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Condensation: Measurement of in utero acoustic attenuation in fetal sheep across the
audio range (100Hz-20kHz, at 6Hz intervals) revealed significant transmission of

external noise sources.

Short version of title: Evaluation of fetal exposure to external sound sources

AJOG at a glance:

A. There are no prior studies providing fine frequency measurement data of in utero
acoustic attenuation characteristics across the audio range, between 100 Hz and 20
kHz.

B. Measurement of sound attenuation in the uterus of pregnant ewes shows that, at
specific frequencies and relative to a given microphone location, the external noise
source is attenuated by as little as 3 dB through the abdominal wall and uterine cavity.

C. Measurement of the attenuation of acoustic sources through the abdominal wall
indicates that significant frequency content above 10 kHz is transmitted inside the
uterus.

D. The measured transfer functions were used to determine an impulse response function
which was convolved with a music sample to provide a qualitative representation of

the degree of in utero attenuation across the audio range.
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Abstract

Background: There is mounting evidence that hearing develops mainly in the third
trimester of pregnancy and that premature newborns are particularly sensitive to the
intense, sustained noises or impulses sounds associated with the use of intensive care
equipment. One area of critical importance is the determination of sound levels within the
womb and the fetal ear. Non-auditory effects could result in mechanical damage to the
fetus as a result of noise exposure. The attenuation factors provided by the abdomen and
tissue as well as the routes by which the inner ear receives stimulation need careful
consideration and investigation to provide protection from the sound levels and
frequencies at which harm may be caused.

Objective: To measure the in utero acoustic transfer characteristics on a fetal sheep
model in fine frequency steps between 100 Hz and 20 kHz, i.e. across most of the human
audio range.

Study Design: We measured acoustic transfer characteristics in vivo in six time-mated
singleton pregnant Romney ewes (gestational age 103-130 days, weight 54-74 kg).
Under general anaesthesia and at hysterotomy, a calibrated hydrophone was attached to
the occiput of the fetal head within the amniotic sac. Two calibrated microphones were
positioned in the operating theatre, close to the head and to the body of each ewe. Initial
experiments were carried out on three pregnant ewes three days after transport recovery,
to inform the data acquisition protocol. This was followed by detailed data acquisition of
three pregnant ewes under general anaesthesia, using external white noise signals.
Voltage signals were acquired with two calibrated microphones, located near the head

and the body of each ewe and with a calibrated hydrophone located in the amniotic fluid.
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Acoustic attenuation values were obtained from transfer functions estimated using
Welch’s averaged modified periodogram method on the deconvolved microphone and
hydrophone signals.

Results: Measurement of acoustic attenuation through the abdominal wall indicates that
significant frequency content above 10 kHz is transmitted into the amniotic sac, and that
some frequencies are attenuated by as little as 3 dB. The measured transfer functions
were obtained throughout the human audio range in of 6 Hz steps.

Conclusion: This study provides key information about in utero sound transmission of
external noise sources, beyond physiological noise (cardiovascular, respiratory, and
intestinal sounds). It demonstrates the requirement for fine frequency acoustic attenuation
characteristics to be obtained to inform standards and clinical recommendations on
exposure of pregnant women to noise. Such transfer functions may also inform the design
of filters to produce an optimal acoustic setting for occupational noise exposure and for

neonatal incubators.

Key Words: in utero acoustics, convolution, fetal auditory exposure, fetal sheep



O©CO~NOOOTA~AWNPE

Introduction

Human hearing develops mainly in the third trimester of pregnancy. Anatomical studies
have shown that the cochlea and peripheral sensory-end auditory organs of the human
fetus are fully formed by 24 weeks." Maturation of the auditory pathways of the central
nervous system develop from the beginning of the third trimester of pregnancy, with
significant activation to sound seen in the left temporal lobe of the fetal brain, confirming
that sound processing occurs beyond the reflexive sub-cortical level.> Ultrasonographic
observations of blink-startle responses to vibroacoustic stimulation are first elicited from
24 weeks of gestation, and are consistently present after 28 weeks' whereas maternal
voice recognition in utero appears between 33 and 34 weeks of gestation.®

