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BACKGROUND AND OBJECTIVE: Hospitalized preterm infants experience reduced meaningful auditory exposures during a critical
period of brain development. Music-based interventions (MBI) may be beneficial, though it remains unclear which stimuli optimally
enhance infant stabilization. We investigated the relationship between three conceptually-different MBIs and short-term responses
in hospitalized preterm infants.

STUDY DESIGN: This is a case-crossover pilot study including 21 preterm infants between 30 and 35 weeks postmenstrual age.
Participants listened to three MBIs and ‘no music’; each condition was provided three times in random order. We monitored
physiologic and behavioral parameters around each exposure and analyzed results using linear mixed models.

RESULTS: Respiratory rates decreased after each MBI compared with ‘no music’ (p = 0.02). The most notable decrease occurred
following exposure to a low, repetitive musical pattern resembling a lullaby (p = 0.01). We noted no significant changes for the
remaining parameters.

CONCLUSION: Specific MBI characteristics may preferentially enhance physiologic stabilization in hospitalized preterm infants.

Journal of Perinatology (2024) 44:665-670; https://doi.org/10.1038/s41372-024-01907-5

INTRODUCTION

Infants born preterm undergo a critical period of brain develop-
ment, including of the auditory cortex, while hospitalized in the
Neonatal Intensive Care Unit (NICU) before term-equivalent age
[1, 2]. During this period, preterm infants experience limited
enriching auditory input, such as human voice, which increases
risk for later adverse outcomes [3, 4. Instead, the NICU auditory
environment is often composed of loud equipment noises,
excessive silence [4, 5]. In addition, preterm infants also
experience significant medical morbidities, often requiring related
cumulative atypical neurosensory experiences, all of which
contribute to adverse neurological outcomes [6-9]. Emerging
data suggest that optimizing the development of sensory
functions in early infancy may enhance preterm brain maturation
[10, 11] with resultant long-lasting benefits for cognitive and
social-emotional processes [12].

Music-based interventions (MBIs) have been proposed as a
strategy to reduce infant stress while enriching the auditory
environment of hospitalized preterm infants [13]. The resultant
stress reduction combined with auditory enrichment may have
both an intendent and a multiplicative impact optimizing brain
development in the NICU. Prior studies have assessed how music
may help minimize infant stress in the NICU by examining the
effects of MBIs on infants’ physiologic stability [14-21]. Small-
size randomized trials in hospitalized preterm infants reported
varying short-term benefits of music- and/or singing-based
interventions on physiologic parameters, including increased

oxygen saturation, reduced respiratory rate, and reduced heart
rate [14-18]. MBIs using music and/or singing have also been
shown to reduce observed symptoms of stress [19] and
extremity activity levels [17] of preterm infants in the NICU.
Moreover, data suggest that providing MBIs surrounding infant
stressful procedures such as heel sticks, endotracheal suctioning,
or routine oral cares may have a calming effect and facilitate
return to baseline state [19, 22-24]. However, findings on the
effects of MBIs on hospitalized preterm infants’ outcomes
remain mixed [13], with some studies reporting lack of beneficial
effects of music on infant physiologic parameters or behavioral
state [20, 21]. In fact, a recent meta-analysis suggests that MBIs
have a beneficial effect on reducing heart rate in preterm
infants, but no further conclusions could be drawn regarding the
effects on other physiologic parameters, overall efficacy, or the
impact of different intervention types on infant and family
outcomes [25]. One of the current limitations of the literature is
that existing studies have employed a wide range of MBIs,
especially in terms of the types of music stimuli used, limiting
interpretation and applicability of findings. Specifically, it
remains insufficiently understood which characteristics of MBIs
might optimally modulate physiologic and neurologic stabiliza-
tion after stressful experiences in preterm infants. In this study,
we aimed to examine the relationship between exposure to
three conceptually-different recorded MBIs provided after
routine care times, and short-term physiologic and behavioral
responses in hospitalized preterm infants.
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METHODS

Study design

This is a single center, case-crossover, controlled pilot study. We employed
a within-subject, repeated measures approach to determine which musical
characteristics of three conceptually-different MBIs was associated with
optimal modulation of short-term physiologic and behavioral responses in
hospitalized preterm infants. The study was approved by the Institutional
Review Board at Mass General Brigham and families of all participants
provided written informed consent.

