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Infants born very preterm react to variations of the
acoustic environment in their incubator from a minimum
signal-to-noise ratio threshold of 5 to 10 dBA

Pierre Kuhn'?, Claire Zores'? Thierry Pebayle', Alain Hoeft', Claire Langlet? Benoit Escande?, Dominique Astruc?

and André Dufour’

INTRODUCTION: Very early preterm infants (VPIs) are exposed
to unpredictable noise in neonatal intensive care units. Their
ability to perceive moderate acoustic environmental changes
has not been fully investigated.

RESULTS: Physiological values of the 598 isolated sound
peaks (SPs) that were 5-10 and 10-15 dB slow-response A
(dBA) above background noise levels and that occured dur-
ing infants’sleep varied significantly, indicating that VPIs detect
them. Exposure to 10-15 dBA SPs during active sleep signifi-
cantly increased mean heart rate and decreased mean respira-
tory rate and mean systemic and cerebral oxygen saturations
relative to baseline.

DISCUSSION: VPIs are sensitive to changes in their nosoco-
mial acoustic environment, with a minimal signal-to-noise
ratio (SNR) threshold of 5-10 dBA. These acoustic changes can
alter their well-being.

METHODS: In this observational study, we evaluated their
differential auditory sensitivity to sound-pressure level (SPL)
increments below 70-75 dBA equivalent continuous level in
their incubators. Environmental (SPL and audio recording),
physiological, cerebral, and behavioral data were prospectively
collected over 10 hiin 26 VPIs (GA 28 (26-31) wk). SPs emerging
from background noise levels were identified and newborns
arousal states at the time of SPs were determined. Changes in
parameters were compared over 5-s periods between baseline
and the 40 s following the SPs depending on their SNR thresh-
olds above background noise.

1

ery early preterm infants (VPIs) are exposed to nosoco-

mial environmental stimuli that differ from the stimuli
they encounter in utero. This new “naturalistic” milieu, espe-
cially loud noise, may interfere with their neurodevelopment
and growth (1-4). This has led to specific recommendations
for permissible noise criteria levels in the neonatal intensive
care unit (NICU) (5-7). These recommendations were based
primarily on the evaluation of the effects of noise on the devel-
oping auditory system and well-being of newborns. Most

studies were experimental. Preterm newborns were exposed to
5s of high artificial sound (8,9), including sound-pressure lev-
els (SPLs) ranging from 80 to 100 dB (8) and to warbling tones
of 100 dB (9). The most prevalent responses were an increase
in heart rate (HR) (8,9) proportional to the SPL of the stimulus
and a tendency toward a decrease in respiratory rate (RR) (9).
Few studies have evaluated the impact of noise in the NICU on
newborns’ physiological stability. Unfortunately, some of these
studies measured the effect of acoustic environments quite
different from those in the contemporary NICU (10) or did
not include preterm infants (11) or VPIs (10). Moreover, some
yielded questionable results because of study design, nonre-
porting of background noise, and the absence of a well-defined
study population (e.g., inclusion of newborns with a wide
range of gestational age, GA) (12). Despite these limitations,
these studies showed that a high level of environmental noise,
>70-75 dB slow response A (dBA) equivalent continuous level
(Leq), could disrupt infant stability.

Two recent studies have explored the effect of NICU noise on
VPIs. One, which involved eight extremely-low-birth-weight
infants, found no correlation between moderate NICU noise
levels (50-60 dBA) and arterial blood pressure, although there
were HR changes starting from 25 to 45 s after noise peaks (13).
The second study found that 11 VPIs exhibited sympathetic
arousal, as measured by skin conductance, in response to natu-
ral sound >65 dBA and with background noise <55 dBA (14).
These studies, however, did not determine the differential audi-
tory SPL sensitivity (signal-to-noise ratio, SNR) or the precise
effects of acoustic changes (in response to SPL <70 dBA Leq)
on the physiological well-being of these VPIs. Such findings
would be essential to a better understanding of the ontogeny
of auditory functions in VPIs, resulting in better adaptation of
their acoustic environment to their sensory abilities and pref-
erences and thereby yielding more precise noise recommenda-
tions for VPIs. We therefore conducted this prospective obser-
vational study using a “naturalistic” approach to answer to the
following questions: (i) can VPIs hear nosocomial sound peaks
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(SPs) that are 5-10 dBA and/or 10-15 dBA above background
noise?; (ii) how do VPIs physiologically react to them?; and
(iii) do they alter the infants’ well-being?

