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BACKGROUND: Infants born preterm are known to be at risk for abnormal brain development and adverse neurobehavioral
outcomes. To improve early neurodevelopment, several non-pharmacological interventions have been developed and
implemented in the neonatal intensive care unit (NICU). Sensory-based interventions seem to improve short-term

neurodevelopmental outcomes in the inherently stressful NICU environment. However, how this type of intervention affects brain
development in the preterm population remains unclear.

METHODS: A systematic review of the literature was conducted for published studies in the past 20 years reporting the effects of
early, non-pharmacological, sensory-based interventions on the neonatal brain after preterm birth.

RESULTS: Twelve randomized controlled trials (RCT) reporting short-term effects of auditory, tactile, and multisensory interventions
were included after the screening of 1202 articles. Large heterogeneity was identified among studies in relation to both types of
intervention and outcomes. Three areas of focus for sensory interventions were identified: auditory-based, tactile-based, and
multisensory interventions.

CONCLUSIONS: Diversity in interventions and outcome measures challenges the possibility to perform an integrative synthesis of
results and to translate these for evidence-based clinical practice. This review identifies gaps in the literature and methodological

challenges for the implementation of RCTs of sensory interventions in the NICU.

Pediatric Research (2022) 92:47-60; https://doi.org/10.1038/s41390-021-01718-w

IMPACT:

® This paper represents the first systematic review to investigate the effect of non-pharmacological, sensory-based interventions

in the NICU on neonatal brain development.

® Although reviewed RCTs present evidence on the impact of such interventions on the neonatal brain following preterm birth, it
is not yet possible to formulate clear guidelines for clinical practice.

® This review integrates existing literature on the effect of sensory-based interventions on the brain after preterm birth and
identifies methodological challenges for the conduction of high-quality RCTs.

INTRODUCTION

Preterm infants (infants born before 37 weeks of gestation) are at
increased risk for mortality and long-term morbidity. Complica-
tions related to preterm birth are the leading cause of mortality in
the neonatal period.! Moreover, prematurity is associated with a
specific risk to the maturation of sensory systems,? the organiza-
tion of brain structure and function®> and long-term develop-
mental outcome.’® During the last months of gestation, the
human brain undergoes a rapid sequence of functional and
structural maturational changes, for which both endogenous and
exogenous or environmental stimuli are fundamental.'®'" In
congruence, research shows that preterm infants exhibit delayed
maturation of white matter integrity, brain growth, and cortical
morphology compared to term-born infants.'>'* Because we
diagnose less overt brain lesions in preterm infants,'>'® this has

led to new thinking about current preterm brain injury: not
secondary to overt tissue loss, but rather because of a series of
“dysmaturational” events leading to altered white matter
connectivity.'’'® During the time preterm infants spend on the
neonatal intensive care unit (NICU) (which would be the third
trimester in pregnancy), it is the white matter that has been shown
to be especially vulnerable.'®

Although clinical perinatal variables (e.g., inflammation,
hypoxia, hyperoxia, etc.) have a major impact on neurodevelop-
mental outcome,'®™' the type and quality of sensory experiences
obtained during the prenatal and early postnatal period are also
crucial for the maturation of the developing brain.*?* In utero,
the human fetus experiences temporally organized, cyclic and
multimodal stimulation across the senses.* After a preterm birth,
infants are exposed to the environment of a NICU where duration,
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complexity, and intensity of sensory exposure is radically distinct
to that experienced in utero.?*?*> A preterm infant is exposed to
relatively loud noises from monitoring devices, daily physical
examinations, diaper changes, intravenous line placements,
medication, abnormal circadian cues (e.g., 24-h light exposure),
respiratory support, etc. Consequently, preterm infants need to
cope, during a critical developmental period, with sensory
stimulation that is not age-appropriate and for which they are
yet immature. All these NICU variables may affect both
spontaneous and evoked brain activity during the NICU period.
This could potentially present long-lasting consequences for the
development of the brain. 26~

In this line, the impact of both intense sensory exposure and
sensory abatement in the NICU environment has become a topic
of concern for an infant’s neurodevelopment. In particular, it has
been suggested that sensory characteristics of the NICU environ-
ment can significantly affect the developing brain.?*3° Sensory-
based interventions aiming at reducing neonatal stress by
modulation of the NICU environment have been a fundamental
part of developmental care programs implemented in the
NICU.?®%° Adapting the early environment to support the needs
of the preterm infant includes strategies that modulate the
sensory input received by the infants and that target one or more
sensory systems, such as cycled light, noise reduction and music
interventions, positioning, skin-to-skin contact, and support of
parental care.>'? These types of interventions have been related
to physiological stability, sleep-wake cycling, shorter NICU stay,
and early development in preterm infants.>*>° Recent animal and
human studies also suggest that sensory interventions could
impact the stress response, epigenetics pathways, and, conse-
quently, long-term neurodevelopment.>’™° A recent integrative
review by Pineda et al3® showed that early positive sensory
experiences in very preterm infants are associated with improved
infant and maternal outcomes in the NICU, although there is yet
little evidence to suggest there are improved long-term outcomes.

