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General discussion and
future perspectives

Nienke H. van Dokkum



Chapter 16

The overall aim of this thesis was to move towards improving neurodevelopmental outcomes
in preterm infants. This thesis provided insight into

(@) detection of adverse neurodevelopmental outcomes following preterm birth using
developmental milestones in preventive child healthcare (PCHC),

(b) understanding adverse neurodevelopmental outcomes following preterm birth, with
stress during neonatal intensive care unit (NICU) stay as an underlying factor and
epigenetic alterations as a pathophysiological molecular mechanism involved,

(c) directions for efforts towards preventing adverse neurodevelopmental outcomes
through a new promising intervention: live-performed music therapy during NICU
stay.

In this chapter, we summarize and discuss the main findings and provide directions for future
research.

Three sides of the same triangle

Despite advances in modern health care, including Neonatology and PCHC, adverse
neurodevelopmental outcomes following preterm birth are still common and deserve
attention. Only when we understand the mechanisms underlying adverse neurodevelop-
mental outcomes better, can we implement strategies to prevent them as early as possible.
Additionally, prediction models and monitoring strategies can be adapted so that they include
new underlying factors. With research into mechanisms of action we can deepen our
understanding of neurodevelopment. The lessons learned in this thesis for all three sides of
the triangle are summarized in Figure 1.
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Developmental milestone attainment is highly Neonatal stress has a profound impact on the
dependent on gestational age at birth health and development of preterm infants
Chapter 2 Chapter 6

Select developmental milestones may aid early
identification of children at risk
Chapter 3

Declining of neonatal stress exposure is highly
- dependent on gestational age at birth
Chapter 7

Stress is associated with altered DNA
methylation of selected genes, which predicts

A prediction model with easily obtained factors
may aid professionals in risk selection

Adverse

Chapter 4 neurodevelopmental poorer neurodevelopmental outcome
. Chapters 89
. ’ . outcomes in preterm
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both early preterm and moderately-late preterm / infants Length and course of NICU stay may predispose
infants . . . to altered pain sensitivity in adolescence
Chapter 5 Music therapy intervention Chapter 10

during NICU stay

v
Live-performed music therapy is feasible, safe, and
an added value to care for extremely preterm
infants
Chapter 11

Music therapy is beneficial for infants’
neurodevelopment
Chapter 12

Music therapy evokes two distinct cerebral
reactions
Chapter 13

Music therapy may accelerate the decrease of
maternal anxiety during NICU stay
Chapter 14

Targeting parents with specific music therapy
interventions, such as HeartSong, is very supportive
Chapter 15

Figure 1. Main findings and lessons learned in this thesis.

Part I: Developmental milestone attainment in PCHC: early
detection of adverse neurodevelopment

Of the first part of this thesis, the aim was to provide insight into the early detection of adverse
neurodevelopmental outcomes following preterm birth, by gaining more knowledge on the
associations between prematurity, developmental milestone attainment and adverse
neurodevelopmental outcome in a PCHC setting. In Chapter 2, we assessed the association
between prematurity and attainment of gross motor milestones, in children with normal
development upon school entry. We found that rates of gross motor milestone attainment in
the first two years of life were highly dependent on the degree of prematurity. This pattern
may be attributed to immaturity of the brain at birth, as well as to a higher prevalence of
perinatal complications and the course of NICU stay. In Chapter 3, we determined the pattern
of attainment of the developmental milestones ‘smiling in response’ and ‘walking
independently’ and their use as indicators of developmental delay for moderately-late
preterm children. We found that each week later attainment of ‘'smiling in response’, corrected
for prematurity, increased the likelihood of personal social, problem solving, gross motor
problems, and general developmental delay at school entry. Similarly, each month later
attainment of ‘walking independently’, corrected for prematurity, increased the likelihood of
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personal-social and gross motor problems, and general developmental delay at school entry.
In , we present a prediction model for developmental delay at school entry (age 4),
using variables that are easily obtainable and applicable for all children in PCHC. The final
model entailed male sex, low maternal educational level (less than 12 years), pre-existing
maternal obesity, non-attainment of the developmental milestones ‘smiling’, ‘speaking two-
to-three-word sentences’ and ‘standing’, and a higher body mass index z-score at one year of
age. Strikingly, neither gestational age nor birth weight contributed to the final model. In

, we describe neurodevelopmental trajectories based on developmental milestones
from PCHC practice in two cohorts of preterm infants born 18 years apart. We found similar
developmental (D-)score trajectories for children born in 2002-2003 and for children born in
2020-2021.