RESULTS

Background Noise

For all VPIs breathing room air, on nasal continuous positive
airway pressure and mechanically ventilated, L90s were 49.6,
59.9, and 49.3 dBA Leq, respectively; L50s were 51.0, 62.9, and
51.53 dBA Leq, respectively; and L10s were 52.9, 65.2, and 54.8
dBA Leq, respectively.

SPs

A total of 1,957 SPs > 5 dBA above background noise were
recorded, leading to a median [range] number of SPs per infant
of 66 [10-249] and a mean (+SD) of 75 (+51). The mean hourly
exposure to SPs was 7 (+5) per infant. Based on this quantifi-
cation, we can estimate that VPIs are exposed to an average of
168 SPs per day outside their nursing time. A total of 1,442 SPs
were isolated (i.e., no other occurrences during the following
40s). Of these, 1,128 (78%) SPs had SNR ranging between 5
and 10 dBA, 241 (17%) had SNR ranging between 10 and 15
dBA, and 73 (5%) had SNR above 15 dBA. The median [range]
baseline SPL before SPs for newborns breathing room air,
on nasal continuous positive airway pressure, and mechani-
cally ventilated were 50.1 [48.8-54.1], 59.3 [54.1-61.3] and
50.4 [48.4-53.7] dBA Leq, respectively. A spectral analysis of
the main SPs showed that their fundamental frequencies (F)
ranged from 100 (incubator’s motor) to 2,730 Hz (syringe
pump alarm). For some complex noise, the frequencies of the
first (F) or second (F,) harmonic were of greater amplitude
than F, with the highest ones (ventilator’s humidifier alarm)
reaching 4,336 (F)) and 6,504 Hz (F).

By determining the arousal states of the infants in the 10-s
baseline preceding the occurrence of SPs, it was possible
to classify the SPs again. A concordance between the two
observers was initially obtained for 94.5% (1,294/1,369) of
the SPs and for all of them after concomitant reevaluation.
Of the 1,369 SPs in ranges 5-10 and 10-15 dBA, 213 (16%)
occurred in state 1, 385 (28%) in state 2, 59 (4%) in states
3-4, 173 (13%) in state 5, and 463 (34%) in state 6. Owing
to technical problems, behavioral evaluations were not pos-
sible for the remaining 76 SPs (5%). Because relatively few
SPs had an SNR >15 dBA or were in states 3-4 and because
newborns in states 5-6 were physiologically and/or behavior-
ally unstable and mainly produced the SPs themselves (i.e.,
crying or movement), we further analyzed only the data for
the SPs with an SNR ranging from 5 to 15 dBA and occurring
during sleep in states 1 and 2 (n = 598).

Reactivity to SPs in Active and Quiet Sleep States

Physiological responses. During the entire time course of the
response, we observed significant profiles of variations for
only two parameters (see Figure 1 and Figure 2): a decrease
in RR after SPs occurring in quiet sleep in range 5-10 dBA
(F = 3.10, P < 0.002) and in SaO, after SPs occurring in