Enhancing preterm infants’ sensory experience during this
critical window of development could enhance the quality of care
of the vulnerable preterm population and improve their long-term
neurodevelopmental outcomes. Pioneer studies have shown that
neurodevelopmental supportive programs in the vulnerable
period following preterm birth can have a positive impact on
brain structure and function.®**' Although increasingly more
practitioners consider implementing sensory interventions as
environmental enrichment in the NICU, little is known about the
effects of early sensory-based interventions in the neonatal brain.
An improved understanding of the effects that non-pharmacolo-
gical, sensory-based interventions may have on the develop-
mental trajectories of the preterm brain is of extreme importance.
To address this issue, our aim was to systematically analyze the
current literature on the effects of non-pharmacological, sensory-
based interventions on brain development in preterm neonates.

METHODS

Aim

The aim of this systematic review is to explore available evidence
on the impact of non-pharmacological, sensory-based interven-
tions implemented in the NICU on the development of the
neonatal brain after preterm birth.

Literature search and design

A systematic search for studies was conducted following the
criteria of the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) statement.*? The literature search
was performed employing the online bibliographic databases
PubMed, EMBASE, and the Cochrane Library. Search terms and an
example of syntax utilized are included in Table 1. The protocol for
the search was registered in the International Prospective Register
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of Systematic Reviews (PROSPERO) (CRD42018090909) and an
update of the original search was performed in October 2020.

Two reviewers screened studies for inclusion. Studies were
screened first by title, and when necessary, abstracts were
retrieved for review. The full-text articles of potentially relevant
studies were reviewed for final inclusion. When the relevance of
the studies was unclear, it was resolved through discussion among
the reviewers.

Inclusion criteria for study selection included (a) reports
published in a peer-reviewed journal in the past 20 years, (b)
population preterm infants <37 weeks gestational age (GA), (c)
non-pharmacological, unimodal, or multimodal sensory interven-
tions taking place in the NICU and performed by health care
workers or parents, (d) primary or secondary outcomes related to
brain development reported using neurobiological plausible
measures of brain maturation such as ultrasound, near-infrared
spectroscopy, magnetic resonance imaging (MRI), functional MRI
(fMRI), diffusion tensor imaging (DTI) and electroencephalogram,
and (e) randomized controlled trial (RCT) design.

Studies analyzing the effects of unimodal or multimodal
sensory-based interventions targeting the auditory, olfactory/
gustatory, tactile, and visual sensory systems were included.
Studies of programs promoting parental support and involvement
in the NICU were included as long as the main focus was set on a
sensory exchange between parents and infants.

A preliminary exploration of the literature indicated that the
effects of head positioning interventions in the development of
brain injury in preterm infants have been previously and
extensively addressed.”** Therefore, it was decided to focus on
other types of sensory interventions and interventions addressing
exclusively the vestibular and/or proprioceptive systems were
excluded from this review. In addition, studies including only
kinaesthetic-based interventions were also excluded in order to
avoid studies reporting effects of specific physiotherapy treat-
ments. Given the multiplicity and diversity of areas of interven-
tions in the framework of developmental support programs (such
as NIDCAP—for a review see ref. *6) developmental support-
related studies were excluded from this review. Lastly, to improve
the strength of the conclusions, pilot or feasibility studies with a
sample size of <10 in the intervention group were excluded.

One reviewer performed cross-referencing on the included
studies, which yielded no additional studies that met the inclusion
criteria described above.

Data extraction and risk of bias assessment
Data were extracted from included studies using a predetermined
form. Blinding of authorship was not performed.

Assessment of the studies was performed independently by
two authors using the Cochrane Risk of Bias (RoB 2.0) tool for
RCTs.*” Disagreements regarding the critical assessment were
resolved by discussion until consensus was reached. In situations
where consensus could not be reached, consultation with a third
author took place. Critical assessments for each study were
conducted qualifying five domains of bias separately; judgments
were expressed for each domain as “low risk”, “high risk,” or “some
concerns” of bias.

RESULTS

In total, 1900 records were identified after the initial database
search. An additional three articles from other sources were
included. Duplicate removal resulted in 1202 studies to be
assessed for eligibility based on title and abstract. The resulting
42 studies were read the full text. A further 30 articles were
excluded for non-adherence to inclusion criteria, leaving 12 RCTs
for qualitative synthesis.”*>° The PRISMA flow diagram, which
quantitatively summarizes this process and elaborates on reasons
for exclusion, is included below (Fig. 1).
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Table 1.
Free terms examples

Population
PRETERMS

Interventions
AUDITORY

OLFACTORY/GUSTATORY

TACTILE

Syntax example
Database: PubMed

Search terms and syntax example.