Assessments based on developmental milestones are one of the cornerstones of detecting
adverse neurodevelopmental outcomes following preterm birth. Several other early life
assessments exist that have proven valuable in risk assessment, such as the General
Movements Assessment,'> and the Bayley Scales of Infant and Toddler Development?*
However, these assessments require time and specific expertise, which may not be feasible in
routine PCHC assessment. Such assessments based on developmental milestones as outlined
in and , are feasible in a population-based setting and therefore suitable
for monitoring and screening. Early identification of children at risk of adverse
neurodevelopmental outcomes in early childhood using developmental milestones may be
difficult, because of highly variable attainment ages. The evidence shows that preterm infants
have a delay in attaining their developmental individual milestones,®” and that individual
milestones may predict later functional outcomes.®'* Our results add to these earlier reports
that selected individual milestones could be used as red flags to consider which infants could
benefit from additional follow-up ( ). Still, it may be more accurate to determine
deviation of normal patterns of development, rather than making decisions based on
individual milestones, because developmental milestone attainment is highly variable
between individual infants. Where literature on tests and screening instruments is extensive,
literature on attainment trajectories of individual milestones for preterm infants is rather
scarce. Our results ( ) add a gross motor trajectory, that could serve as a basis for
further trajectory development. The D-score from also adds a trajectory that
incorporates motor development, as well as cognitive development into one. This score, and
therefore the underlying developmental milestone assessments, seem to be robust and stable
over decades. This indicates that they are suitable to use in PCHC settings. Close monitoring
of preterm children at higher risk of adverse neurodevelopment as well as the offering of early
intervention services may improve their outcomes.
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Moderately-late preterm children and their follow-up
Not only early preterm children, but also those born moderately-late preterm showed delayed

attainment of milestones in their first year of life (Chapter 2). Their attainment rates were less
different from those of fullterm children when compared with early preterm children and
became similar to those of fullterm children faster. Strikingly, those children with abnormal
Ages and Stages Questionnaire (ASQ) scores upon school entry still showed delayed
attainment in the second year of life, in contrast to the children with normal ASQ scores, who
caught up their delay. This coincides with the age when developmental milestones become
more complex. Even though (corrected) attainment ages may be within normal ranges valid
for fullterm children, we showed that later attainment in moderately-late preterm children is
associated with increased likelihood of adverse neurodevelopmental outcomes at school entry
(Chapter 3). These results are in line with other studies performed in moderately-late preterm
children, showing that they are also affected by preterm birth."*>* With this knowledge, a
structured routine follow-up program for moderately-late preterm children is validly in place
in the Dutch PCHC setting.?®> PCHC seems the optimal setting for this follow-up program,
because of the large number of children that are born moderately-late preterm, the
standardized way follow-up care is provided and the expertise in evaluating development. The
program is offered in close collaboration with pediatricians, parents, and other parties. The
findings from this thesis may add specific knowledge on milestone attainment to this
guideline and program.

Early identification of adverse neurodevelopmental outcomes in PCHC
Early identification of children at risk of adverse neurodevelopmental outcomes, to which end
our prediction model (Chapter 4) was developed, may open opportunities for timely and
targeted interventions. Especially in PCHC, where time for physicians to screen children for
adverse neurodevelopmental outcomes may be limited, an additional tool could enhance
early detection. In this setting, easily obtainable predictor variables are a must, because this
makes early detection more feasible. The variables in our prediction model are already
collected as part of standard screening in Dutch PCHC and are therefore easy to use.
Remarkably, neither gestational age nor birth weight were predictors in our model, even
though in Chapters 2 and 3 we found gestational age to be an important determinant of
neurodevelopmental outcomes, as did others.?3? We explain this discrepancy by
developmental milestones being a proxy of a combination of several perinatal variables, such
as gestational age, being born small-for-gestational age, and perinatal conditions, to which
milestone attainment may be highly related. Operationalizing this prediction model into a
calculator with good sensitivity and specificity makes it applicable to daily PCHC practice.
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Part II: The role of neonatal stress and associated DNA
methylation: understanding mechanisms underlying adverse
neurodevelopment