(9,162)
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active sleep in range 10-15 dBA (F(9,135) =3.94, P <0.001). No
variation in any other parameter reached statistical signifi-
cance. Nevertheless, when comparing baseline to minimum
and maximum values in the a* and b* periods, significant
variations in different parameters were observed after SPs
with an SNR of 5-10 dBA (Table 1) and 10-15 dBA (Table 2),
suggesting the infants’ ability to detect these SPs. The means
of the highest amplitude of significant variations per infant for
minimum and maximum values as compared with baseline
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Figure 1. Variations of the respiratory rates following SPs occurring

in quiet sleep, in the SNR range of 5-10 dBA Leq. Error bars represent
95% confidence intervals. B1 and B2 correspond to the baseline periods
between —10 and —5 s and between -5 and 0 s before SP occurrence,
respectively. Post hoc analysis: *P < 0.05 as compared with B2. **P < 0.01

as compared with B2. P < 0.05 as compared with B1. SNR, signal-to-noise
ratio; SP, sound peak.
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Figure 2. Variations of the blood oxygen saturations (Sa0,) following SPs
occurring in active sleep in the SNR range of 10-15 dBA Leq. Error bars
represent 95% confidence intervals. B1 and B2 correspond to the baseline
periods between —10 to -5 s and between -5 to 0 s before SP occurrence,
respectively. Post hoc analysis: *P < 0.05 as compared with B2. TP < 0.05 as
compared with B1.*P < 0.01 as compared with B1. SNR, signal-to-noise
ratio; SP, sound peak.
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Table 1. Mean of the maximal variations relative to baseline and observed for each physiological parameter after SPs with an SNR of 5-10 dBA
occurring in quiet (n=182) and active (n = 336) sleep, depending on the time periods (a* and b*) after SPs

Quiet sleep (state 1)

Active sleep (state 2)

Average maximum

Average maximum

Parameter Variation (ANOVA) Pvalue (post hoc) variation (+SD) Variation (ANOVA) Pvalue (post hoc) variation (+SD)
HR (beat/min) T 0.023 (a%) +2.4(+3.4) T 0.005 (a*) +2.3(+3.9)
P <0.001 <0.001 (b*) +4.2 (+5.2) P=0.005 0.011 (b*) +2.4 (+4.5)
RR (breath/min) d <0.001 (a¥) —6.1 (£4.6) d 0.005 (a¥) -3.3(£3.2)
P<0.001 <0.001 (b*) —7.3 (+4.5) P=0.003 0.006 (b¥) -2.9(+6.0)
NS NS (a*) — T 0.042 (a*) +1.9(+3.4)
NS (b%) — P=0.029 0.032 (b*) +2.4(+5.0)
Sa0, (%) NS NS (a*) — ) 0.039 (a*) —0.4 (+0.64)
NS (b*) — P=0.049 NS (b*) —
rSO, (%) T 0.006 (a*) +0.64 (+0.87) T 0.036 (a*) +0.5 (+0.7)
P=0.004 0.005 (b*) +0.57 (+0.79) P=0.046 NS (b%) —
FTOE (%) 0 NS (a*) — NS NS (a*) —
P=0.014 0.015 (b¥) +0.8(+0.2) NS (b%) —
d 0.002 (a¥) -0.7 (+0.8) d 0.01 (a%) -0.6 (+0.8)
P<0.001 <0.001 (b¥) —0.9(+1.2) P=0.014 NS (b*) —

FTOE, fractional cerebral tissue oxygen extraction; HR, heart rate; NS, not significant; RR, respiratory rate; rSO,, regional cerebral oxygen saturation; SaO,, oxygen saturation; SNR,

signal-to-noise ratio; SP, sound peak.

4, T, Arrows indicate the direction of the observed variations, associated Pvalues indicate statistical significance (ANOVA for repeated-measure tests).

a*and b* indicate the periods (a*: 0-20 s, b*: 20-40 s, post SP) in which a significant variation of the parameter was found in post hoc analysis (Newman-Keuls test) as compared with

baseline.