Auditory change detection is crucial for the development of the auditory system
and a prerequisite for language development.** Interpretation of acoustic and linguistic
information on intrauterine recordings suggests that the prosodic features of speech (pitch
contours, rhythm, and stress) are detectable by the fetus. Extensive prenatal exposure to a
melody or to specific human speech induces neural representations that last for several
months™®, and may contribute to language acquisition during the first year after birth. The
hearing threshold or intensity at which neonates perceive sound at 27-29 weeks of
gestation is approximately 40 dB®, decreasing to a nearly adult level of 13.5 dB by 40-42
weeks of gestation, indicating continuing postnatal maturation of acoustic neural
pathways.

During pregnancy, the fetus is exposed both to internal sounds, such as the
maternal heartbeat, voice and other body sounds, as well as external sounds that cross the

different tissue layers of the maternal abdomen.” Fetal exposure to artificial environment
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noise has changed dramatically in the second half of the 20™ century, in particular in
urban areas. Sound is transmitted easily into the uterine environment.® A recent
population based cohort study has shown an association between occupational noise
during pregnancy and hearing dysfunction in children.? In fetal sheep, exposure to intense
broadband noise altered the fetal auditory brain stem response and damaged cochlea hair
cells.® Noise levels over 100 dB, that are capable of damaging cochlea hair cells, have
been recorded in adult intensive care units."* Excessive noise is implicated in intensive
care psychosis, increased pain sensitivity and high blood pressure, poor recovery and
higher risk of readmission. In 1997, the American Academy of Pediatrics Committee on
Environmental Health expressed concern about the effect of high noise levels on the fetus
and newborn and recommended further research.*?

A systematic review using the World Health Organization (WHO)
environmental noise guidelines for the European region found associations between
environmental noise, specifically aircraft and road traffic noise and adverse birth
outcomes including preterm birth and low birth weight."® The quality of the evidence was
found to be low in particular in older studies due to limitations in the recording
technology. One of the most prevalent types of noise exposure in working women is
occupational noise. A recent Swedish nationwide cohort study has shown that full-time
exposure to high levels of occupational noise during pregnancy is associated with slightly
reduced fetal growth but not with premature birth.!* The effect of intermediate
occupational noise exposure (75-85 dBA) showed a small, but statistically increased risk
for all studied birth outcomes, strengthening the evidence that pregnant women should

not be subject to a long-term exposure to levels >85 dBA of occupational noise during
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pregnancy. Other high sound levels for fetuses include music concerts, environmental
noise and fetal stimulation devices. The latter are of particular concern, as there is a
pervasive myth, supported by a myriad of websites that playing music to your unborn
fetus will enhance its cognitive abilities throughout its life.

Previous experiments in sheep and goats have indicated that intra-uterine noise is
predominantly low-frequency®, whereas energy above 0.5 kHz is attenuated by 40 to 50
dB.21%!" Sheep experiments have also indicated that sounds in the environment of a
pregnant woman penetrate the tissues and fluids surrounding the fetal head and stimulate
the inner ear through a bone conduction route.? These data are limited by the quality of
recording technology and access to computer models enabling the translation of animal
data into human data. Amid somewhat inconsistent literature findings, it is critical to
improve upon previous experimental designs to help quantity the potential for fetal
physiological damage resulting from exposure to high levels of noise during pregnancy.
The aim of our study was to use state-of-the-art data acquisition systems and calibrated

instrumentation to measure the in utero acoustic transfer characteristics on pregnant ewes.

Materials and Methods

Two sets of experiments were carried out, each involving three time-mated pregnant
Romney ewes carrying singleton fetuses (103—-130 days of gestation, weight range 54-74
kg) supplied by the Royal Veterinary College (Hertfordshire, UK). All procedures on
animals were conducted in accordance with U.K. Home Office regulations and the
Guidance for the Operation of Animals (Scientific Procedures) Act (1986). Ethics