Outcome
Preterm OR premature/prematurity BRAIN Brain/cerebral (activity, oxygenation, hemodynamics,
OR “Neonatal Intensive Care” DEVELOPMENT regional oxygen saturation, structure, growth, blood
OR NICU flow, development, maturation, connectivity)
neural activity
EEG/ERP/electroencephalogram/ NIRS/“Near Infrared
Spectroscopy”
MRI/Magnetic resonance Imaging/Functional Magnetic
Resonance Imaging/FMRI/Diffusion Tensor Imaging/DTI/
MEG/sonography/ultrasound
Noise/sound (reduction, level, MULTIMODAL Sensory/multisensory (input/stimulation/stimuli/
exposure) saturation/stimulus/modulation/intervention (s)
decibels
auditory stimuli/stimulation
earplugs//earmuffs
music/music therapy/songs/
singing/lullaby
maternal (speech, voice)
biological sounds
Colostrium/colostrum/foremilk VISUAL Dimer/eye contact//gaze
flavor//taste light (level, exposure, reduction, cycled)
odor/odor/scent/smell vision/visual (stimulation, stimulus, stimuli, contrast)
olfactory/gustatory (exposure,
stimulation)

Kangaroo care/kangaroo mother care/massage/orocutaneous (stimuli/stimulation)/pressure stroking/stroking
skin to skin/somatosensation/tactile-kinestesic stimul*/tactile//haptic//cutaneous (stimul*)/touch/wrapping//swaddlling//
cuddling

((((preterm[Title/Abstract] OR prematur*[Title/Abstract] OR “Neonatal Intensive Care"[Title/Abstract] OR NICU[Title/
Abstract]))) AND ((“brain activity”[Title/Abstract] OR “brain oxygenation”[Title/Abstract] OR “brain hemodynamics” [Title/
Abstract] OR “brain structure”[Title/Abstract] OR “brain growth”[Title/Abstract] OR “brain blood flow"[Title/Abstract] OR
“brain development”[Title/Abstract] OR “brain maturation”[Title/Abstract] OR “brain connectivity”[Title/Abstract] OR
“cerebral regional oxygen saturation”[Title/Abstract] OR “cerebral activity”[Title/Abstract] OR “cerebral oxygenation“OR
“cerebral hemodynamics” [Title/Abstract] OR “cerebral structure”[Title/Abstract] OR “cerebral growth”[Title/Abstract] OR
“cerebral blood flow”[Title/Abstract] OR “cerebral development”[Title/Abstract] OR “cerebral maturation”[Title/Abstract]
OR “cerebral connectivity”[Title/Abstract] OR “neural activity”[Title/Abstract] OR EEG[Title/Abstract] OR ERP[Title/
Abstract] OR electroencephalogram(Title/Abstract] OR NIRS[Title/Abstract] OR “Near Infrared Spectroscopy”[Title/
Abstract] OR MRI[Title/Abstract] OR “Magnetic resonance Imaging’[Title/Abstract] OR “Functional Magnetic Resonance
Imaging”[Title/Abstract] OR FMRI[Title/Abstract] OR “Diffusion Tensor Imaging”[Title/Abstract] OR DTI[Title/Abstract] OR
MEG[Title/Abstract] OR sonography[Title/Abstract] OR ultrasound[Title/Abstract]))) AND ((((((((((((((touch[Title/Abstract])

OR “tactile stimulation”[Title/Abstract]) OR “haptic stimulation”[Title/Abstract]) OR “cutaneaous stimulation”[Title/
Abstract]) OR “somatosensory stimulation”[Title/Abstract]) OR somatosensation[Title/Abstract]) OR “orocutaneous
stimulation”[Title/Abstract]) OR stroking[Title/Abstract]) OR wrapping[Title/Abstract]) OR swaddling[Title/Abstract]) OR
cuddling[Title/Abstract]) OR “kangaroo care”[Title/Abstract]) OR “kangaroo mother care”[Title/Abstract]) OR “skin to
skin”[Title/Abstract]) OR massage[Title/Abstract])

Free terms are presented for Population, Intervention, and Outcomes. A separate search was performed for each intervention type. An additional filter
selecting studies of the past 20 years (January 2000 to September 2020) was included in each search. All terms were filtered for title and abstract.

An example of PubMed syntax for tactile interventions is presented.

Due to the heterogeneous nature of the trials, comprising a
diversity of interventions and outcomes, study findings were
qualitatively summarized and a meta-analysis was not deemed
appropriate. Assessment of risk of bias across studies is reported
in Fig. 2.

No studies were found reporting effects of specific visual,
olfactory, or gustatory interventions and matching the inclusion
criteria of this review. Studies were grouped according to the type
of interventions, which led to the identification of three areas of
focus: auditory, tactile, and multisensory interventions. Interven-
tions based on auditory input consisted of exposure to recorded
mother’s voice and heartbeat sounds,> exposure to live music by
an expert therapist”® and exposure to recorded music.>>>%>°
Regarding tactile-based interventions, two studies reported on

Pediatric Research (2022) 92:47 - 60

orocutaneous stimulation,>** one study reported on massage

therapy,”® and one study reported on skin-to-skin contact.>' An
additional three studies were identified reporting effects of a
multimodal intervention in the frame of a parental support
program in the NICU. These studies were conducted in the same
base population using the family nurture intervention (FNI).*34%>7
The design involved a long-term intervention program (from birth
or 30-32 weeks PMA and throughout hospitalization), in which the
mother was trained and stimulated to perform kangaroo care,
scent exchange, vocalizations, and other types of sensory and
affective interactions with her infant during admission in the NICU.