Table 2. Mean of the maximal variations relative to baseline and observed for each physiological parameter after SPs with an SNR of 10-15 dBA
occurring in quiet (n=31) and active (n =49) sleep depending on the time periods (a* and b*) after SPs

Quiet sleep (state 1)

Active sleep (state 2)

Average maximum

Average maximum

Parameter Variation (ANOVA) Pvalue (post hoc) variation (+SD) Variation (ANOVA) Pvalue (post hoc) variation (+SD)
HR (beat/min) d NS — T 0.036 (a*) +3.6 (£5.9)
P=0.04 0.033 (b¥) -1.9(£3.8) P=0.026 0.026 (b*) +32(%7.1)
RR (breath/min) d 0.005 (a¥) -10.3 (+11.7) d 0.05 (%) —4(+7.7)
P=0.002 0.002 (b*) —10(£12.5) P=0.015 0.012 (b*) —6.2(+9.3)
Sa0, (%) \ 0.051 (a%) -0.7 (£1.2) \: 0.010(a%) -1.5(+1.8)
P=0.065 0.085 (b¥) —0.7 (+1.4) P<0.001 <0.001 (b*) -2.5(+2.8)
rSO, (%) T 0.025 (a*) +1(+1.4) d 0.012 (a*) -13(x1.3)
P=0.008 0.007 (b*) +1.4(£2.1) P=0.006 0.006 (b*) -12(£2)
FTOE (%) d 0.006 (a¥) -1.5(£1.6) d 0.049 (a¥) —-1(x1.4)
P=0.001 0.001 (b*) -2 (+2) P=0.015 0.012 (b*) -1.5(+2.3)

FTOE, fractional cerebral tissue oxygen extraction; HR, heart rate; NS, not significant; RR, respiratory rate; rSO,, regional cerebral oxygen saturation; SaO,, oxygen saturation; SNR,

signal-to-noise ratio.

1, T, Arrows indicate the direction of the observed variations, associated P values indicate statistical significance (ANOVA for repeated-measure tests).

a*and b* indicate the periods (a*:0-20's, b*: 20-40's, post SP) in which a significant variation of the parameter was found in post hoc analysis (Newman-Keuls test) as compared with

baseline.

during the 40 after the occurrences of SPs in quiet and active
sleep for each parameter are presented in Figure 3.

Following an SP, there were significant variations in mean
HR, regardless of sleep state and range. Specifically, we
observed increased HR in range 5-10 dBA and state 2 and a
decrease in state 1 and range 10-15 dBA. We also observed
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significant decreases in mean RR in state 1 for both SNR ranges.
During active sleep, RR decreased for both SNR ranges. We
also observed a significant increase, but of smaller amplitude,
in range 5-10 dBA.

The mean SaO, levels varied differently depending on the
SNR range. No significant variations were observed in quiet

Copyright © 2012 International Pediatric Research Foundation, Inc.
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sleep except that SaO, tended to decrease in range 10-15 dBA.
During active sleep, however, there were significant oxygen
desaturations in both SNR ranges. We observed significant
increases in mean rSO, during quiet sleep for both SNR
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Figure 3. Means of the maximum significant changes of the physiologi-

cal parameters as compared with baseline during the 40 s following SPs
occurring in quiet (a) and active (b) sleep and according to SNR ranges (gray
bar, 5-10 dBA; black bar, 10-15 dBA). Errors bars indicate standard errors.
Parameter’s units are as follow: beats/min for heart rate (HR); breaths/min
for respiratory rate (RR); percentage (%) for blood oxygen saturation (Sa0,),
regional cerebral oxygen saturation (rSO,), and fractional cerebral tissue
oxygen extraction (FTOE). SNR, signal-to-noise ratio; SP, sound peak.

ranges and for active sleep in range 5-10 dBA. By contrast, we
observed a significant decrease in mean rSO, for active sleep
in range 10-15 dBA. Fractional cerebral tissue oxygen extrac-
tion (FTOE) decreased regardless of sleep state and SNR range,
except for state 1 and range 5-10 dBA, where bidirectional
reactivity was observed.

