0 70.3 ± 1.1 69.2 ± 1.1 69.5 ± 1.1 NS .01 .02
SaO2, % 96.4 ± 0.5 97.1 ± 0.4 96.9 ± 0.3 97.4 ± 0.3 NS <.001 NS
CFOE 0.29 ± 0.01 0.28 ± 0.01 0.29 ± 0.01 0.29 ± 0.01 NS .04 .02
HR, bpm 152 ± 2 152 ± 2 156 ± 2 155 ± 2 .001 NS NS
MABP, mmHg 54.1 ± 1.6 51.6 ± 1.5 55.5 ± 2.6 53.7 ± 1.9 NS .03 NS

Week 2 (n = 30)
TOI, % 66.5 ± 1.1 67.6 ± 1.2 67.8 ± 1.0 69.0 ± 0.9 NS <.001 NS
SaO2, % 96.6 ± 0.4 97.6 ± 0.3 97.3 ± 0.3 97.7 ± 0.3 NS <.001 .03
CFOE 0.31 ± 0.01 0.31 ± 0.01 0.30 ± 0.01 0.29 ± 0.01 NS .03 NS
HR, bpm 153 ± 2 153 ± 2 155 ± 1 155 ± 2 .03 NS NS
MABP, mmHg 51.6 ± 1.6 50.1 ± 1.5 54.8 ± 1.8 52.7 ± 2.1 NS NS NS

Week 3 (n = 20)
TOI, % 68.7 ± 1.3 69.8 ± 1.3 68.3 ± 1.3 69.6 ± 1.2 NS .001 NS
SaO2, % 96.9 ± 0.5 97.6 ± 0.4 97.4 ± 0.4 97.9 ± 0.4 NS <.001 NS
CFOE 0.29 ± 0.01 0.28 ± 0.01 0.30 ± 0.01 0.29 ± 0.01 NS .03 NS
HR, bpm 160 ± 2 160 ± 2 161 ± 2 161 ± 2 NS NS NS
MABP, mmHg 53.7 ± 2.3 53.4 ± 2.4 54.3 ± 2.4 54.3 ± 2.4 NS NS NS

Week 4 (n = 15)
TOI, % 65.9 ± 1.4 66.5 ± 1.4 66.3 ± 2.0 67.7 ± 1.6 NS NS NS
SaO2, % 97.5 ± 0.5 98.1 ± 0.4 97.7 ± 0.4 98.0 ± 0.4 NS .04 NS
CFOE 0.32 ± 0.02 0.32 ± 0.02 0.32 ± 0.02 0.31 ± 0.02 NS NS NS
HR, bpm 162 ± 2 160 ± 2 164 ± 2 163 ± 2 NS NS NS
MABP, mmHg 56.2 ± 1.7 55.4 ± 2.5 58.8 ± 2.3 54.3 ± 1.4 NS NS NS

Week 5 (n = 10)
TOI, % 65.8 ± 1.5 66.1 ± 2.0 69.1 ± 1.6 69.6 ± 1.8 .03 NS NS
SaO2, % 97.7 ± 0.7 98.3 ± 0.4 98.2 ± 0.4 98.4 ± 0.3 NS NS NS
CFOE 0.33 ± 0.02 0.33 ± 0.02 0.30 ± 0.02 0.29 ± 0.02 .04 NS NS
HR, bpm 163 ± 3 161 ± 2 165 ± 1 165 ± 2 NS NS NS
MABP, mmHg 60.5 ± 1.9 58.5 ± 2.7 60.8 ± 2.8 63.1 ± 4.3 NS NS NS

Week 6 (n = 5)
TOI, % 62.6 ± 2.1 63.3 ± 2.0 63.8 ± 1.9 63.7 ± 1.7 NS NS NS
SaO2, % 97.1 ± 1.2 98.5 ± 0.8 97.8 ± 1.0 98.2 ± 0.8 NS NS NS
CFOE 0.35 ± 0.02 0.36 ± 0.02 0.35 ± 0.02 0.35 ± 0.02 NS NS NS
HR, bpm 152 ± 6 151 ± 4 152 ± 5 155 ± 6 NS NS NS
MABP, mmHg 55.7 ± 2.5 55.7 ± 2.7 58.0 ± 2.8 58.1 ± 3.0 NS NS NS

Signficant P values are in bold type.
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position, compared with 3%-5% in term infants and 4%-
10% in preterm infants after term-corrected age.11 The find-
ings may be related to the significantly higher SaO2 in the prone
position in preterm infants with respiratory disease and con-
tributing to a higher cerebral TOI, especially in the ex-
tremely preterm infants in the first 3 weeks of life.