Characteristics of respective studies and interventions are
summarized in Table 2. A summary of the type of outcomes and
main findings for each study can be found in Table 3.
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Fig. 1 PRISMA flow diagram. Depiction of the study selection process from identification of records to study inclusion.
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Auditory interventions

In the study of Webb et al., stimulation was conducted with
voice and biological sounds (heartbeat) recording. Based on
ultrasound measurements, authors reported an increase in

SPRINGER NATURE

the size of both the left and right auditory cortex after
daily exposure to recorded mother’s voice and heartbeat
sounds (p=0.015 and p =<0.001, for left and right cortex,
respectively).”®
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Table 3.
Study

Outcomes of included studies.

Type and timing of outcome assessment

Orocutaneous and tactile-based interventions

Barlow et al. @>*

Guzzetta et al.>?

Ludington-Hoe et al.”'

Song et al. @3

Auditory-based interventions
Haslbeck et al.’®

Lordier et al.®>*

Lordier et al.?*®

Sa de Almeida et al. @*°

Webb et al.°

Multimodal interventions

Myers et al. 4°

Welch et al.M*®

Welch et al. "’

EEG during an intervention at 32.17 (SD 1.1)
weeks PMA

EEG spectral power during AS before the start
of intervention at 1 week+ 1 day (T1) and
after intervention cycles at 4 weeks + 2 days of
age (T2)

Sleep EEG during an intervention at 32 +
2 weeks PMA

EEG during an intervention at 32.2 (SD 1.09)
weeks PMA

fMRI and DTI 38-42 weeks (corrected GA)

fMRI scan at term/TEA
GA at scan

FT group: 39.81 (1.02)
PTI group: 40.41 (0.76)
PTC group: 40.50 (0.77)

fMRI scan at term/TEA
GA at scan

FT group:39.63 (1.02)
PTI group: 40.25 (0.51)
PTC group: 40.4 (0.77)

MRI/DTI at TEA (37-42 weeks GA)

Cranial ultrasound at 30 + 3 days of life

EEG at 37-44 weeks PMA

EEG at 33.8-36.9 weeks PMA and at
37.2-44.4 weeks PMA

EEG at 34-37 weeks PMA and at 37-44 weeks
(at least 2 weeks apart)

For (1), (2), and (3) participants were derived from the same study.
A gestational age (reported in weeks), PMA postmenstrual age, EEG electroencephalogram, fMRI functional magnetic resonance imaging, TEA term-equivalent
age, NR not reported, SEF-90 spectral edge frequency, fc 90%, AS active sleep, QS quiet sleep, fc functional connectivity, MCC middle cingulate cortex, STG
superior temporal gyrus, PCA primary auditory cortex.

SPRINGER NATURE

Outcome measures

aEEG and rEEG

EEG spectral power

EEG measured arousals

SEF-90 derived from EEG

Structural and functional
connectivity

Functional connectivity: resting-state
networks (RSNs)

Functional connectivity: resting-state
networks (RSNs)

Structural and functional
connectivity in ROIs Fractional
anisotropy (FA) and diffusivity
measures Amygdala volumetric
analysis

Structural measurements of the
auditory cortex (AC), frontal horn
(FH), and corpus callosum (CC)

EEG coherence

EEG power

EEG spectral power

Summary of main significant findings

Modulation of aEEG maxima, mean, and
minima in the left hemisphere and aEEG
maxima and mean in the right
hemisphere in IG

Reorganization of rEEG amplitude bands in
both hemispheres in IG

IG showed no significant variations of global
absolute power in any of the four frequency
bands explored. A significant decrease in EEG
spectral power between T1 and T2 was
detected only in the CG

Lower arousals during AS and QS and lower
REM counts during AS for I1G

Reorganization of SEF-90 (spectral edge
frequency, fc =90%) in both the left and
right hemisphere in the IG

Significant interhemispheric asymmetry in
cortical SEF during stimulation

Structural brain connectivity appears to be
largely unaffected by CMT—increased
integration in the posterior cingulate cortex
only. Thalamocortical lag was significantly
lower in IG. Significantly higher functional
connectivity in the IG: cluster in the left
precentral gyrus and partly the left
supplementary motor area

Increased RSN coupling in the IG between
networks showed reduced fc in the CG group
when compared with the full-term group.

When exposed to original music:

- increased fc in the IG compared to CG
between the right PCA and right thalamus
and the left MCC and caudate nucleus.

- increased fc in the IG compared to FT group
between the left PCA and the left STG and
the left MCC

ROI analysis: significantly lower global FA and
a significantly higher global MD in PTC
compared to FT group. PTM showed no
significant difference in any of the DTI
metrics in comparison to FT infants.
Tractography analysis: in left and right
acoustic radiations mean FA was significantly
higher in PTM vs PTC newborns. A significant
difference between FT, PTM, and PTC in
mean FA, mean MD, mean RD, and mean AD
in interhemispheric temporal callosal fibers
and left and right uncinate fasciculus
Amygdala volumetric analysis: amygdala
volumes were significantly smaller in PTC
than FT and PTM. PTM volumes were not
significantly different from FT

Increase in size of both the left and right AC
in IG. The width of the FH and the CC were
not significantly different between groups

Reduction in EEG coherence between
regions during both quiet and active
sleep in IG

Increase of EEG power in high-frequency
bands during both quiet and active
sleep in IG

Percent change/week in EEG power was
increased in IG

Greater regional independence in
developmental rates of change for IG
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Haslbeck et al.>® found that though structural brain connectivity
appears to be largely unaffected by Creative Music Therapy,
functional connectivity (fc) was higher in the left precentral gyrus
and partly the left supplementary motor area for the group
receiving the intervention.