Main determinants of reactivity. To explore whether physiologi-
cal reactivity was linked to the infant’s gender, maturity, and
postnatal experience (i.e., duration of noise exposure), we com-
pared the response profiles of female and male infants, infants
of postmenstrual age (PMA) > 32 (n = 11) and <32wk, and
infants of postnatal age >15 (n = 15) and <15 d using a multi-
level regression analysis model (Table 3). We observed only a
few differences depending on these covariates. However, male
infants (post hoc: p < 0.05, a* and b*) and infants at younger
PMA (post hoc: p < 0.02, a* and b*) showed a greater increase in
HR for SPs in range 5-10 dBA in active sleep. We also observed
that younger infants showed greater decreases in SaO, for SPs
in range 5-10 dBA in quiet sleep (post hoc, p = 0.06 a*, and p
< 0.05, b*). Conversely, more mature infants showed a greater
decrease in SaO, in active sleep for SPs in range 5-10 dBA (post
hoc: p = 0.05, b*) and for SPs in range 10-15 dBA (post hoc, p
< 0.03, a* and b*). Finally, we found that increases in cerebral
oxygen saturation (post hoc, p < 0.03, b*) and decrease in FTOE
(post hoc, p < 0.02, a* and b*) were greater for infants of younger
postnatal age for SPs in range 10-15 dBA and in quiet sleep.

DISCUSSION

We evaluated the differential auditory sensitivities of VPIs to
SPL increments by systematically and carefully examining their
physiologic reactions to exogenous acoustic changes occurring

Table 3. Main determinants of the infants’reactivity depending on the sleep states and the SNR ranges

Quiet sleep (state 1)

Active sleep (state 2)

Effect of Effect of Effect of postnatal Effect of Effect of Effect of postnatal
Parameter gender maturity experience gender maturity experience
t(21)=2.16, t(21)=3.44,
SNRof 5-10 dBA HR NS NS NS P=0.043 P=0.002 NS
RR NS NS NS NS NS NS
Sao, NS t(17)=2.63, NS NS t(21)=2.65, NS
P=0.018 P=0.015
rSO, NS NS NS NS NS NS
FTOE NS NS NS NS NS NS
SNRof 10-15 dBA HR NS NS NS NS NS NS
RR NS NS NS NS NS NS
Sao, NS NS NS NS t(14)=22, NS
P=0.045
rSO, NS NS t(11)=-2.59, NS NS NS
P=0.025
t(11)=2.55,
FTOE NS NS P=0.027 NS NS NS

Pvalues indicate the result of a multilevel regression model analysis where physiological data are expressed as a function of gender, maturity, and postnatal experience.

FTOE, fractional cerebral tissue oxygen extraction; HR, heart rate; NS, not significant; RR, respiratory rate; rSO,, regional cerebral oxygen saturation; SaO,, oxygen saturation; SNR,

signal-to-noise ratio.

Copyright © 2012 International Pediatric Research Foundation, Inc.

Volume 71 | Number 4 | April 2012 Pediatric RESEARCH 389



ArtiCIes ‘ Kuhn et al.

in their environment in the incubator. Our recordings are con-
sistent with results of VPIs exposed to unpredictable, high-
frequency (15), and intense noise in NICUs (16-19), with SPLs
commonly exceeding the limits of 45 dBA Leq recommended
by the American Academy of Pediatrics (AAP) (5). Indeed,
SPLs recorded weekly in incubators were recently found to
exceed criteria more than 94% of the time (16). Our study pro-
vides additional details of the “naturalistic” acoustic environ-
ment of VPIs: they are exposed hourly to frequent variations
in noise levels.

This study is an attempt to address some unresolved issues in
the evaluation of the responses of premature newborns to the
NICU naturalistic sound environment. Studies in this field are
difficult to conduct because of practical limitations and techni-
cal and methodological challenges (12). One difficulty is that
VPIs in incubators are continuously exposed to sensory inputs
from multiple sources and of varying intensities and durations.
In addition, changes in their respiratory support can influence
their physiological parameters, and their behavioral state can
alter their reactivity. We sought to minimize these variations as
much as possible, both in study design (e.g., exclusion of periods
during which VPIs could be exposed to tactile, vestibular, ther-
mal, nociceptive, or visual stimuli) and in our analyses based
on minimum and maximum values used to account for the
variability in sound stimuli and individual responses. Although
we enrolled only a relatively limited number of subjects, we
analyzed a large number of SPs and systematically determined
the newborns’ initial arousal state before SPs occurred. To our
knowledge, this is the first study to closely examine newborns’
reactivity to naturally occurring sounds depending on their
arousal state. We finally selected the SPs occurring during sleep
because, in this state, infants’ physiological parameters are less
susceptible to variations caused by their motor activity, and SPs
are not produced by the infant itself.