Participants

A total of 21 preterm infants from the Brigham and Women's Hospital NICU
were enrolled, and 20 infants completed all study exposures. One patient
had incomplete data (completed exposure to 7 out of 12 conditions) due
to unanticipated transfer to another hospital. Infants were deemed eligible
for the study if they were currently admitted in the level-lll NICU where the
study was conducted, had a postmenstrual age at enroliment between
30 weeks and 35 weeks 6 days, and were considered stable per their
clinical care team. The exclusion criteria for the study included: major
congenital anomaly, genetic or metabolic syndrome, high clinical suspicion
of hearing impairment, and infants whose birth parent was less than 18
years old.

Study procedures

Conditions randomization and intervention timeline. Each participant was
exposed to four audio conditions, consisting of three conceptually-
different MBIs, and a “no music” condition. Each of the four conditions
were provided to each patient three times, for a total of 12 exposures per
participant, in a random order. To standardize administration of the audio
conditions, 25 distinct playlists were created before enrollment began,
each containing a predetermined, unique combination of the 12
conditions. Upon enrollment in the study, each patient was assigned an
individual playlist which was uploaded on their designated speaker for the
duration of their study participation. Research staff remained blinded to
the order of conditions on each playlist until data collection was
completed for all participants.

Interventions occurred on average three times per week until
completion of the 12 exposures for each participant. The goal of the MBIs
provided in this study was to assist with calming and soothing, hence
study conditions were played immediately after a care or handling time
(such as measurement of vital signs, physical examination, diaper/clothing
changing, or drawing laboratory samples via heel stick or venipuncture) in
coordination with the infant’s clinical care team. At each exposure time-
point, infants listened to one of the four audio conditions from a
BrightSign media player connected to a speaker (Bose SoundLink Revolve
Bluetooth Speaker) at a preset volume.

Audio conditions. Three conceptually-different MBIs were created for the
purpose of this study, each lasting approximately 15min. A brief
description of each MBI is as follows:

Condition 1 - ‘Glide Music: This composition features a lead piano
instrument, synthesized bass, drum pad, and string instruments providing
harmonic accompaniment and a steady hand percussion providing
rhythmic structure. The piece started at a moderate tempo, with several
instruments playing, and no discernable pauses between the instruments.
Over the course of the piece, the tempo noticeably slows down, the
arrangement is reduced to 2-3 instruments, and pauses of silence are
increasingly inserted between the motifs. We hypothesized this MBI will
promote relaxation and sleep in infants by reducing the tempo and
number of instruments playing in a piece of music over time.

Condition 2 — ‘Cloud Shapes’ Music: This composition features a lead
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piano and guitar instruments, synthesized pad, strings and gquitar
instruments providing harmonic accompaniment and a shaker or rattle
percussion instrument. The piece embeds a simple and consistent rhythm
that is played throughout the music segment, with piano alternating with
guitar sounds. We hypothesized that this MBI will promote relaxation and
sleep in infants by providing a slow, clear, repetitive and rhythmically
consistent entrainment stimulus in the form of a melody within a
conventional piece of music.

Condition 3 - ‘Womb Sounds” This composition features synthesized
rhythmic high frequency sound to simulate arterial blood flow, a steady
background ambient low frequency sound and synthesized harmonic
accompaniment. We hypothesized that this MBI will promote relaxation
and sleep in infants by mimicking the acoustic environment of a womb
within a conventional piece of music.

Condition 4 —'No music” This condition consisted of exposure to the NICU
background auditory environment, with no additional audio element for
the 15 min duration of the condition. We hypothesized that this condition
would have no impact on infants’ physiologic or behavioral state.