We found increased CFOE in the prone position at week 1
of life in extremely preterm infants, likely due to reduced CBF
in this position. In line with our results, others have found
reduced cerebral oxygenation and CBF in the prone position
compared with the supine position in preterm infants,20 despite
an increase in oxygen tension. In the less mature infants (GAs
<26 weeks), cerebral blood volume decreased after head ro-
tation from the midline position, possibly because of both vein
and artery compression due to more compliant neck struc-
tures and increased head:body ratio in the smaller infants.21

In addition, lower cardiac output has been reported in preterm
infants in the prone position,22 which could lead to reduced
CBF. However, similar to previous studies,20,22 we did not find
any significant positional differences in MABP. Blood pres-
sure may have been maintained due to a baroreflex-mediated
increase in HR during prone sleeping,23 given that we found
higher HR in the prone position particularly in the very preterm
group, similar to observations in preterm infants at post-term-
equivalent age.11

The first week of life is a high-risk period for IVH in the
extremely preterm infants, with a greater risk at lower GA.24

Low CBF can increase the risk for severe IVH in preterm
infants.25 During the first 3-4 days after birth, CFOE was higher
in infants who developed IVH compared with those who did
not.26 The higher CFOE in infants with IVH was also associ-
ated with lower left ventricular output and stroke volume,26

which may have contributed to lower CBF and the develop-
ment of IVH. Taking into account that TOI values are ap-
proximately 10% lower than regional O2 saturation values used
in other studies due to device differences,26,27 our CFOE values
were comparable with those reported in infants without IVH,26

consistent with our cohort of clinically stable infants, as evi-
denced by their low ventilatory/oxygen requirements and low
incidence of IVH.

Reassuringly, the TOI and CFOE levels that we found were
within physiological ranges19,26 and not in the high-risk ranges
for neuropathy as reported in other studies,11,28,29 suggesting
that prone sleeping is safe in clinically stable preterm infants.
However, it remains unknown whether our findings of higher
CFOE in the prone position in the first week of life in ex-
tremely preterm infants can be extended to infants who are
clinically unstable with high CFOE and at high risk of IVH,26

thereby raising concerns about prone sleeping during this vul-
nerable period. Notably, the negative correlation between CFOE
and GA in the prone position during the first 2 weeks of life
supports the idea that the younger infants are at increased risk
of cerebral hypoxia when in the prone position. Preterm infants,
especially those with significant respiratory disease, are

Figure. Effect of postnatal age on cerebral TOI and CFOE in extremely preterm infants (A and B) and very preterm infants (C
and D). Results are mean ± SEM. ‡P < .05 overall effect of postnatal age; ‡‡‡P < .001 overall effect of postnatal age. AS, active
sleep; QS, quiet sleep.
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routinely slept prone to promote respiratory status.6 Our
findings provide important physiological insight into CBF when
placing extremely preterm infants prone during the first week
of life. We speculate that avoiding the prone sleeping posi-
tion may provide a simple, nonpharmacologic technique to op-
timize brain oxygenation in clinically unstable preterm infants,
which may improve neurodevelopmental outcome. To date, no
study has investigated the associations among sleep position,
preterm brain injury, and neurodevelopmental outcome in
preterm infants. Our results may provide the scientific basis
for a future randomized control trial of sleep position with the
potential to change clinical practice.