Our results, evaluating almost 600 SPL Leq increments
between 5 and 15 dBA above background noise during sleep
of 26 VPIs, indicate that VPIs hear these stimuli with a mini-
mal SNR threshold of 5-10 dBA. From at least 28 wk PMA,
they react physiologically to auditory signals emerging from
naturalistic background noise with median baseline SPL values
varying, on average, between 50 and 59 dBA Leq for newborns
breathing room air or mechanically ventilated and newborns
on nasal continuous positive airway pressure, respectively. An
evaluation of developmental changes in masked thresholds
in children, with the youngest being 6 mo old, showed that
thresholds declined greatly as a function of age (20). Our find-
ings are consistent with the known anatomical and functional
development of the auditory system because previous studies
using otoacoustic emission and brain stem response techniques
have shown that the auditory system is functionally mature in
PMAs as young as 30 (21) and 28 wk (22,23), respectively. The
auditory system has been reported to be functional even by
25wk GA (24). This perceptual ability contributes to a minimal
consciousness of the VPIs” environment (25).

How do VPIs react to these stimuli? The nature of the pri-
mary physiological responses (increased HR and decreased RR

390 Pediatric RESEARCH Volume 71 | Number 4 | April 2012

and oxygen saturation) and their timing (rapid onset during the
20s after SP) suggest (i) a reflexive reaction, mediated by the
brain stem, as shown for fetal cardiac reactivity to sounds and
(ii) a stress (defensive) response, similar to those recorded for
higher SPL stimuli (8,9,13,26) and further emphasized by the
emotional sweating that reflects sympathetic nervous system
responses to a stressor after SPs in the same SPLs (14). To mea-
sure the impact of these stimuli on cerebral oxygenation, we
used an near-infrared spectroscopy (NIRS) technique that can
evaluate regional cortical activation (reflected by an increase in
oxygen consumption accompanying neuronal activation) after
sensory stimuli and has been used after auditory stimuli (27,28).
We noted significant but limited variations in these parameters.
An increment in FTOE, a parameter reflecting variations in
cerebral oxygenation independent of systemic oxygenation (29),
corresponds to increased O, consumption resulting from cere-
bral activation (30). Conversely, a decrease in FTOE indicates a
decrease in oxygen consumption. Thus, the observed increases
in both rSO, and FTOE in state 1 for SPs in the 5- to 10-dBA
range may suggest cerebral activation in the frontal cortex (28).
The decreases in rSO, and FTOE observed for higher SPLs dur-
ing active sleep, although moderate, may suggest alterations in
cerebral blood flow autoregulation caused by a stress reaction
exceeding the homeostatic regulatory mechanisms.

Sleep/arousal states are important determinants of VPIs’
reactivity. As already observed for auditory (31) and other sen-
sory modalities (32), VPIs are more sensitive to sensory inputs
during active sleep. Differences have been found to depend on
the level of maturity and postnatal age, confirming that physi-
ological responses to sound undergo age-dependent matura-
tional changes, that postnatal experience may alter these physi-
ological responses, and that, in contrast to full-term newborns,
VPIs have an altered capacity to habituate to repeated sounds.
More comprehensive studies are warranted. The impact of
noise frequencies, known to be high in the NICU, and the
nature of the sound source (i.e., human voices or artificial
noise) on newborn responses and on the emotional valence
that they attribute to these auditory stimuli must be examined.
These questions should be addressed in future studies, which
would benefit from an experimental design.