approval was provided by the animal studies committees of the Royal Veterinary College
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and the University College London, United Kingdom. General anaesthesia was induced
with thiopental sodium 20 mg-kg™ intravenously (Thiovet; Novartis Animal Health UK
Ltd, Hertfordshire, UK) and after intubation, animals were maintained with 2-2.5%
isoflurane in oxygen (Isoflurane-Vet, Merial Animal Health Ltd, Essex, UK) as
described.™ The gestational age was confirmed using ultrasound examination of fetal size
according to standard measurements. The abdomen was sheared, cleaned with povidone
iodine and draped. Laparotomy was performed using a midline incision below the
umbilicus and the abdomen was opened in layers. In an area of myometrium away from
placentomes, a 5 cm uterine incision was performed over the fetal head which was then
exteriorized through the uterine incision.® Babcock clamps were used to compress the
amniotic membrane against the uterine wall in order to minimize bleeding and reduce
amniotic fluid loss. A calibrated hydrophone was sutured to the occiput of the fetal head
and cabling was secured to the posterior aspect of the fetal neck using 2.0 Prolene
(Ethicon, Ohio, USA). This hydrophone features a flat frequency response (+1 dB)
between 100 Hz and 20 kHz. The uterine incision was closed in two layers as described.*®
The cabling from the hydrophone was then exteriorized onto the ewe’s right flank and
secured to the skin. Antibiotics for infection prophylaxis and analgesia were given to the
ewe at the end of the procedure as described®®. The abdomen was then closed in layers.
In the first set of experiments, one of the ewe was allowed to recover and sound
experiments were conducted three days after transport in an open stable area. A
companion sheep was always placed in the same stable area as the awake experimental
animal. In the second experiments, the ewes were maintained under general anaesthesia

until the end of the experiment. When sound experiments were completed, animals were
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killed with an overdose of Pentobarbitone (Thiovet; Novartis Animal Health UK Ltd,
Hertfordshire, UK). The preliminary experiments investigated whether the study carried
out by Gerhardt et al.® could be replicated using modern hydrophones and digital
recording technology. The preliminary experiments (Appendix 1) were needed to
overcome the challenges of positioning the hydrophone inside the amniotic sac and were
of a more qualitative nature than the main experiments (Appendix 2). The experimental
setup is shown in Figure 1.

The Waveform Audio File Format (WAYV) files corresponding to the hydrophone
and microphone output voltage signals were imported into Matlab for signal processing.
The methodology used to estimate the attenuation resulting from the maternal tissues and
fluid is based on a transfer function estimate, whereby the frequency content of the
hydrophone signals is compared with that of the microphone signals and frequency
domain transfer characteristics derived. This data processing protocol is described in

Appendix 2.

Results
Figures 2 (a & b) show the microphone and hydrophone white noise excitation acoustic
pressure signals obtained on ewe 2 for the 6™ repeat of the main experiments,
respectively. Calibration correction factors were applied. The signals were de-trended and
then filtered using a 5™ order Chebyshev bandpass filter with upper and lower —3 dB cut-
off points at 100 Hz and 25 kHz, respectively.

From the acoustic pressure data displayed in Figure 2a, the sound pressure level

(SPL) for each white noise burst was calculated using the RMS pressure value. On this
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particular repeat, a logarithmic average of the 20 SPL values was found to be 106 dB at
the head microphone location and 107 dB at the body microphone location. The ambient
SPL inside the operating theatre, calculated from a logarithmic average of four repeat
measurements each of 98 s duration, with the loudspeaker switched off, was found to be
72 dB at the head microphone location and 77 dB at the body microphone position. The
background noise recorded by the amniotic sac hydrophone for corresponding
measurements was found to be 96 dB. Since physiological noise (breathing, digestive
noises, etc.) was reported by Gerhardt et al.? to be of the order of 50 dB, it is likely that
this noise is a result of RF interference. This was indeed confirmed by looking at the
spectral content of the signal. A logarithmic average of the SPL during the white noise
excitation intervals was obtained as 102 dB. Assuming that the RF noise is not coherent
with the white noise excitation signal, the SPL inside the amniotic sac is therefore 101
dB, i.e. only 5-6 dB lower than at the two operating theatre microphone locations.

