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Auditory sensitivity of preterm infants

Nidcap Trainer’s meeting, Bologna 2016 

Pierre Kuhn
NICU University Hospital of Strasbourg

LNCA-INCI CNRS Strasbourg

Goals

 To understand the development of the auditory 
system in and ex utero 

 To describe what  preterm infants perceive in the 
hospital environment

 To adapt the hospital environment to the 
auditory expectancies of preterm infants

 To use evidence-based strategies/interventions 
for “auditory nurturance” in the NICU.

 To discuss gaps in knowledge and opportunities 
for future research 
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Plan

3

 Why the auditory environment matters ?

 Auditory system development

 Differences between the pre and postnatal environment 

 Responsiveness to the post-natal auditory environment

 Long term consequences of the early auditory Experiences

 Strategies for auditory  nurturance

Nidcap Trainer’s meeting, Bologna 2016 

• « Critical periods »

Hugo Lagercrantz  The newborn Brain 2010

4Brain development and Environment (2)

Nidcap Trainer’s meeting, Bologna 2016 

Knudsen I. Journal of Cognitive Neuroscience 2004

Environment and Brain development (3)

Nidcap Trainer’s meeting, Bologna 2016 
Knudsen I. 2004

Environment and brain development (4)

Language retardation ?
Pineda et al 2013

Enriched auditory 
environnement …   
Han et al 2006
Webb et al 2015

Nidcap Trainer’s meeting, Bologna 2016 
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• Enlarged cortical areas specifically responsible for this frequency integration 
but less efficient  (poor discrimination) in rats 

Environment and brain development (5)

Nidcap Trainer’s meeting, Bologna 2016 

A Thickness of the AC     B Width of the Frontal horn of LV    C Width of the body               
of the Corpus Callosum

Webb AR et al PNAS 2015

- 40 VPT Newborns
- GA 29 wks
- Mother’s sound
3 hr/day during 30 d
- Cr US at 30 DOL

Nidcap Trainer’s meeting, Bologna 2016 
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Auditory experience

Language development

Early communicative skills
ASD

Attention deficit

Félix , 25 wks, 740 g

Manon , 27 wks, 600 g

Auditory system development

Outer and middle ear Inner ear

Auditory development (1) 

Developmental event Timing (weeks)

IHC et OHC histologically visible 10 à 12
Ciliogenesis of IHC and OHC 12 +
IHC Maturation - synapses with the auditory nerve 15
OHC Maturation - synapses with the auditory nerve 22
Maturation of the stereocilia 22

From Brown & Graven 2000 from Pujol et al.2009

From Hall 2000

Auditory development (2) 
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Maturation of the auditory cortical response
Rotteveel et al., 1987e 

Auditory development (3) Fetal maturation of pitch perception

Hepper and Shahidullah, 1994

• 450 fœtuses 
• 19 to 35 weeks 
• 9 groups of 50

- 100 to 3000 Hz

- 60 to 120 dBA  
Increased by 5 dBA

- Speaker placed on the  
Abdominal wall

-Behavioral responses 

Sensory 
Systems

Peripheral 
anatomical structures

First observations of 
physiological and/or 

behavioural responses 

First cortical responses

First 
elements

Complete
form

Touch  9-17 wks 20 wks 14 wks (whole body) 24 wks  ( Somes. EP )

Nociception 7 wks 20 wks 16-20 wks 25 wks   (NIRS)

Vestibular 5 wks 14 wks 24 wks (Moro réflex) -
Gustatory 10 wks 18-20 wks 26-30 wks -

Olfactory 4-7 wks 11-14 wks 28  wks (earlier ?) 30 wks (not explored  before) 
(NIRS  orbito-frontal cortex)

Auditory 10 wks 22 wks 23-25 wks 24-27  wks (AERP )

Visual 10 wks 24-26 wks 25 wks 29-31 wks (VERP cortical)

Kuhn et al Arch Ped 2011

Sensory systems development (1) 

• Resting state network   (« Resting state network »)
– Spontaneous during sleep (= Fluctuations at low frequencies ) 

synchronised (Times) in f MRI 
– Specific activation in the areas :

• Visual (A)
• Somato-sensory (B)

• Auditory Cortex  (C) 
• Langage
• Memory

– Connectivity
– Present from 26 weeks

Sensory systems development (2) 16

Preterm infants

Term

Fransson et al 2010

Which differences between the in 
utero environment and the 

« nosocomial » environment?