Outcome measures and data collection

We measured outcome parameters around the time of each intervention,
segmented into five time-intervals (Fig. 1). TO designated a pre-
intervention period of up to 15 min preceding the start of the intervention
and served as the baseline interval, T1 occurred during the 15-min period
of the intervention itself, while T2, T3, and T4 covered the 10, 30, and 60-
min period respectively following the end of the intervention (i.e. a period
of a total of 75 min following the start of the intervention was assessed).
The measured physiologic parameters included the infant’s heart rate (HR),
respiratory rate (RR), cerebral regional oxygen saturation (CrSO,), oxygen
saturation (SpO,), and infant behavioral state scores. HR, RR, CrSO2, and
SpO2 were captured from the infant’s bedside clinical care monitor using
the CNS Envision device (Moberg Research, Inc.). CrSO, was measured by
near-infrared spectroscopy (NIRS, INVOS™ 5100C Cerebral/Somatic
Oximeter) via a small sensor positioned on the infant’s forehead and kept
in place using either hydrogel and/or a standard infant hat.

The data collection for continuous measures was synchronized with the
‘time O’ (i.e. start of exposure to a condition) noted in the study record. The
data was then sectioned into five time-intervals, as [—15:0], [0:15], [15:25],
[25:45], and [45:75] in minutes. Continuous outcome measures were
averaged for each time-interval. To mitigate abrupt signal artifacts
resulting from subject movements or clinical interventions, the time series
data was downsampled to 1-min-rate signal medians. The physiological
responses for each time interval were obtained by averaging using the
median and then normalized against the [—15:0] pre-intervention time
interval as the baseline for each exposure. For metrics without a specific
clinical baseline and without an upper limit, such as RR, we considered
their rate of change to be meaningful. For metrics with an expected clinical
baseline and a clear upper bound, like SpO,, we considered their changes
in the original units for clinical relevance. More specifically, we computed
rMeasurement = Measurement/Measurementy, as HR and RR responses,
and AMeasurement = Measurement-Measurement, for SpO2 and CrSO,
responses, where Measurement was the signal median of [—15:0]. This
yielded rHR, rRR, ASpO,, and ACrSO, for each time interval of an exposure.
The MATLAB program was used to process the time series data (ver.
R2019b, Mathworks, Inc., Natick, MA).

Infant behavioral state was documented for each time-interval (TO to T4)
by a trained study staff member using the Anderson Behavioral State Scale
(ABSS) [26, 27]. The scale evaluates an infant’s respirations, eye and body
movements, and activity level to classify the sleep-wake state of preterm
infants onto a 12-point scale, ranging from 1 (regular quiet sleep) to 12
(hard crying). The ABSS score was documented before the start of
exposure, five minutes after the end of intervention (in order to maintain
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for each time interval (TO to T4). The Anderson Behavioral State Scale (ABSS) score was documented at the timepoints indicated by the arrows.
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blinding of the examiner to the type of condition played at each
timepoint), and again at the end of T2, T3 and T4 time periods.

We collected baseline characteristics of the study participants using
medical record review, including demographic, clinical, and neuroimaging
data where available. We also captured the background auditory
environment of study participants around the time of exposures using
the Language Environment Analysis (LENA) device [28], which was placed
in the infant’s isolette or crib during the data collection period around each
exposure. This allowed us to characterize the baseline auditory environ-
ment for each study patient, and categorize it in components including
meaningful language, distant language, electronic noise, background
noise, and silence.

Statistical analysis

We reported descriptive statistics of outcome measures collected as means
(standard deviations [SD]), medians (ranges), and proportions. For each
time interval, we utilized a mixed model to examine the effect of MBI on
the pattern of infant physiology parameters (rHR, rRR, ASpO,, and ACrSO,)
and behavioral state scores (ABSS) while accounting for repeated measures
from three exposures of each of the audio conditions. These repeated
measures were set as a ‘random’ effect and the different audio conditions
were set as a ‘fixed’ effect in the model. When we found a significant fixed
effect, we conducted Tukey post-hoc analysis to determine which music
condition differed from others in terms of pattern of measured parameters,
adjusting for multiple comparisons. We also tested for possible confound-
ing factors and interactions related to sex and GA at birth. To ensure the
normality of the variables, we employed Shapiro-Wilk tests and QQ-plots
for each audio condition and further evaluated the normality of the model
residual. We considered p < 0.05 as the threshold for statistical significance.
All analyses were performed using JMP Pro v15 Software (SAS Institute Inc).