For each repeat measurement, 20 transfer functions estimates were obtained, i.e.
one for each white noise burst (see Appendix 2). Figures 3(a & b) show the microphone
to hydrophone transfer function estimates, as a function of frequency between 100 Hz
and 20 kHz. The mean together with the mean p plus or minus the standard deviation o is
plotted, based on the data set comprising 80 transfer function estimates from the four
repeat measurements. The above procedure was repeated to derive the corresponding
microphone and hydrophone output signals for ewe 3.

From the data in Figure 4a, the logarithmic average of the SPL for the 20 white
noise bursts was found to be 107 dB for the body microphone and 109 dB for the head

microphone. The background SPL in absence of any loudspeaker excitation was found to
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be 72 dB at the body microphone locations and 77 dB at the head microphone location.
These figures are comparable with those recorded with ewe 2 inside the operating theatre.
The hydrophone inside the amniotic sac recorded a logarithmic average SPL of 103 dB
over the 20 white noise bursts. The background noise recoded by the amniotic sac
hydrophone for was found to be 98 dB. Hence the SPL recorded by the hydrophone is
102 dB when removing contribution from the noise, assuming that the latter is not
coherent with the loudspeaker signal. This indicates that the SPL inside the amniotic sac
is therefore only 5-7 dB lower than at the two operating theatre microphone locations.
Again, this result is comparable to that obtained for ewe 2. Following the same procedure
as for ewe 2, the transfer function estimates are displayed in Figures 5a and 4b, for both

microphone locations.

Comment

Main findings

Acoustic transfer characteristics measured on two pregnant Romney ewes between 100
Hz and 20 kHz at 6 Hz intervals, reveal that significant transmission of external noise
sources occurs across much of the audio range. In one ewe, a hydrophone inserted inside
the amniotic sac recorded a 4-dB attenuation between 200 Hz and 400 Hz, with respect to
a microphone inside the operating theatre, placed near the body of the ewe. A common
increase in the transfer characteristics above 8 kHz was observed in both ewes.

Strengths and limitations

A key strength of this study is that the excitation protocol used, involving a broadband

loudspeaker to reproduce segments of white noise, enables the transfer functions from
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microphone locations inside the operating theatre to a hydrophone location inside the
amniotic fluid, to be evaluated with fine frequency resolution throughout most of the
human audio range. Furthermore, the use of the H; estimator (see Appendix 2) helps
remove contamination from uncorrelated output noise, helping to overcome the poor
signal-to-noise ratio of the hydrophone signals. A key factor not previously studied in
the ovine experiments is the quality of the transmission of the maternal voice to the
fetus and the interaction between internal and external sounds and their cumulative
effects. That there is significant transmission is supported by the growing evidence that
the third trimester fetus responds to the maternal voice®, and is suggested by the fact
that neonates respond to native language immediately post-birth.?°

Differences in attenuation response trends are reported, depending on the animal,
which are likely to be due to both variations in anatomy and in acoustic tissue properties.
It is possible that such behaviour results from internal acoustic modes which are specific
to the animal. We found that the microphone location may have an impact on the overall
transfer function estimate (Figures 3 and 5). This is likely to be due to the complex
acoustic environment inside the operating theatre. Reflections on surfaces within the
room, together with acoustic resonances will impact on the transfer function estimate.
Ideally, such experiments would be carried out in an anechoic room but such an
undertaking would be technically very challenging. Depending on the position of the
microphone inside the room, and with respect to the animal, the acoustic transfer
characteristics between the loudspeaker and the microphone vary. The existence of anti-
resonances in the transfer functions may in some cases be due to room modes which may