Earlier studies of the effects of sleep position in preterm
infants did not take into account the effects of sleep state.20,21

Consistent with our previous findings in preterm infants after
term equivalent age,11 TOI and SaO2 were lower in active sleep
in both preterm groups in the first 3 weeks of life. However,
no sleep state differences in CFOE were found in the ex-
tremely preterm group, in contrast to the very preterm group
which had increased CFOE in active sleep. This is likely due
to an increase in oxygen extraction to sustain cerebral oxygen
consumption during the increased metabolic demand of active
sleep in the very preterm infants. This idea is supported by the
finding that CBF does not increase during active sleep in
preterm infants to meet the higher metabolic demand com-
pared with quiet sleep, as it does in wakefulness.30 Impor-
tantly, this response in CFOE was observed only in the very
preterm infants. We suggest that the absence of change in CFOE
with sleep state in the extremely preterm infants may be due
to differences in brain activation in active sleep with matura-
tion. In preterm infants of 24-30 weeks GA, rudimentary sleep-
wake cycles, based on alternating periods of eye movements
and no eye movements, electroencephalography characteris-
tics, and cortical activity can be identified.31 From 30 to 31 weeks
onward, rapid eye movements and more specific EEG pat-
terns for quiet sleep and active sleep are integrated with in-
creasing concordance over postnatal age.31

Few previous studies have assessed the effect of prone sleep-
ing position in preterm infants in the NICU,20,21 and it is dif-
ficult to compare these cross-sectional studies, which included
infants with a wide range of GA and postnatal age, with the
infants in our study who were studied longitudinally. We found
a significant effect of postnatal age on TOI and CFOE in the
very preterm infants but not in the extremely preterm infants.
A previous study found no association between TOI or CFOE
and postnatal age in preterm infants with GA ranging from
23 to 31 weeks and postnatal age ranging from 1 to 31 days,32

but consecutive measurements were not made in the same sub-
jects. Our finding of decreased TOI and increased CFOE with
postnatal age in infants born at older GA may represent a
normal adaptation to extrauterine life and brain maturation.
Such age-related changes were not found in our extremely
preterm group, however. This may be related in part to the
infants of lower GA already having a lower TOI and higher
CFOE in the first 2 weeks of life, and as such, the postnatal
decrease in TOI or increase in CFOE in the first few weeks
of postnatal life appears to be dampened. Cerebral oxygen

consumption increases in relation to postmenstrual age18 and
may outpace the increment in CBF, leading to lower cerebral
oxygenation and higher CFOE with age.33 This coincides with
the substantial increases in brain activity complexity and meta-
bolic demand when the preterm infants approached term age,34

as what occurs by week 6 of life in very preterm infants.
Our study has several limitations. We excluded infants with

moderate/severe IVH, and the infants studied were all clini-
cally stable, as evidenced by oxygen requirement of <40%, a
low incidence of IVH, and no infants receiving inotropic
support. Although the reduced heterogeneity of our study
population aided data interpretation, further studies are needed
to verify the findings in sicker infants with hemodynamic and
respiratory instability and moderate to severe IVH. In addi-
tion, we studied infants with the head maintained in midline
in the supine position and head rotated in the prone posi-
tion. We did not assess the effects of lateral deviation of the
head in the supine position and thus cannot rule out the pos-
sibility of increased CFOE with changes in head rotation alone
rather than with the prone positioning.

In conclusion, this study provides new physiological infor-
mation about cerebral and cardiovascular measures in clini-
cally stable preterm infants in the first weeks of life with respect
to sleeping position, sleep state, GA at birth, and postnatal age.
In extremely preterm infants, prone sleeping was associated
with increased CFOE in the first week of life, suggestive of
reduced CBF. Further studies in a larger population of infants,
particularly those requiring high ventilatory and cardiovas-
cular support, are needed to determine whether prone posi-
tioning increases the risk of cerebral injury in early postnatal
life. ■

We thank all the parents and their infants who participated in the study
and the nursing staff of Monash Newborn where the studies were carried
out. We also thank Kristy Elsayed, Hannah Cooney, Brenda Thonissen,
and Margy Zuluaga Fernandez for their help with data acquisition and
preliminary analyses.