RESULTS

We summarize the demographics and clinical characteristics for all
study participants (n =21) in Table 1. Among the 21 participants
enrolled in the study, 10 (48%) were males and 4 (19%) were
twins. The average GA at birth was 28 weeks, with a median birth
weight (BW) of 1030 g and average BW z-score of 0.2.
Intraventricular hemorrhage grade >3 was diagnosed in 4 (19%)
participants, while any white matter injury was documented in 6
of the 17 (35%) participants who had a clinical or other research-
related brain MRI. Eight participants required oxygen at 36 weeks
postmenstrual age, and the median length of stay among the
study population was 118 days (range 26-155).

With regards to the background auditory environment of study
participants around the time of exposures, we note that this was
primarily composed of silence (ranging between 35.0 and 59%).
Baseline exposure to background noise (7.1-30.5%) and electronic
noise (11.5-23.2%) was also high, while distant language
(9.9-21.2%) and meaningful language (4.0-7.1%) accounted for
the minority of auditory components, in keeping with prior
research [4].

Physiological responses to MBI

Among the physiological responses examined during each time
interval, we found a significant difference in rRR responses to MBIs
specifically during the music period (T1 [0:15min], p=0.02,
Table 2). Tukey post-hoc analysis revealed a significantly lower rRR
during exposure to condition 2, as compared to the ‘no music’
condition 4 (p = 0.01, Fig. 2). This trend with respect to other audio
conditions was consistent over time (Supplementary material). We
found no evidence of confounding and interaction effects with
sex or GA at birth. No concerns were documented or reported by
clinical or research staff regarding adverse reactions experienced
by any participants throughout the study.

Infant behavioral states

The mixed model analysis showed a significant reduction in infant
behavioral state scores after all conditions (End of T1, Fig. 3, also
see Supplemental Fig. 1), meaning that infants reached a state of
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Table 1. Characteristics of the study participants (n = 21).
No. (%), median (range), or
mean + SD

Infant characteristics

GA, weeks 28.1+33

Male sex 10 (47.6%)

Twin birth 4 (19.1%)

Birth weight, g 1030 (515, 2390)
Birth weight z-score 0.2+0.8

Head circumference at birth, cm 259+3.0

Head circumference z-score at —0.2+£0.9

birth

Days intubated 14.1+£15.5

Days on mechanical ventilation 44.5 +30.6
Oxygen at 36 weeks PMA 8 (38.1%)

Time to full oral feeds, days 96.1+39.9

IVH grade > 3 4 (19.1%)

MRI conducted 17 (81.0%)

PMA at time of MRI 39.4+09
Presence of white matter injury 6 (35.3%)

PMA at discharge 42.0+35
Discharge weight, g 3500 (2345, 5285)
Discharge weight z-score —0.7+£0.6

14 (66.7%)
118 (26, 155)

Breastmilk at discharge

Length of stay, days
Family characteristics

Maternal age, years 334+56

Race/ethnicity

White 11 (52.4%)
Black 2 (9.5%)
Asian 0 (0%)
Other 3 (14.3%)
Unknown 5 (23.8%)

Insurance status

Private 17 (81.0%)

Public 4 (19.1%)
Marital status

Married 17 (81.0%)

Single 4 (19.1%)

Primary language at home
21 (100%)
0 (0%)

English
Other

sleep after all exposures including condition 4-'no music’. While
not statistically significant, we observed the lowest infant states
with condition 2 at end of T4 interval, with a p =0.15 (p = 0.035
with condition 2 when compared to condition 4 ‘no music’ before
adjusting for multiple comparisons, and p = 0.15 after Tukey post-
hoc analysis accounting for multiple comparisons).