be picked up more prominently at one microphone positions rather than another. For
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example, it is likely that the trough at around 750 Hz in Figure 3b results from a room
resonance that is more prominent at the location of the head microphone than that of the
body microphone.
Comparison with existing literature
Like previous authors, we have used the sheep model because the similarities between the
sheep and human fetus in size and function make it the most widely used animal for
studying fetal physiology and give clinical relevance to these experiments. Previous in
vivo experiments in the near-term ewe have indicated that of the external airborne
sounds, only the low frequency (below 0.3 kHz) components reach the womb interior,
and that frequencies above 0.5 kHz are attenuated by 40 to 50 dB.”® Overall, previous
studies show that low-frequency sound energy easily penetrates to the fetal head, with
less than 5 dB attenuation for frequencies below 0.5 kHz, whereas higher frequencies are
attenuated by up to 20 to 30 dB. The sound energy in amniotic fluid stimulates fetal
hearing through a bone conduction route rather than through the external and middle ear
systems®. Intrauterine sound recording in humans during labour after membrane rupture
showed that low-frequency sounds (0.125 kHz) generated outside the mother were
enhanced by an average of 3.7 dB.?? There is a gradual increase in attenuation for
increasing frequencies, with a maximum attenuation of 10.0 dB at 4.0 kHz but the
interpretation of these data is difficult in the absence of amniotic fluid around the fetus.
The study described in this paper confirms that, at specific frequencies, the
abdominal wall, together with overlying tissue and the amniotic fluid provide as little as
2-3 dB acoustic attenuation of external airborne sound inside the womb environment at

frequencies below 1 kHz, confirming the results of previous studies.”® Above 1 kHz, the
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attenuation increases to 20—40 dB, depending on the animal and position of the external
microphone. Above 10 kHz, the improved measurement protocol used in this study
reveals that significant external sound is transmitted into the womb and that attenuation is
as little 3 dB at 11 kHz in one ewe. These results support the study carried by Lecanuet et
al.?® and may corroborate the theory that internal resonances are responsible for the
increase in in utero sound transfer characteristics at frequencies above 10 kHz.

Exposure to MRI during the first trimester of pregnancy compared with non-
exposure was not associated with increased risk of harm to the fetusor in early
childhood®*. Prenatal exposure to 1.5-T MRI during the second or third trimester of
pregnancy in a cohort of healthy fetuses is not associated with disturbances in functional
outcomes or hearing impairment at preschool age.®® These are epidemiological
(retrospective) studies and thus limited in the evaluation of actual noise exposure.

Premature newborns are exposed to a non-physiological environment to keep the
baby alive without medical support until its lungs and digestive tubes have fully
developed. There is evidence that improving the quality of the environment of the
premature baby in a neonatal intensive care unit (NICU) from birth can positively
influence cognitive and social development later in children. A recent review? has shown
that all recordings of maternal voice at sound levels are above current recommendations
and that few of the findings on the positive effects of these recordings reached statistical
significance.

Conclusions and implications
Our findings support the epidemiological evidence that pregnant women should not be

long-term exposed to high level occupational noise'® and highlight the importance of
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providing the premature neonate in NICU with a physiological environment as close as
possible to the environment to which it would have been exposed had the pregnancy
continued to term.

Improving the environment for preterm born babies has been highlighted in a top 15
priorities for preterm birth research by a recent Priority Setting Partnership with patients
and the public lead by the James Lind Alliance.?” The integration of these in vivo data
into a computerised model together with available anatomical human data will enable us
to develop a sound filter representative of the in utero physiological environment, which

may then be integrated in a prototype womb-like incubator.



O©CO~NOOOTA~AWNPE

16

Acknowledgements

The authors wish to thank Sonic Womb Productions Ltd and Dr Nathalie Samani for their
technical support; Justin Ablitt, Nick Lucas and Nick Crawford at National Physical
Laboratory Acoustics Group (Teddington, UK) for their assistance with hydrophone and
microphone measurements; and Dr Dan Scott for his to his contribution to the
preliminary experiment filter design. ALD is supported by funds from the National
Institute for Health Research University College London Hospitals Biomedical Research

Centre.



O©CO~NOOOTA~AWNPE

17

References

1. Birnholz JC, Benacerraf BR. The development of human fetal hearing. Science.
1983;222:516-8.

2. Jardri R, Pins D, Houfflin-Debarge V, et al. Fetal cortical activation to sound at 33
weeks of gestation: a functional MRI study. Neuroimage. 2008;42:10-8.

3. Jardri R, Houfflin-Debarge V, Delion P, Pruvo JP, Thomas P, Pins D.
Assessing fetal response to maternal speech using a noninvasive functional brain imaging
technique. Int J Dev Neurosci. 2012;30:159-61.

4. Partanen E, Kujala T, Tervaniemi M, Huotilainen M. Prenatal music exposure induces
long-term neural effects. PLoS One. 2013;8:e78946.