The exposure of vulnerable newborns to repeated, atypical, and
improper noise, occurring during critical periods of brain devel-
opment, can disrupt homeostatic regulatory mechanisms and can
be harmful to VPIs. Longer-term consequences of exposure to
deleterious auditory stimuli are more difficult to evaluate. Studies
have failed to find a definite causative relationship between post-
natal exposure to high noise and hearing loss. However, animal
studies have shown that early auditory experience shapes sensory
perception in mammals (33), can modify brain auditory map-
ping, and may retard auditory development (34).

Conclusion

In conclusion, our results provide further evidence of the audi-
tory sensitivity of VPIs to their NICU environment. Their
differential auditory sensitivities to SPL increments provide
further evidence for the reinforcement of permissible noise

Copyright © 2012 International Pediatric Research Foundation, Inc.
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criteria in the NICU (7,35,36) and support recent modifica-
tions to these criteria (37). These findings also suggest not
only that these recommendations should be expressed in
terms of hourly Leq or maximum equivalent noise level over
1s (L, ) but also that efficient strategies should be developed
and implemented to continuously lessen SPLs and/or attenuate
their variations near VPIs or to protect infants from deleteri-
ous exposure to noise (38).

METHODS

Participants and Environment

A total of 26 VPIs were included from April 2008 to July 2009 in
the NICU and the intermediate care unit of Strasbourg University
Hospital, France. The study protocol was approved by our institu-
tional review board, the Ethics Committee of Nancy, France (Comité
de Protection des Personnes EST-III) on 1 April 2008. The parents of
each infant provided written informed consent. Infants with major
congenital anomalies or brain injuries and VPIs who had been admin-
istered analgesics/sedatives during the previous 48h were excluded.
The main characteristics of the study population are presented in
Table 4. All infants were cared for in Draeger SC incubators (Draeger
Medical, Libeck, Germany). During the 10-h study period, all infants
were lying in the prone position, on their backs, or on their sides. The
study periods were similar for each newborn during the day. Basic
developmental care measures were used, including incubator cover-
ings, nesting, and general measures for sound abatement (lowering of
alarm levels, minimizing talking by staff). However, there was no spe-
cific program for noise reduction. For study purposes, all staff mem-
bers were encouraged to behave normally. Architecturally, the NICU
comprised three four-bed rooms, one room with two beds, and one
single-bed room. All rooms in the intermediate-care unit contained
three beds.

Procedures

Environmental measurements. SPLs and environmental sounds were
concomitantly recorded with a noise dosimeter (MS 6701-PRO
Digital sound-level meter, Mastech, Pittsburgh, PA; measurement
range 30-130 dB, frequency range 30 Hz to 8kHz) in A-weighted
scale-slow response and with a microphone. The probes were placed
at the same level, but at a 10-cm distance, from each newborn’s ear.
According to standard recommendations, the probes were never in
contact with the mattress. The probes were placed in incubator air,

Table 4. Characteristics of the study population

Median [range] GA (wk) 28[26-31]
Mean (£SD) birth weight (g) 1109 (£250)
Median postnatal age (d) 17 [4-50]
Median postmenstrual age (wk) 31[28-34]
Gender (girls-boys) (n) 10-16
Small for GA/adapted for GA (n) 8-18
Respiratory support at time of study (n)
Room air 9
nCPAP? 9
Mechanical ventilation® 8
Median duration of respiratory support (d)
Oxygen supplementation 16 [0-36]
nCPAP? 6[0-30]
Mechanical ventilation 3[0-29]

*Nasal continuous positive airway pressure (NCPAP; Infant Flow Driver, Sebac,
Genevilliers, France). PMechanical ventilation (MV—Babylog 8000, Draeger Medical,
Lubeck, Germany).

Copyright © 2012 International Pediatric Research Foundation, Inc.

5cm above the blanket. Luminance was simultaneously measured
with a lux-meter (digital light meter RS180-7133, RS Components,
Northants, UK) placed at the level of each newborn’s eyes. SPLs and
luminance were measured at frequencies of 25 and 0.5 Hz, respec-
tively. Leq was calculated directly by the sound-level meter and
recorded at 1-s intervals. Light measurements were recorded in lux
(Im/m?) at 2-s intervals.