DISCUSSION

While many studies have been conducted to measure the effects of
music on a variety of infant outcomes, there are gaps in defining the
specific MBI characteristics that may lead to optimal physiologic and
behavioral responses in preterm infants. What this single center,
case-crossover, controlled pilot study adds to existing literature is
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Table 2.
Average response T1 Total (n = 244) Condition 1
(0-15 min) vs. baseline (n=62)
TO (—15-0 min)
HR (Response/Baseline)
Mean + SD 0.97 £0.05 0.97 £0.05
Min-Max 0.85-1.14 0.86-1.04
RR (Response/Baseline)
Mean = SD 1.02+0.18 1.02+0.15
Min-Max 0.59-1.61 0.70-1.35
Delta CrSO2 (A%)
(Response-Baseline)
Mean = SD 0.42+4.59 0.67 £5.09
Min-Max —18.00-23.50 —11.00-23.50
Delta SpO2 (A%)
(Response-Baseline)
Mean = SD 0.37+2.39 0.05+1.71
Min-Max —6.00-17.50 —5.50-5.00

Comparison of infant physiological parameters during compared with before each condition exposure, presented as change from baseline®.

Condition 2 Condition 3 Condition 4 p-value*
(n=61) (n =59) (n=62)

0.7
0.98 £ 0.05 0.97 £ 0.06 0.96 +0.05
0.86-1.11 0.86-1.14 0.85-1.10

0.02
0.97+0.13 1.01 £0.21 1.06 £ 0.21
0.61-1.30 0.60-1.46 0.59-1.61

0.9
0.44+4.53 0.24+4.94 0.33+3.85
—11.00-15.00 —18.00-14.00 —10.75-10.50

0.5
0.23+1.91 0.37+1.85 0.80+3.53
—6.00-5.50 —4.00-8.00 —4.00-17.50

2[T1 (0-15 min) response to baseline TO (—15-0 min)] In 244 sessions (21 infants with 12 exposures each, minus 3 exclusions and 5 sessions with incomplete
measurements). The responses during each intervention were obtained by averaging using the median and then normalized values against the pre-
intervention interval as baseline. We computed rMeasurement = Measurement/ Measurementy, as HR and RR responses, and AMeasurement = Measurement-

Measurement, for SpO2 and CrSO, responses.

p=0.013*
1.10
;[3 1.05
=)
;ﬁ 1.00
=)
0.95 ANOVA p=0.02
i 2 3 4
Condition

* Tukey post-hoc test for multiple comparisons correction

Fig. 2 Comparison of respiratory rate responses during versus
before exposure to each condition®. °Least squares means plot of
RR responses during the exposure time interval (T1) over the
baseline time-interval (T0). p values shown are after Tukey post-hoc
analyses to adjust for multiple comparisons. The bars indicate 95%
confidence interval of the mean after accounting for repeated
measurements in each subject.

the description of the effects of three conceptually-different MBIs
on short-term physiologic and behavioral patterns in hospitalized
preterm infants. Our results indicate that there is a statistically
significant effect (p =0.02) on the respiratory rate in the desired
(lower) direction following exposure to MBIs, with the strongest
effect (p=0.01) noted in post-hoc analysis during exposure to
condition 2. Our finding that exposure to a recorded music
intervention lowered hospitalized infants’ RR is consistent with
several prior studies [15, 17, 18]. Specifically, when considering the

SPRINGER NATURE

three different MBI exposures, we found that the respiratory rate
reduction was strongest during exposure to the MBI that consisted
of a low, repetitive, and rhythmically consistent entrainment
stimulus which most closely resembles a traditional lullaby. This
finding is also consistent with limited other research available that
has compared infant responses during exposure to lullaby-style
music versus other types of recorded music [15, 29], and found that
lullabies appear to have the most calming/desired effect on
selected outcomes. In our study, this specific MBI (‘Cloud Shapes’)
is an original piece of music written in a 4/4 meter with a central
melody line with a consistent rhythm reproduced throughout the
segment, played alternately by piano and guitar. Per our hypothesis,
we speculate that the calm, simple, and repetitive pattern of this
specific MBI are the key music stimulus characteristics that most
likely mediated the desired effect observed on RR. Alternatively,
the other two types of MBIs tested in this study may have been
more activating (condition 1 with an initial moderate tempo with
several instruments and no discernable pauses, condition 3
featuring a pulsing/ synthesized rhythmic high-frequency sound
to simulate arterial blood flow on a background ambient low
frequency sound), and were therefore associated with a less
prominent effect on RR patterns. Our data appear to suggest that
recorded MBIs with simple and repetitive elements are associated
with a stabilizing effect on the RR pattern of hospitalized preterm
infants, however we acknowledge that the small size and other
limitations of this pilot study preclude us from drawing definitive
conclusions.