To assess the effects of a recorded music intervention, MRI and
fMRI imaging at term-equivalent age (TEA) were used for outcome
analysis.>>>%° Sa de Almeida et al.>® reported results of DTI
scalars, tractography, and amygdala volumetric analyses. Signifi-
cant differences were found between groups for FA, mean
diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD) in
regions of interest (ROIls) after music exposure (see Table 3 for
further details). Additionally, the authors found that amygdala
volumes were smaller for the preterm group that had not received
the music intervention. The study of Lordier et al.>> processed fMRI
data identifying 14 functional resting-state networks (RSNs) used
as ROIs. Fc was assessed by means of a nonparametric estimator
(accordance) reflecting coupling between two ROIls. The authors
first identified a circuitry of interest composed by three network
modules interconnected by the salience network. This circuit
showed reduced functional connectivity in the preterm control
group when compared with the full-term group. In this same
circuit, the preterm infants exposed to the music intervention
showed significantly higher RS-fc than the control group. RSN
coupling was particularly increased between the auditory,
sensory-motor, and medial superior frontal networks with the
salience network, between the auditory and the medial superior
frontal networks, and between the salience and thalamus
networks and salience and precuneus networks. In a second
study, Lordier et al>® used a psychophysiological interaction
approach to fMRI. During MRI scanning, five conditions of music
stimuli were presented: Silence, Original music (as provided to
preterm intervention group), Tempo music, Transposed music,
and Background music. Their results showed that when exposed
to the music received during the music intervention period, the
preterm intervention group displayed increased connectivity
between the right primary auditory cortex and right thalamus,
left middle cingulate cortex (MCC) and caudate nucleus compared
to the preterm control group. Additionally, connectivity between
the left primary auditory cortex region and the left superior
temporal gyrus and the left MCC was also increased in the preterm
intervention group when compared to the full-term group.

Tactile interventions

Two studies, performed in the same base population, used pulsed
stimulation delivered to the baby’s oral sensorium (soft tissues of
the infant’s lips—anterior tongue-intraoral mucosa-jaw) through a
silicone pacifier.>*** The intervention was delivered at a young
age (around 32 weeks PMA) and at regular intervals and EGG was
measured during the intervention. EEG leads were placed in the
C3, C4, P3, and P4 positions and recordings were done after
stimulation blocks. Song et al>® investigated spectral edge
frequency, fc = 90% (SEF-90), derived from nine sequential epochs
at 1-min intervals for both intervention and control groups. They
observed reorganization of SEF-90 in both the left and right
hemispheres (p =0.005 and p < 0.0001, respectively). The authors
reported a significant difference between hemispheres on the
polarity of the frequency shift in infant cortical SEF during oral
somatosensory stimulation. An after-effect was also reported for
the intervention group. Barlow et al>* measured amplitude-
integrated EEG (aEEG) margins and range-EEG (rEEG) amplitude
bands measured at 1-min intervals. aEEG and rEEG amplitude
measures were compared between four stimulus conditions
(sham/pacifier, pacifier in mouth/pacifier out of mouth).
Bands were defined as A: 0-10 uV; B: 10-25 uV; C: 25-50 uV; D:
50-100 uV; and E: >100 uV. These authors found that aEEG
maxima, mean, and minima in the left hemisphere (p = <0.0001)
and aEEG maxima and mean in the right hemisphere (p < 0.001
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and p =0.015, respectively) were affected by the intervention, as
well as crosshead measures of aEEG maxima and mean (p<
0.0001). Significant reorganization of rEEG amplitude bands was
identified in both hemispheres. Significant Bonferroni pairwise
contrasts between the intervention and control groups were
found for bands B, C, D, and E in the left hemisphere (p < 0.001 for
C, D, and E bands, p =0.020 for B band), bands C and D in the
right hemisphere (p < 0.001), and bands C and E for the crosshead
amplitude bands (p <0.001). Cortical asymmetry was observed,
and authors reported an apparent shift of rEEG power in the
intervention group from the E and D bands to the C band.