The NICU : an atypical environment 

Lickliter R 2000, 2012 ;  Lasky R et al. 2005 ; Liu, 2007 ; Kuhn P, 2011; White R, 2012

aqua air

External
Sounds

Maternal sounds
(mother’s voice low frequency 

Noise
NICU

Loud
Highly pitched 



Maternal Sounds
(Mother’svoice)
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Alimentary
Odors

Maternal Odors Hospital
Odors

Strong, irritating

Maternal odors

Light levels
< 50 lux

Light
10- 1500 lux

Discontinuous & variable

Soft tactile and vestibular 
stimulations

Painful 
stimuli Frequent

Repeated
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Evaluation of the postnatal auditory environment (1)

• Sound pressure levels in NICU:
– High SPLs, High Frequencies
– Chaotic, impredictible

Sound pressure levels 
recorded in incubators 

(dBA)

Philbin K et al 1999

• Auditory Environment in neonatal units:
– Persistence of high sound pressure levels

Lasky RE et al.  Pediatrics 2009

5,5% of time in the 
range of the AAP 
recommandations

Measures/week
over 20 h
In the CRIB
22 ELBW

+ 0,22 dBA/weeks

Evaluation of the postnatal auditory environment (2)

• Auditory Environment in neonatal units:
– Persistence of high sound pressure levels

Lasky RE Pediatrics 2009

Evaluation of the postnatal auditory environment (3)

Surenthiran S et al Arch Dis Child 2003

Niveaux sonores sous CPAP

Evaluation of the postnatal auditory environment (4)

23

Evaluation of the postnatal auditory environment (5)

5 days measurements 
in 2 NICU

Spectral histograms

Daytime noise levels Leq 60 dbA
Night time 58,7 dBA

Sound > 50 dBA : 
F < 500 hz  100% of time
F > 500 Hz 57% of time

Lahav A Acta Paed 2015

Excessive exposure of sick neonates to sound during transport 
Buckland et al ADC 2003

Evaluation of the auditory environment -Transport  
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What is the responsiveness of preterm 
infants to their auditory environment  ?

Nidcap Trainer’s meeting Bologna 2016 

– Artificielles, variées et intenses en mode expérimental
Segall 1972, Vrakenovic 1974, Field 1979, Wharrad 1997

Réactivité physiologique et comportementale pour 
stimulations artificielles d’intensités élevées (80 à 100 
dBA)

– Issues des services de réanimation néonatale
• Observées in vivo              Long 1980, Zahr 1995

• Enregistrées (nouveau-né à terme) Trapanotto 2004

Long et al. Pediatrics 1980

2 newborns 34 wks, 7 d. of life

9 SPs in 4 hrs,  6 led to desaturations

26Responsiveness – Sensitivity to noise 

27

• n = 11

• 31.6 weeks GA 
• D5 to  D7
• Skin conductance measured 

out of the care

• Autonomic Activations after
SP > 65 dBA in a background 
noise < 55 dBA 

Salavitabar A. et al 2010  

HSL vs BSL, p < 0.0001

Male vs female, p = 0.03

Responsiveness to sound stimuli 

Kuhn P et al. 2012, 2013 

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

 26 very preterm infants 28 Wks

Sound Peaks Identification
- 5-10 dBA > background noise
-10-15 dBA > background noise

 Background noise levels
- 50 à 59 dBA

 600 SPs during sleep
 Sleep disruption: 33 to 47 % according to SPs

Responsiveness – Sensitivity to noise (4) 

HR      RR              OxygenationSommeil

– What is the maturation of pitch perception in VPI exposed to an
atypical auditory environment ?

– What is the impact of the sound frequency on the
responsiveness and the well being of the very preterm infant ?

Objectives

Sci Rep 2016

↓capabilites to memorize tactile the shape of an object in case of concomitant noise 

63 premature Newborns: GA 30 weeks  Post-Natal Age of 17 to 20 days

Multisensory processing
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Attractiveness for biologically meaningful stimuli: mother (father) 

Social interactions

Meaningful stimuli

- Maternal voice

• Fœtus:

– Cardiac responses:
• Increase
• deceleration

Lecanuet et al. 1986, 1989,1992
De casper 1994, Groome 1997,1999
Krueger 2004

– Orient towards the 
mother’s voice

• Moon & Fifer 2000

• Full term newborn
– Behavioural Responses

• arousal,
• Orientation (head, eye, pupilla)
Querleu 1984

– Orienting cardiac reflex = 
sustained attention         
Graham 1992

– Sucking activity (play-back 
of the mother’s voice)                  
DeCasper & Fifer 1980
Moon & Fifer 1994 

Responsiveness to vocal stimulations (1)

Very preterm infants ?