5. Partanen E, Kujala T, Ndatédnen R, Liitola A, Sambeth A, Huotilainen M. Learning-
induced neural plasticity of speech processing before birth. Proc Natl Acad Sci U S A.
2013;110:15145-50.

6. Lary S, Briassoulis G, de Vries L, Dubowitz LM, Dubowitz V. Hearing threshold in
preterm and term infants by auditory brainstem response. J Pediatr. 1985;107:593-9.

7. Abrams RM, Gerhardt KJ. The acoustic environment and physiological responses of
the fetus. J Perinatol. 2000;20:S31-6.

8. Gerhardt KJ, Abrams RM, Oliver CC. Sound environment of the fetal sheep. Am J
Obstet Gynecol. 1990;162:282-7.

9. Selander J, Albin M, Rosenhall U, Rylander L, Lewné M, Gustavsson P. Maternal
Occupational Exposure to Noise during Pregnancy and Hearing Dysfunction in Children:
A Nationwide Prospective Cohort Study in Sweden. Environ Health Perspect.

2016;124:855-60.



O©CO~NOOOTA~AWNPE

18

10. Gerhardt KJ, Pierson LL, Huang X, Abrams RM, Rarey KE. Effects of intense noise
exposure on fetal sheep auditory brain stem response and inner ear histology. Ear Hear.
1999;20:21-32.

11. Xyrichis A, Wynne J, Mackrill J, Rafferty AM, Carlyle A. Noise pollution in
hospitals. BMJ. 2018;363:k4808

12. American Academy of Pediatrics Committee on Environmental Health. Noise: A
hazard for the fetus and newborn. Pediatrics. 1997;724—7.

13. Nieuwenhuijsen MJ, Ristovska G, Dadvand P. WHO environmental Noise Guidelines
for the European Region: A systematic review on environmental noise and adverse birth
outcomes. Int J Environ Res Public Health. 2017;14.

14. Selander J, Rylander L, Albin M, Rosenhall U, Lewné M and Gustavsson P. Full-time
exposure to occupational noise during pregnancy was associated with reduced birth
weight in a nationwide cohort study of Swedish women. Sci Total Environ.
2019;651:1137-43.

15. Lasky RE, Williams AL. The development of the auditory system from conception to
term. Neo Reviews. 2005;6:e141-152.

16. Griffiths SK, Brown WS Jr, Gerhardt KJ, Abrams RM, Morris RJ. The perception of
speech sounds recorded within the uterus of a pregnant sheep. J Acoust Soc Am.
1994;96:2055-63.

17. Graham EM, Peters AJ, Abrams RM, Gerhardt KJ, Burchfield DJ. Intraabdominal

sound levels during vibroacoustic stimulation. Am J Obstet Gynecol. 1991;164:1140-4.



O©CO~NOOOTA~AWNPE

19

18. Mehta V, Abi-Nader KN, Peebles DM, Benjamin E, Wigley V, Torondel B, Filippi E,
Shaw SWS, Boyd M, Zachary I, Martin J, David AL. Local over-expression of human
VEGF-Ass Iin the mid-gestation pregnant sheep uterine artery leads to a sustained
increase in uterine artery blood flow and altered vascular reactivity. Gene Therapy
2011;15:1344-5

19. Abi-Nader KN, Mehta V, Shaw SW, Bellamy T, Smith N, Millross L, Laverick B,
Filippi E, Boyd M, Peebles DM, David AL. Telemetric monitoring of fetal blood
pressure and heart rate in the freely moving pregnant sheep: a feasibility study. Lab
Anim. 2011;45:50-4.

20. Moon C, Lagercrantz H. and Kuhl P, Language experienced in utero affects vowel
perception after birth: a two-country study. Acta Paed. 2013;102,156-60.

21. Gerhardt KJ, Huang X, Arrington KE, Meixner K, Abrams RM, Antonelli PJ. Fetal
sheep in utero hear through bone conduction. Am J Otolaryngol. 1996;17:374-9.

22. Richards DS, Frentzen B, Gerhardt KJ, McCann ME, Abrams RM. Sound levels in
the human uterus. Obstet Gynecol. 1992;80:186-90.