Guzzetta et al.>? reported on a massage intervention adminis-
tered upon the infant reaching 10 postnatal days. EEG recordings
were made before and after the intervention period (at around 1
and 4 weeks of age, TO and T1, respectively) for ~40 min including
all stages of sleep. Active sleep was selected for further analysis.
EEG signal was obtained from eight leads (fp1, fp2, C3, C4, T3, T4,
01, and 02) plus a reference electrode. The average of the values
of all electrodes determined the global absolute power, while the
average of the values of paired homotopic monopolar derivations
in each lobe determined local absolute power. Fast Fourier
transformation was used and spectrum bands were classified as
delta (0.5-4.0 Hz), theta (4.5-7.5 Hz), alpha (8.0-11.0 Hz), and beta
(15.5-20 Hz). The authors reported significant variations in global
absolute power in the alpha and delta band over the period TO-T1
for infants in the control group. In the intervention group,
significant differences between t0 and t1 were also found for local
power, with an increase of power on the central regions for delta
and theta bands and a decrease in the temporal regions for delta
and alpha bands. Significant interactions between time and
participant group were found for the global absolute power in the
delta band and for the local power in central leads of the beta and
the delta band Differences between groups were mostly due to
the significant decrease in EEG spectral power found between t0
and t1, especially in the delta band, in the control group, and not
in the intervention group.

Ludington-Hoe et al.>" analyzed the effects of a single session of
skin-to-skin contact using electroencephalographic/polysomno-
graphic measures of neonatal sleep organization. Sleep status was
analyzed through analysis of behavioral and EEG data. For data
analysis, the authors compared the data from the full-test period
with the full-pretest period. Authors determined sleep status
(quiet (QS), active (AS), and indeterminate sleep (IS)) by means of
visual analysis and scoring of EEG continuity, discontinuity, and
arousals. Changes in discontinuity within QS, rapid eye movement
(REM) counts within AS, arousals, mean duration of the cycle, and
percentages of QS, AS, and IS were measured. Arousal was defined
as test—pretest changes in the percentage of time of EEG micro-
arousal and extended arousal within the respective time periods.
Results showed that the percentage of time of arousals was
significantly lower for the intervention group as compared to
controls across the study period and during quiet and active sleep.
The control group showed increased arousals during the test
period, while REM counts were significantly lower in the
intervention group during active sleep and over the study.
Changes in the EEG P/a ratio and EEG left/right hemisphere
correlation were also assessed by the authors, although no
significant differences in these outcome measures were reported
between the control and the intervention group.

Multisensory interventions
Three studies were identified reporting effects of a multisensory
intervention in the frame of a parental support program in the
NlCU.48'49'57

In the study by Welch et al,*® EEG power was computed for
each of the 125 electrodes. Infants assigned to the FNI group
showed a significant increase in EEG power in the high-frequency
bands during both quiet and active sleep (>10Hz, p<0.01 and
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p <0.05, respectively). At term age, no significant differences
between frontal power were found between groups, although,
over the developmental trajectory, significant age-by-group
interactions were found for some brain regions. A significant
interaction between twin/singleton status and group was found.

In a posterior study, Welch et al.>’ performed a follow-up
analysis on this population. EEG power was computed in active
and quiet sleep in ten frequency bands (1-48 Hz) for ten brain
regions. Rates of change in EEG power per week of age within
each region and each frequency band were calculated. A percent
change in power/week from the preterm age to the near to term
age was computed. The authors reported that the developmental
rate of change in EEG power was increased in the intervention
group in 132/200 tests (p < 0.05).

In the study by Myers et al,*® EEG coherence was computed
between all possible pairs of electrodes for ten frequency bands.
Electrodes were grouped to define regions. The EEG setup
consisted of 124 leads. Infants in the FNI group showed lower
EEG coherence within the left frontal polar region for frequencies
between 4 and 18 Hz and lower EEG coherence within the right
frontal polar regions for frequencies between 0 and 12 Hz during
quiet sleep (p<0.01). In both quiet and active sleep, multiple
significant reductions in coherence between regions (also across
hemispheres) were found (p <0.01). A reduction in coherence
between the left and right frontal polar regions at a frequency of
10-12 Hz was the most notable finding (p = 0.00011, quiet sleep).

DISCUSSION

In this systematic review, we included RCTs exploring non-
pharmacological, sensory-based interventions in the NICU and
their effect on the neonatal brain after preterm birth. The included
studies examined auditory, tactile, and multisensory interventions.
Outcomes were based on measures derived from EEG, MRI/fMRI,
and cranial ultrasound. The results of the included studies would
support the notion that environmental enrichment using sensory-
based interventions may be beneficial for the development of the
brain after preterm birth. However, two issues are fundamental for
further analysis and will be addressed in this discussion, (a)
although reported results seem promising, the heterogeneity of
interventions, methods, and outcomes measures challenges the
possibility of drawing integrative and reliable conclusions, and (b)
the risk of bias of the reviewed reports was globally high and
reflects the existing methodological challenges for the imple-
mentation of intervention RCTs in the NICU.