Lecanuet et al 1992 DeCasper & Fifer Science 1980

• Cortical responses from 29 weeks in auditory and language
processing areas in a discrimination task (ba vs ga)

Early auditory Discrimination 

PNAS 2012
Acta Paediatr 2013

 18 couples “mother-infant”
GA > 29 weeks and Birth weight 
> 1000 g 
 Post menstrual age 34 weeks 
[32- 38]
Maternal talking and singing 
during 1 h  ( 13-14h)

 ↑ Sa 02 et HR (p < 0.001)

 ↓ Critical events (bradycardia, 
Desaturations , apnoea) (p < 0.001)

 ↑ quiet awake state (talking)

↑ deep sleep state  (singing)

Impact of the mother’s voice (1)

35

Jardri et al 2012 Int J Dev Neuroscience  

Presentation at 100 dBa
On the mother’s belly (3rd T):
• MV (Mother’s Voice)
• UFV (Unfamiliar Voice)
• PT (Pure tones) 

Analysis on 3 fetuses on 6 fMRI 

Specific Activations:
• Left Sup Temporal areas

• Voices > PT

•Specific for MV 

Voice perception in fetuses (4) 

• Cortical Activation specific for the mother’s voice
– 16 newborns  (21 h of life)
– Mis Match Negativity on cortical ERP 
– Son /a/  212 ms , 85 % témoin, 7.5% Mother , 7.5% Stranger 

36

Mother’s Voice perception in newborns (3) 

Beauchemin et al 2011 
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• Support physiological and behavioral stability by music 
listening 

– 31 newborns > 32 GA and > 1500 g
– Controled for: ambiant noise / ABR /  1H post prandial
– Music: female voice + harp

Supplementary Stimulation: Music ?

Arnon S et al Birth 2006

- 52 mother infant dyads
- 32 to 37 wks GA
- Live harp music during SSC 
has a significant effect on 
maternal anxiety

Supplementary Stimulation: Music ?

Schlez A et al. Isr Med Ass J 2011

Long term consequences ?

Environnement sensoriel 
• Exposure to voices

– Hypothesis:
• Production of vocalization at 32 wks PMA ?
• Does the exposure to adult language in NICU 

increase vocalizations between 32 and 36 weeks ?
– Methods:

• LENA language digital analyzer (count of words, vocalizations, 
excluding crying and autonomic noise) 

• 16 h recordings  at 32 & 36 wks
• Identification of « reciprocal conversations »: vocalizations and 

adult word in the following 5 s.
• Analysis in binomial regression   

Access to biologically meaningful stimuli: vocal exposure and language
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Environnement sensoriel 

Long term effect auditory environment and language 

Langage:
- 15 % vocalizations 
- 85 % adult voices 88% female voice

Infant Vocalizations:
- 5/h à 32 weeks
- 10/h à 36 weeks

Conversations (reciprocal vocalizations) :
- +20% per 1000 adult words at 32 wks
- +10% par 1000 mots adultes à 36 SA
- > during parental presence  (p<0.05)

36 newborns 
GA 27 [23-30]
Birthweight 896 [480-1415]

1st recording  32 +/-2 weeks
2nd 36 +/-2 weeks

44

Caskey M et al Pediatrics 2014

Long term effect of the  auditory environment and language 

• Comparison of the developmental effets of multiple room vs 
single/private room:
– 136 preterm infants  < 30 Wks
– Comparison left to right asymetry in the sulcus area at terme 

(langage)  

Architecture –Acoustic environment and exposure to language stimuli

Pineda R et al J pediatr 2014

• Significant differences with detrimental effects for newborns 
in private rooms…
– ↘Language performances at 2 years
– More motor problems 
– Persisting in multivariate analyses for confounding factors 

• But !
– More families with Medicaid in private rooms 
– Few parental presence and  very few KMC 
– Different results if private rooms with high family’s presence  ?