Submitted for publication Jun 7, 2018; last revision received Aug 4, 2018;
accepted Aug 29, 2018

Reprint requests: Flora Y. Wong, MBBS, PhD, The Ritchie Centre, Department
of Paediatrics, Monash Children’s Hospital, Level 5, 246 Clayton Rd, Clayton,
VIC 3168, Australia. E-mail: flora.wong@monash.edu

References
1. World Health Organization. WHO recommendations on interventions

to improve preterm birth outcomes. Geneva, Switzerland: WHO Publi-
cations; 2015.

2. Anderson JG, Baer RJ, Partridge JC, Kuppermann M, Franck LS, Rand
L, et al. Survival and major morbidity of extremely preterm infants: a
population-based study. Pediatrics 2016;138: e20154434.

3. Volpe JJ. Brain injury in premature infants: a complex amalgam of de-
structive and developmental disturbances. Lancet Neurol 2009;8:110-
24.

4. Curzi-Dascalova L, Challamel MJ. Sleep and breathing in children: a de-
velopmental approach. New York: Marcel Dekker; 2000.

5. Gaultier C. Cardiorespiratory adaptation during sleep in infants and chil-
dren. Pediatr Pulmonol 1995;19:105-17.

6. Balaguer A, Escribano J, Roqué i Figuls M, Rivas-Fernandez M. Infant po-
sition in neonates receiving mechanical ventilation. Cochrane Database
Syst Rev 2013;3:CD003668.

January 2019 ORIGINAL ARTICLES

109Effects of Prone Sleeping on Cerebral Oxygenation in Preterm Infants

mailto:flora.wong@monash.edu
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0010
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0010
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0010
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0015
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0015
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0015
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0020
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0020
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0020
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0025
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0025
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0030
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0030
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0035
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0035
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0035


7. Blair PS, Platt MW, Smith IJ, Fleming PJ. Sudden Infant Death Syn-
drome and the time of death: factors associated with night-time and day-
time deaths. Int J Epidemiol 2006;35:1563-9.

8. Wong FY, Witcombe NB, Yiallourou SR, Yorkston S, Dymowski AR,
Krishnan L, et al. Cerebral oxygenation is depressed during sleep in
healthy term infants when they sleep prone. Pediatrics 2011;127:e558-
65.

9. Yiallourou SR, Walker AM, Horne RSC. Effects of sleeping position on
development of infant cardiovascular control. Arch Dis Child 2008;93:868-
72.

10. Yiallourou SR, Walker AM, Horne RSC. Prone sleeping impairs circula-
tory control during sleep in healthy term infants: implications for SIDS.
Sleep 2008;31:1139-46.

11. Fyfe KL, Yiallourou SR, Wong FY, Odoi A, Walker AM, Horne RSC. Ce-
rebral oxygenation in preterm infants. Pediatrics 2014;134:435-
45.

12. Fyfe KL, Yiallourou SR, Wong FY, Odoi A, Walker AM, Horne RSC. Ges-
tational age at birth affects maturation of baroreflex control. J Pediatr
2015;166:559-65.

13. Horne RSC. Cardio-respiratory control during sleep in infancy. Paediatr
Respir Rev 2014;15:163-9.

14. Elder DE, Campbell AJ, Doherty DA. Prone or supine for infants with
chronic lung disease at neonatal discharge? J Paediatr Child Health
2005;41:180-5.

15. Silvani A, Asti V, Berteotti C, Ferrari V, Franzini C, Lenzi P, et al. Sleep-
dependent changes in cerebral oxygen consumption in newborn lambs.
J Sleep Res 2006;15:206-11.

16. Curzi-Dascalova L, Mirmiran M. Manual of methods of recording and
analyzing sleep-wakefulness states in preterm and full-term infants. Paris:
INSERM; 1996.

17. Naulaers G, Meyns B, Miserez M, Leunens V, Van Huffel S, Casaer P, et al.
Use of tissue oxygenation index and fractional tissue oxygen extraction
as non-invasive parameters for cerebral oxygenation. A validation study
in piglets. Neonatology 2007;92:120-6.