The main findings of auditory-based intervention studies were
increased size of the auditory cortex in the first month upon
exposure to maternal voice and biological sounds®® and changes
in microstructural white matter and functional connectivity in
specific circuits of interest after music-related
interventions.>>>%°%° Exposure to recorded music showed
increased functional connectivity between the salience network
and regions underlying sensory and higher-order cognitive
functions together with structural maturation on auditory and
emotional processing neural pathways upon exposure to the
intervention.>>>%>® Creative music therapy shows effects on
functional connectivity in networks implicated in higher-order
cognitive and socio-emotional functions in preterm infants.>®
These findings are in line with literature reporting short-term
improvements in physiological stability in the preterm population
have been reported after exposure to maternal biological sounds
and maternal voice®®®® and after music interventions, using
maternal singing or prerecorded music.5*°” Furthermore, inter-
pretation of results can be done in the context of early brain
network development, where preterm birth has been shown to
affect maturational pathways.*®® Neural activity plays a critical role
in brain development®® and it has been well established that early
experiences can sculpt the white matter wiring of the nervous
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system.”®”" Plasticity of brain connectivity is at its highest during
early preterm brain development, in which pre-established white
matter connections show a heightened sensitivity to endogenous
and exogenous activity-induced modification. Although the
results reported on the included RCTs provide initial evidence
on the effect of music interventions in brain regions known to
be altered by prematurity, a thorough analysis of the effects of the
NICU auditory exposure and increasing levels of evidence on early
auditory interventions is necessary. Especially when considering
the social” and language’*”® difficulties that premature children
present in their development even in the absence of brain injury
or major disabilities.

It should be noted that the identified studies differ not only in
the type of auditory stimulation but also in the timing and
duration of the intervention. Start time and duration of an
auditory intervention in such a vulnerable population should be
always carefully assessed, in reference to available evidence of the
maturation of the auditory pathways (as in ref. °°) and close
assessment of the physiological and behavioral responses of each
infant. The same holds true for the type of stimuli, duration and
intensity (in dBA), and methodology selected for stimuli admin-
istration. Live music, exposure to music via headphones, or via a
player attached to the incubator may have very different acoustic
characteristics that impact the preterm infant.”* Issues such as
reverberation or signal-to-noise ratio must be considered for the
study design and included in the reporting of results.

Tactile-based intervention studies differed in intervention and
outcome type. A specific type of tactile input was used in included
studies reporting orosensory stimulation.*** Both studies
reported modulation of aEEG, reorganization of rEEG amplitude
bands, and reorganization of SEF-90 in infants exposed to the
intervention. Significant decrease in EEG spectral power during
active sleep in massaged infants and lower arousals and REM
counts in infants receiving skin-to-skin contact. These results
would suggest a more mature neurophysiological sleep organiza-
tion in infants exposed to this type of tactile stimuli. Some studies
have also previously related tactile stimulation with improved
behavioral measures of sleep in preterm infants, although
evidence levels are variable.>® Advances in the field beyond the
“state-of-the-art’ show that sleep has a very specific and crucial
role during early brain development. From the early pioneering
work of Roffwarg et al.”® to the current work of Blumberg et al.,”®
is now becoming clear that “active sleep’ in the fetus has a very
specific role: produce endogenous or spontaneous, “self-orga-
nized” network activity.”” Recent studies have put forward the
close relationship between sleep and brain development in the
preterm population,”®”® which highlights the impact that these
sensory interventions promoting sleep could have on long-term
outcomes.

It is clear that the behavioral activity of preterm infants in the
incubator in the NICU is completely different from that of an aged-
matched fetus in the womb. A preterm infant is exposed to NICU
variables that may affect both spontaneous and evoked brain
activity during the NICU period. Therefore, optimizing active sleep
(endogenous brain activity) or stimulating wake activities (exo-
genous activity) can have a true impact on development as aEEG
studies have shown a link between neural activity and brain
volumes.®® The results of the tactile-based, interpersonal inter-
vention studies add to an array of studies that have put forward
the importance of affective interpersonal touch for human
affiliative behaviors.8'83 Affective interpersonal touch is consid-
ered to constitute the neurobiological substrate for the develop-
ment of the social brain and for the expression of social
behavior.2*#> A neuroimaging study showed that the frequency
of maternal touch positively predicted connectivity in brain
regions of their children associated with social functioning.®® In
the NICU, a recent publication on affective touch (administered
with a brush to optimally stimulate C-tactile fibers) before painful
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procedures was reported to attenuate noxious-evoked brain
activity in full-term newborns.”' Comforting touch and skin-to-
skin (kangaroo care) contact have also been shown to have several
beneficial effects on infants in the NICU.>*®7 In particular, previous
studies reported positive effects of kangaroo care on physiological
stability, early neurobehavioral, and mother-infant
attachment.®8®° Furthermore, previous studies also support the
hypothesis that positive effects of comforting tactile interventions
could translate into enhanced maturational patterns in the
neonatal brain.”®~%2

Studies reporting results of multisensory interventions were
based on a sensory exchange between parents and infants and
also focused on EEG-related measures.*®**° Welch et al. found
increased EEG power in high-frequency bands, while Myers et al.
found lower EEG coherence within and between several brain
regions. In a follow-up study, Myers et al.>” reported an increase in
developmental rates (change/week) of EEG spectral power.
Increased power and decreased coherence have been associated
with cortical maturation.”® Both parameters have previously been
connected to long-term outcomes. Increased frontal power in
preterm infants, term infants, and older children was found to be
positively predictive of developmental outcomes at a later age®***
and lower coherence in infants was linked to improved joint
attention at 18 months of age.®® These results are in line with
research in both animals and humans, which suggests that early
positive parental care can have positive effects in epigenetic
programming, regulation of the stress system, and the develop-
ment of the brain.””'%°