Pineda R et al J pediatr 2014

Architecture –Acoustic environment and exposure to language stimuli

• Single room :
– « too quiet » ?
– Closed incubators limiting ambiant noise 
– Social isolation, deprivation in language stimuli
– Deprived environment if parental absence

Rand & Lahav Acta Paed 2013

Architecture –Acoustic environment and exposure to language stimuli

• Room with multiple beds
– « Too loud ? »
– Open crib increase the exposure to artificial sounds and numerous

different voices
– Reverberation, complex sound stimuli, chaotic and continuous
– No/poor acces to vocal stimuli

Rand & Lahav Acta Paed 2013

Architecture –Acoustic environment and exposure to langage stimuli
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49
Lester BJ,  Pediatrics 2014, J Pediatr 2016

216 VPT infants

- Mean GA 27 +/- 1,7 wks

- Open-bay rooms (n=93)
- SF rooms (n=123) 

Architecture –Acoustic environment and exposure to language stimuli

50

Conclusions: High maternal involvement is associated with 
improved 18 month neurodevelopmental outcome  
especially in infants cared for in a SFR-NICU  

Architecture –Acoustic environment and exposure to language stimuli

Lester BJ,  Pediatrics 2014, J Pediatr 2016

Recommendations

• Implement efficient strategies to continuously lessen SPLs and 
attenuate their variations near VPIs, to protect infants from 
deleterious exposure to noise.

• Respect the Recommendations for permissible noise criteria 
levels in the neonatal intensive care unit (NICU)
– Leq < 45 dBA → < 40 dBA
– L10 < 50-55 dBA
– L max < 65 dBA
– Attention to signal to noise ratio also !

• Avoid auditory deprivation and provide a nurturing environment 
with language stimuli and direct talking (especially parents)

General recommendations / Sound 

AAP Pediatrics 1997 
Philbin et al. Sound Study Group J Perinatol. 1999
Recommended Standards for NICU design 2006,2012

53 54
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Newborns 

Hospital
Medical 
Nursing  
teams 

Newborn

Parents

Acoustic engineering
Architecture / building
Noise criteria material
Multidisciplinary noise team

Presence !
Skin to skin
Direct talking and singing

Teaching
Measures / Information
Action plan
Individual talking

Adapt to the newborn’s 
signs and behaviour

Health care authorities

General recommendations / Sound 

• Practical applications
General recommendations / Sound 

Recommended Acoustic Environnement

↓ Exposure to deleterous stimulations ↑ Exposure to the maternal/human voice

Materials
- Pitch and Level of the alarms
- reverberation incubator
- steril bag 

Recommandations …SNR  !

Behaviors /Strategies

Architecture

SSC in a quiet environment

Visitors → Primary caregivers
Encouraged to talk to their infants

Motherese language and direct talking  

Auditory protection in special 
circumstances

Gaps in knowledge

• Opportunities for future research are the evaluation 
of:

• - The hedonic responses of preterm infants to 
specific auditory stimuli. 

• - The long term effect of the early auditory 
environment on early communication abilities, 
language development and the bonding process.

• - The benefit (?) of additional auditory stimuli (music 
> recorded maternal sounds)

• T- Which babies would benefit at best ? 

Conclusion  

• Possible to adapt the HOSPITAL environment to the infants needs
• Multidisciplinary Team work 
• Protect VPT from the hospital auditory stressors
• Supporting access to direct biological meaningful signals coming 

from the mother (father) during multimodal conruent experience 
of SSC 

• Individualization of the auditory environment in the NIDCAP 
context

• Early maternal vocal contact appears essential for providing more 
nurturing environment

• Future areas of research !

• More humane neonatal care

• Maternal Voice Intervention and Preterm Infant Brain Development: 
Bridging the Gaps Between Research and Practice 
M. Filippa, P. Kuhn, B. Westrup

Springer 2017

• Ultra - intervention meeting 
B. Westrup and the KI NIDCAP Team

Stockholm 2017 March 23rd
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• Newborns and their parents 

• CNRS/UDS LINC Cronenbourg
– André Dufour, Thierry Pebayle , Alain Hoeft
– Claire Zores-Koenig

• CHU/UDS:
– Nursing-medical teams/ NIDCAP group
– Claire Zores-Koenig, Claire Langlet
– Benoit Escande, Dominique Astruc

• Association ESPPACES:
– Parents and infants   
Paramedical and medical teams  

• Groupe de Réflexion et d’Evaluation de 
l’Environnement des Nouveau-nés 

• NIDCAP France  NFI
– Jacques Sizun, Nathalie R,

• Karolinska Institute
– Hugo Lagercrantz, Björn Westrup
– Marco Bartocci, Jakob Frie
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