18. Roche-Labarbe N, Fenoglio A, Aggarwal A, Dehaes M, Carp SA,
Franceschini MA, et al. Near-infrared spectroscopy assessment of cere-
bral oxygen metabolism in the developing premature brain. J Cereb Blood
Flow Metab 2012;32:481-8.

19. Alderliesten T, Dix L, Baerts W, Caicedo A, van Huffel S, Naulaers G, et al.
Reference values of regional cerebral oxygen saturation during the first
3 days of life in preterm neonates. Pediatr Res 2016;79:55-64.

20. Bembich S, Oretti C, Travan L, Clarici A, Massaccesi S, Demarini S. Effects
of prone and supine position on cerebral blood flow in preterm infants.
J Pediatr 2012;160:162-4.

21. Ancora G, Maranella E, Aceti A, Pierantoni L, Grandi S, Corvaglia L, et al.
Effect of posture on brain hemodynamics in preterm newborns not me-
chanically ventilated. Neonatology 2010;97:212-7.

22. Ma M, Noori S, Maarek JM, Holschneider DP, Rubinstein EH, Seri I. Prone
positioning decreases cardiac output and increases systemic vascular re-
sistance in neonates. J Perinatol 2015;35:424-7.

23. Yiallourou SR, Sands SA, Walker AM, Horne RSC. Baroreflex sensitivity
during sleep in infants: impact of sleeping position and sleep state. Sleep
2011;34:725-32.

24. Al-Abdi SY, Al-Aamri MA. A systematic review and meta-analysis of the
timing of early intraventricular hemorrhage in preterm neonates: clini-
cal and research implications. J Clin Neonatol 2014;3:76-88.

25. Meek J, Tyszczuk L, Elwell CE, Wyatt JS. Low cerebral blood flow is a risk
factor for severe intraventricular haemorrhage. Arch Dis Child Fetal Neo-
natal Ed 1999;81:F15-8.

26. Noori S, McCoy M, Anderson MP, Ramji F, Seri I. Changes in cardiac
function and cerebral blood flow in relation to peri/intraventricular hem-
orrhage in extremely preterm infants. J Pediatr 2014;164:264-70.e1-3.

27. Pocivalnik M, Pichler G, Zotter H, Tax N, Müller W, Urlesberger B. Re-
gional tissue oxygen saturation: comparability and reproducibility of dif-
ferent devices. J Biomed Opt 2011;16:057004.

28. Hagino I, Anttila V, Zurakowski D, Duebener LF, Lidov HG, Jonas RA.
Tissue oxygenation index is a useful monitor of histologic and neuro-
logic outcome after cardiopulmonary bypass in piglets. J Thorac Cardiovasc
Surg 2005;130:384-92.

29. Alderliesten T, Lemmers PM, Smarius JJ, van de Vosse RE, Baerts W, van
Bel F. Cerebral oxygenation, extraction, and autoregulation in very preterm
infants who develop peri-intraventricular hemorrhage. J Pediatr
2013;162:698-704.e2.

30. Greisen G, Hellström-Vestas L, Lou H, Rosen I, Svenningsen N. Sleep-
waking shifts and cerebral blood flow in stable preterm infants. Pediatr
Res 1985;19:1156-9.

31. Dereymaeker A, Pillay K, Vervisch J, De Vos M, Van Huffel S, Jansen K,
et al. Review of sleep-EEG in preterm and term neonates. Early Hum Dev
2017;113:87-103.

32. Wardle SP, Yoxall CW, Weindling AM. Determinants of cerebral frac-
tional oxygen extraction using near infrared spectroscopy in preterm neo-
nates. J Cereb Blood Flow Metab 2000;20:272-9.

33. Roche-Labarbe N, Carp SA, Surova A, Patel M, Boas DA, Grant PE, et al.
Noninvasive optical measures of CBV, StO(2), CBF index, and rCMRO(2)
in human premature neonates’ brains in the first six weeks of life. Hum
Brain Mapp 2010;31:341-52.