Whether the specific parent-focused sensory intervention
discussed above are also influential on long-term brain and
developmental outcomes of preterm infants require further
research. Another factor that should be considered when
assessing the effects of these interventions is that it remains
difficult to determine whether observed outcomes are a result of
the specific attention for parental involvement or of other sensory-
specific aspects of the intervention. The interventions of the
included studies focused on parent-infant interactions such as
scent-cloth exchange, eye contact, and skin-to-skin contact.
Previous research linking parental involvement to improved
neurobehavioral and neurodevelopmental outcomes mostly
includes (advice on) touching and holding the infant and
sensitivity training for parents>>'°""1°2 and were not focused on
sensory interventions, and therefore were not included in this
review. It is noted that it can be next to impossible to separate
these different aspects of certain sensory interventions in a
research model, and even to do so would attempt against the
ecological validity of the study. Hence, it remains a challenge to
determine whether there is one aspect of the intervention to
which the changes in the neonatal brain measures should be
mainly attributed, or whether the changes are due to the
multimodal/affective characteristics of the presented stimuli. In
the scenario of these early interventions in the NICU, a dichotomic
approach could be reductionist and it is needed to acknowledge
the complex intertwinement between sensory and affective
dimensions.

A major confounder in all these studies is the absence of exact
measurements of the sensory intervention. Delivering on this issue
can be challenging in the context of family interventions. To this
end, comprehensive quantitative and qualitative reporting on the
infants’ sensory experience both within and outside the interven-
tion could be implemented and standardized for these types of
studies. In addition, there is a clear need for a true behavioral and
neural activity coupling to understand the mediating effect of
each intervention to further optimize the NICU as a
neurodevelopmental unit.

As shown in this review, a plethora of NICU interventions have
been studied with the aim to optimize both endogenous and
exogenous brain activity. All in all, there is still a lack of reliable
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evidence and many questions remain unanswered in terms of the
effects of sensory-based interventions in the neonatal brain. The
modulation of EEG early activity via sensory interventions, as
reported on several studies included in this review, acquires
particular relevance when contemplating the importance of early
brain activity for brain morphology and microstructure'®*'%* and
the effect of early cortical changes on later neurodevelopmental
outcomes.”® In this context, the conduction of further research of
high methodological quality and low bias is paramount.

Strength and limitations of the review and of included studies
Regarding limitations of the study, it is important to address that
this review did not include non-English language studies or data
published in non-article formats. This could have left out relevant
literature. Although the exclusion of pilot studies and the inclusion
of only one type of study design may have excluded relevant
literature, the decision was made considering the vulnerability of
the population and the importance of identifying potential
evidence-based clinical practices. To ensure trustworthiness, two
reviewers performed an independent selection of studies and
quality assessment. These selection criteria taken together with a
rigorous methodology constitute strengths of the current
manuscript.

It should be noted that setting up an early intervention study in
a neonatal intensive care unit environment poses many metho-
dological and ethical challenges, especially since the conductance
of the study should not interfere with standard care. Blinding of
nurses, for example, may not be possible for many of the
proposed interventions, and inclusion rates may be very low. A
source of bias is that early intervention studies in the NICU can be
especially prone to be a “spillover” effect. Parents in the unit that
were made aware of the research or that observe the adminis-
tration of, for example, an auditory stimulation protocol, could be
inclined to increase this type of interaction with their infant. If
these parents participate in the study in the intervention or
control arm, this may introduce significant bias. Authors should
pay special attention to this issue together with the reporting of
sensory interactions outside the assessed intervention. The
inclusion of a report on parental interactions for the participants
of the study, or a cluster randomization design—if possible/
appropriate—could therefore be considered. Furthermore,
detailed reporting on study setup, data collection, and analysis,
as well as on the study population, are essential in lending
reliability to results obtained. Especially, interventions should be
detailed with care and, ideally, reporting guidelines will be
developed and updated. These may also aid in standardizing
procedures and, consequently, reducing at least some of the
heterogeneity among studies on early intervention. Finally, by
implementing multimodal neural and behavioral monitoring in
the NICU (e.g., smart video motion tracking, safe dry electrode EEG
systems, etc.), the mediating impact of interventions on neural
and behavioral activity can be better studied. In the age of
innovative safe biosensors and big data analysis, adding
quantitative unobtrusive neurobehavioral monitoring could deter-
mine the mediating effect of the studied interventions to make
the NICU of the future into an evidence-based neurodevelop-
mental care unit.

CONCLUSION

To our knowledge, this is the first systematic review of the effects
of multiple modes of sensory-based interventions in the NICU on
neonatal brain development after preterm birth. Although
reviewed RCTs present initial evidence on the impact of these
interventions for neonatal brain development, it is not yet possible
to suggest clear guidelines for clinical practice. In line with
previous studies, we agree that sensory-based interventions
should always be introduced in combination with expert opinion,
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parental values, and detailed attention to infants’ behavior.
Considering the known relevance of sensory experience and
exposure in critical periods of development, further research in
this field is warranted. Further RCTs of sensory-based interventions
in the NICU, addressing the aforementioned methodological
challenges, are needed for the design of evidence-based
recommendations for clinical practitioners.
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