Physiological and cerebral data collection. HR, RR, and oxygen satu-
ration (Sa0,) were continuously recorded by each infant’s monitor
using spec1fglc software (Dataplore CMS, ixellence GmbH Wildau,
Germany). Cerebral oxygenation was assessed using a near infrared
spectroscopy technique (INVOS 4100, Somanetics-Covidien, Paris,
France), which measured regional cerebral oxygen saturation (rSO,)
calculated from the differential signal obtained over 5s from a neona-
tal transducer fixed to each infant’s frontal skull in the midline posi-
tion (39). rSO, was expressed as the venous-weighed percentage of
oxygenated hemoglobin and FTOE was calculated using the formula
(FTOE = Sa0, - [rSO, / Sa0,]).

Behavioral data collection. Each infants face and body were video
recorded with two video cameras (Sony color digital camera CCD-
B82A/S) placed outside the incubator and at the head and foot of the
isolette, respectively, allowing subsequent analysis of body movements
and facial expressions. Arousal states were assessed using Prechtl’s
observational rating system (40) by two specifically trained observers,
who were unaware of the study’s purpose: (i) eyes closed, regular res-
piration, no movements; (ii) eyes closed, irregular respiration, gross
movements; (iii) eyes open, no gross movements; (iv) eyes open, con-
tinual gross movements, no crying; (v) eyes open or closed, fussing, or
crying. Like Trapanotto et al. (11), we also included an intermediate
state (vi) in which the eye positions, respiratory patterns, and move-
ments did not match with any other state. The raters were allowed to
stop and restart the video to establish a score. In case of conflicting
evaluations, they subsequently performed a concomitant reevaluation
to reach final agreement.

Data analyses. All data collected over a 10-h recording session were
computerized and analyzed on the same time scale. To analyze audi-
tory reactivity only, we excluded periods of direct skin contact with the
newborn (routine care), periods in which light exposure varied >10
lux, and 1-min periods following any change in respiratory support.
To better describe the acoustic environment of our study population,
ambient noise levels were quantified by their 10th (L10), 50th (L50),
and 90th (L90) percentiles in dBA Leq. According to the standard
acoustic terminology, L90s and L10s are the lowest and highest deciles
of noise levels, respectively. Because the decibel scale is logarithmic,
dBA measurements were converted to sound pressure in Pascals, a
linear scale, before averaging and the results were transformed again
to dBA for presentation (16). To analyze acoustic changes, we iden-
tified SPs, which differ from the peaks (LpK) typically used in the
acoustic literature. SPs were defined as a 1-s SPL (Leq) exceeding the
previous 1-s interval by 5 dBA Leq or more. Thus, the reference for
SP measurements was the background SPL measured in dBA for each
SP. They were identified using extracting data software (LabChart 7.1,
Adinstrument, London, UK) and scanning the data every 2s. They
were classified in different ranges based on 5-dBA Leq increments and
reported as SNR on a dBA scale. They were also classified based on the
newborn’s sleep/arousal state at the time of SP occurrence. For each
continuous variable, its mean value over 5s was calculated for periods
starting 5s before each SP and for the following 40s.

Statistical Analyses

Each physiological parameter was compared using analysis of variance
for repeated measures with “periods,” sleep states, and SPs ranges as
within factors and gender, GA, and postnatal age as between factors.
Baseline values were first compared with the mean values obtained
over 5-s periods during the 40s following SPs. To account for the
effect of the great variations in the nature of SPs (differences in origins,
durations, and frequencies of the stimuli) on the individual profile of
response, baseline values were also compared with the minimum or
maximum values obtained during the 20s after each SP (period a*)
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and during the following 20s, from 21 to 40s (period b*). Post hoc
analyses were performed when appropriate (Newman-Keuls test).
Differences with P < 0.05 were considered statistically significant.
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