Notably, the LENA data averages of the measures for all 12
interventions for each patient in this study suggested that nearly
60% of the auditory environment of the preterm infant is silence,
and less than 10% is meaningful language. However, we also
note that the LENA device was designed to quantify language
exposures, and it is not known to differentiate recorded music
from other types of electronic sound exposure. While these
measurements were collected to simply characterize the environ-
ment surrounding hospitalized preterm infants, our results are in
keeping with prior research [4] and support the need for further
auditory enrichment for this population.

In our study, we did not observe a significant change from
baseline in any of the other measured physiologic parameters (HR,

Journal of Perinatology (2024) 44:665 - 670
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Fig. 3 Evolution of infant behavioral state scores on the Anderson Behavioral State Scale before and after exposure to each condition type.

Sp02, and. CrSO,). Behavioral state ratings were lower one hour
after exposure to all conditions including condition 4 (no music),
and remained most stable at the lowest rating after exposure to
condition 2, however, this finding did not reach statistical
significance. Importantly, no adverse effects were reported for
any of the study patients enrolled.

When comparing our results with those of a recent meta-
analysis [25], we note we did not find a significant change in HR
pattern; instead, we found a significant change in the RR pattern,
which was also observed in some but not all prior research
included in this meta-analysis [15, 17, 18, 29, 30]. Overall, our
findings are in keeping with recent literature that our under-
standing of effects of MBIs in this population is still emerging, and
there may be a possible, albeit limited effect of music interven-
tions on infant short-term outcomes. One possible reason for the
lack of evidence of a more compelling calming effect of the MBIs
may be that there are other competing interventions, therapies,
and/or unpredictable events that often concurrently occur within
a busy NICU environment that may interfere with preterm infants’
ability to ‘settle down’ and rest consistently after routine care
times. In addition, preterm infants are known to often experience
signs that are often attributed to gastrointestinal distress and
gastroesophageal reflux (whether suspected or confirmed) during
and after care and feeding times [31]. These signs often consist of
changes in HR, RR, oxygen saturation, and behavioral changes
similar to those assessed by the ABSS rating scale, all of which may
have interfered with the post-intervention assessments collected
in this study. Furthermore, we chose the physiologic and
behavioral outcome measures for our study in keeping with prior
research, however it is possible that the selected outcomes are in
fact suboptimal indicators of infant stress. Future studies might
consider more innovative and perhaps, more reliable methods of
assessment of hospitalized infant stress, such as DNA methylation
studies [32], assessment of infant hormonal status of cortisol and/
or oxytocin [33], and/or brain white matter maturation of
pathways involved in emotional processing as assessed by
advanced neuroimaging techniques [34].

We would like to acknowledge several limitations of our study,
including: (1) this was a pilot study with a small sample size which
likely limited our power, as well as ability to explore other possible
relationships for certain subpopulations at risk (i.e. responses in
infants with advanced brain injury in subgroup analyses); (2) the
change in RR we report on is statistically significant, however we
recognize that the magnitude of the observed change might not

Journal of Perinatology (2024) 44:665 - 670

be clinically significant; (3) our MBI lacked the inclusion of parent
voice or another parent component due to feasibility (i.e.
variability in family presence patterns, and to maintain blinding
around exposures), (4) as discussed above, our study outcome
measures are likely imperfect measures of infant stress, and (5) we
only tested one aspect of the exposure (music type) in this study,
and only had limited variations of the exposure. For all these
reasons, our results remain preliminary and should be interpreted
with caution. Further research should evaluate additional aspects
of music exposures (‘dose’, duration, timing of exposure, with and
without layered parental voice with careful consideration to avoid
excessive stimulation particularly for infants with neurological
injury [35]) to further define the optimal auditory experience for
hospitalized preterm infants. Prospectively, large, well-powered
studies employing MBIs and measuring clinically relevant out-
comes remain needed to help establish whether and how MBIs
may potentially make a statistically and clinically significant
impact on hospitalized infants’ outcomes.

DATA AVAILABILITY
The MATLAB program scripts as analyzed, along with deidentified data supporting
our findings can be provided by the authors upon reasonable request.
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