23. Lecanuet JP, Gautheron B, Locatelli A, Schaal B, Jacquet AY, Busnel MC. What
sounds reach fetuses: biological and nonbiological modeling of the transmission of pure
tones. Developmental Psychobiology: The Journal of the International Society for
Developmental Psychobiology. 1998 Nov;33(3):203-19.

24. Ray JG, Vermeulen MJ, Bharatha A, Montanera WJ, Park AL. Association
Between MRI Exposure During Pregnancy and Fetal and Childhood Outcomes. JAMA.

2016;316:952-61.



O©CO~NOOOTA~AWNPE

20

25. Bouyssi-Kobar M, du Plessis AJ, Robertson RL, Limperopoulos C. Fetal magnetic
resonance imaging: exposure times and functional outcomes at preschool age. Pediatr
Radiol. 2015;45:1823-30.

26. Krueger C. Exposure to maternal voice in preterm infants: A review. Adv Neonatal
Care. 2010;10:13-20.

27. Duley L, Uhm S, Oliver S on behalf of Preterm Birth Priority Setting Partnership
Steering Group. Top 15 UK research priorities for preterm birth. Lancet 2014;383:2041-
2042. PMID: 24931684

28. Welch PD. The use of Fast Fourier Transform for the estimation of power spectra: a
method based on time averaging over short, modified periodograms. IEEE Trans. Audio

Electroacoust. 1964;15:70-73.



O©CO~NOOOTA~AWNPE

21

Figure legends

Figure 1. Schematic of data acquisition setup involving the measurement of in utero
sound attenuation in pregnant Romney ewes. An acoustic source was placed in the room
and excited with bursts of white noise, generating spectral content between 100 Hz and
20 kHz. The sound was detected by the two microphones and the one hydrophone in the
amniotic cavity and data transferred via cables to the computer.

Figure 2. (a) Microphone output signals resulting from white noise burst excitation
signal for ewe 2 (main experiment). (b) Amniotic sac hydrophone output signal resulting
from white noise burst excitation signal for ewe 2. All signals are corrected for
calibration factors.

Figure 3. (a) Body microphone to amniotic sac hydrophone transfer characteristics for
ewe 2 (main experiments). (b) Head microphone to amniotic sac hydrophone transfer
characteristics for ewe 2 (main experiment).

Figure 4. (a) Microphone output signals resulting from white noise burst excitation
signal for ewe 3 (main experiment). (b) Amniotic sac hydrophone output signal resulting
from white noise burst excitation signal for ewe 3 (main experiment). All signals are
corrected for calibration factors.

Figure 5. (a) Body microphone to amniotic sac hydrophone transfer characteristics for
ewe 3 (main experiment). (b) Head microphone to amniotic sac hydrophone transfer

characteristics for ewe 3 (main experiment).
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Supplementary Material

Appendix 1. Preliminary experiments in pregnant ewes to establish proof-of-concept.

A hydrophone (50 mm length and 9.5 mm diameter) was attached to a 3 m shielded
Teflon cable. The hydrophone and amplifier were calibrated with a piston phone (B&K
model 4223). Calibration signals of the hydrophone and microphone were recorded on
tape to assure accuracy of sound pressure during playback. Acoustic signals were
recorded with B&K a miniature hydrophone (model 8103), amplified (B&K model 2635
amplifier) and recorded (B&K FM tape recorder model 7005). The outputs from the
sound level meter, located 50 mm directly above the back of each of the three Romney
ewes and from the implanted hydrophone, were continuously recorded on two channels
of the recorder. A separate channel was available for comments by the experimenter.
Recordings were typically made for up to four hours. A place for tethering the ewe was
chosen in a low-reflection acoustic environment in an open stable area. The output and
direction of two matched speakers located 2 m distant were carefully adjusted to produce

a uniform sound pressure level (+3 dB) in the space occupied by the ewe.

A range of audio material was used to excite the loudspeakers with. This included:
e Comparisons of room ambient noise — frequency responses to low level sound
stimulus before the test recordings are played.
e Comparisons of frequency responses to white noise.
e Comparisons of frequency responses to the bleating of the ewe. This was chosen
to simulate how the “mother’s voice” is present inside and outside the womb.
e Analysis of moments when the internal sounds of the ewe (heartbeat etc.) are

present and audible.