34. Scher MS. Ontogeny of EEG sleep from neonatal through infancy periods.
Sleep Med 2008;9:615-36.

THE JOURNAL OF PEDIATRICS • www.jpeds.com Volume 204

110 Shepherd et al

http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0040
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0040
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0040
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0045
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0045
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0045
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0045
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0050
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0050
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0050
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0055
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0055
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0055
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0060
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0060
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0060
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0065
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0065
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0065
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0070
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0070
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0075
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0075
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0075
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0080
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0080
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0080
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0085
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0085
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0085
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0090
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0090
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0090
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0090
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0095
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0095
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0095
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0095
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0100
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0100
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0100
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0105
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0105
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0105
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0110
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0110
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0110
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0115
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0115
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0115
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0120
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0120
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0120
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0125
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0125
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0125
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0130
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0130
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0130
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0135
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0135
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0135
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0140
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0140
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0140
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0145
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0145
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0145
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0145
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0150
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0150
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0150
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0150
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0155
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0155
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0155
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0160
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0160
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0160
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0165
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0165
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0165
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0170
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0170
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0170
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0170
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0175
http://refhub.elsevier.com/S0022-3476(18)31250-2/sr0175


Table I. Linear regression analysis of GA at birth with cerebral TOI, SaO2, and CFOE in each sleep position (supine and
prone) and sleep state (active and quiet sleep) over the first 6 weeks of life (categorized based on time from birth)

Week

TOI, r2 SaO2, r2 CFOE, r2

S-AS S-QS P-AS P-QS S-AS S-QS P-AS P-QS S-AS S-QS P-AS P-QS

Week 1 (n = 56) 0.10‡ 0.10* 0.13‡ 0.13‡ 0.18‡ 0.09* 0.09* 0.09* −0.03 −0.05 −0.09* −0.09*
Week 2 (n = 50) 0.14‡ 0.11* 0.11* 0.17‡ 0.14‡ 0.14‡ 0.08* 0.09* −0.07 −0.05 −0.07 −0.13‡

Week 3 (n = 39) 0.14* 0.15* 0.11* 0.11* 0.18‡ 0.20‡ 0.15† 0.16† −0.07 −0.04 −0.07 −0.06
Week 4 (n = 30) 0.02 0.01 0.03 0.08 0.01 0.07 0.09 0.03 −0.01 −0.01 −0.01 −0.06
Week 5 (n = 27) 0.00 <0.01 0.16* 0.12 0.19* 0.23‡ 0.29‡ 0.28‡ −0.03 <−0.01 <−0.01 −0.02
Week 6 (n = 20) 0.01 0.01 <0.01 <0.01 0.10 0.17 0.22* 0.10 −0.04 −0.06 −0.03 −0.02

AS, active sleep; P, prone; QS, quiet sleep; S, supine.
The bold type indicated the statistically significant results.
*P < .05.
†P < .01.
‡P < .001.

Table II. Linear regression analysis of GA at birth with HR and MABP in each sleep position (supine and prone) and
sleep state (active and quiet sleep) over the first 6 weeks of life (categorized based on time from birth)

Week

HR, r2 MABP, r2

S-AS S-QS P-AS P-QS S-AS S-QS P-AS P-QS

Week 1 (n = 56) −0.08* −0.10* −0.09* −0.07 0.05 0.04 0.05 0.03
Week 2 (n = 50) −0.01 −0.07 −0.07 −0.05 0.13† 0.02 0.07 0.01
Week 3 (n = 39) −0.01 −0.09 −0.06 −0.05 0.14* 0.10* 0.07 0.01
Week 4 (n = 30) −0.14* −0.11 −0.16* −0.22‡ 0.14* 0.13* 0.06 0.05
Week 5 (n = 27) −0.09 −0.04 −0.12 −0.13 0.20* 0.01 0.07 0.09
Week 6 (n = 20) −0.05 −0.05 −0.10 −0.10 0.27* 0.25* 0.05 0.13

The bold type indicated the statistically significant results.
*P < .05.
†P < .01.
‡P < .001.
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