The analysis focused on one second bursts of sound during each of the events outline
above. It should be noted that the hydrophone data which was acquired was not absolute,
in that calibration factor of the hydrophone was not considered. These experiments were
carried out with a primary aim of ensuring that signal inside the womb of each ewe could
be acquired as a result of the loudspeaker excitation. Thus far, nearly all the literature
suggests that external sounds are attenuated incrementally from around 200 Hz to an
approximate 40 dB attenuation at 10 kHz. One study suggests that above around 12 kHz
some frequencies are increased again.”® The results from these preliminary experiments
support previous evidence of a general attenuation from around 500 Hz to 1 kHz up to 10
kHz and beyond. In this study, attenuation ranges from 0—10 dB at around 1 kHz to up to
30 dB at 15 kHz. Some of the frequency responses charts also display an increase in

frequency at around 15 kHz.%



Appendix 2. Measurement set-up and protocol used in main experiments on three
pregnant ewes.

The sound source consisted of a Yamaha HS7 studio monitor, which was positioned on a
stand in the operating theatre approximately 2 m from the ewes. This source is a two-way
bi-amp powered studio monitor and was chosen for its flat frequency response between
43 Hz and 20 kHz (-3 dB). Additionally, the loudspeaker is able to generate sound
pressure levels in excess of 100 dB re 2x10™ Pa 1 m from the source, thus helping to
overcome potential low in utero signal-to-noise ratios. Two calibrated Briel and Kjeer
microphones were positioned inside the operating theatre: close to the head (condenser
0.5-inch cartridge type 4133) and near the body (free-field 0.5 inch type 4190) of each
ewe. Both microphones feature a flat frequency response between 20 Hz and 20 kHz (-1
dB). The loudspeaker was connected to a Lenovo laptop computer via a Sound Devices
552 Portable Production Mixer. For ewes 1, 2 and 3, the excitation protocol consisted of
26 pure tone signals of frequency 39 Hz to 12 kHz, in third octave bands. For ewes 2 and
3, an additional excitation protocol was used, which featured 20 bursts of white noise. On
ewe 2, each burst was of 5 s duration and interspaced by 3 s of silence. On ewe 3, due to
time constraints, the duration of the white noise burst was reduced to 2 s, with 2 s of
silence in between bursts. Four repeats of the pure tone excitation protocol were carried
out on ewes 1 and 2 and two repeats on ewe 3. Four repeats of the white noise excitation
protocol were carried out on ewes 2 and 3, thus a total of 80 white noise bursts. The
inconsistency of the experimental protocol was essentially the result of time constraints.
All-time series waveforms were generated using Matlab and exported as WAV files, with

a 96 kHz sampling frequency and a 24 dB dynamic range. The WAV files were



subsequently imported into the Audacity digital audio workstation and MIDI sequencer
software for playback.

All microphones and the Neptune Sonar D/140 spherical transducer hydrophone
were connected to a National Instruments (model NI USB 6250) data acquisition system.
All hydrophone and microphone signals were acquired using a sampling frequency of
100 kHz and with a dynamic range of 24 dB and were subsequently exported as WAV
files.

In order to gain a further understanding of how effectively various sounds are
transmitted into the abdomen, it is of interest to estimate the transfer characteristics as a
function of frequency. Whilst the contamination of the output signal by uncorrelated
noise may appear problematic in this context, there exist established signal processing
tools which can help overcome this. If the output noise is uncorrelated with the input
signal, a transfer function estimate can be obtained based on calculating the quotient of
the cross power spectral density of the signals and the power spectral density of the input
signal. These quantities may be calculated using Welch’s averaged, modified
periodogram method?®. In the presence of output noise uncorrelated with the input signal,
the H, estimator option may be used within the Matlab tfestimator function. The relevant
segments of the signals were selected by correlating the hydrophone and microphone
voltage waveforms. A 1024 point Hanning window was used, with no overlap between
the adjoining segments. 2'* sampling points were used to compute the discrete Fourier

transforms.