In the second part of this thesis, our specific aims were (1) to expand knowledge on the course
of neonatal stress in preterm infants during NICU stay and its effects on health and
development in early childhood and beyond and (2) to further unravel the molecular
mechanism of epigenetic alterations, specifically DNA methylation, involved in neonatal stress.
In Chapter 6, we present an overview of the current literature on associations of neonatal
stress with health and development. We found that neonatal stress is associated with a variety
of clinical outcomes, e.g., cognitive delays, motor delays and emotional and behavioral
problems. We also identified a distinct association with structural brain development in several
areas of the brain that relate to these clinical outcomes. Our findings additionally
demonstrated several associations with underlying pathophysiological mechanisms, e.g., the
functioning of the hypothalamic-pituitary-adrenal (HPA) axis, and DNA methylation of several
stress-related and/or neurodevelopmentally relevant genes. Still, there is also a wide gap in
the literature on impact of neonatal stress because we did not find studies on associations
with growth, cardiovascular outcomes, language development or parent-infant interactions,
nor did we find studies on associations with the neonatal immune system or microbiome. We
conclude from this overview that NICU stay may have profound consequences for
neurodevelopment, expressed through several pathophysiological mechanisms that may
interrelate. In Chapter 7, we present the course of neonatal stress during preterm infants’ stay
in the NICU. We found mean daily scores of 66.4 (SD 8.7), with large variations between infants
and within individuals. Scores were highest in the first 7 days after birth for all gestational age
groups, but after that, declining of scores highly depended on gestational age. Infants who
were mechanically ventilated, had a blood-culture proven sepsis and/or intraventricular
hemorrhages had higher cumulative scores at 7, 14 and 28 days after birth. Of note, scores
were not higher in infants with necrotizing enterocolitis. Next, Chapter 8 focuses on placental
DNA methylation of genes that may be involved in neurodevelopmental impairment in
preterm infants. Using Prechtl’s assessment of the early motor repertoire and its associated
Motor Optimality Score — Revised (MOS-R), we found that infants with near-optimal MOS-R
scores had higher methylation of the NR3CT gene, that encodes for the glucocorticoid
receptor. We did not find differences between atypical and near-optimal MOS-R groups for
other genes. This increased methylation may indicate less exposure to cortisol levels in utero,
possibly leading to better neurodevelopment. In Chapter 9, we assessed the association
between neonatal stress exposure and DNA methylation of several stress-related and
neurodevelopmentally relevant genes. Our results suggest that cumulative neonatal stress
exposure may inversely be related to DNA methylation upon discharge in several target genes.
Importantly, this relation may exist for the OPRM1 gene, encoding for the mu-opioid receptor
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that is involved in pain regulation. In we report on the self-reported and parent-
reported sensitivity to pain in adolescents. We found that one in five early preterm, one in
eight moderately-late preterm and one in fourteen fullterm adolescents report increased
sensitivity to pain. In early preterm adolescents, this higher sensitivity to pain was associated
with inotrope treatment during NICU stay. These findings on sensitivity to pain underline the
hypothesis drawn from this thesis, that NICU stay, and specific treatments, could have
consequences later in life, in this case for the sensitivity to pain of preterm-born adolescents.

In this thesis, we have defined the word stress according to the biological or psychological
perspective of the Oxford English Dictionary: “an adverse circumstance that disturbs, or is likely
to disturb, the normal physiological or psychological functioning of an individual”3® Because
infants are exposed to many of these adverse circumstances during NICU stay, the cumulative
exposure was defined as neonatal stress or NICU-related stress. However, to fully understand
the effects of neonatal stress, it is crucial to contemplate this definition and how it is used in
measuring and quantifying neonatal stress in research till date.

In most research, only counting skin-breaking procedures is included as the measure of
neonatal stress ( ), but it is unanswered whether better alternatives are available to
measure stress exposure in neonates. Even though counting skin-breaking procedures may
seem objective, definitions of what is a skin-breaking procedure vary between studies.3
Besides, these studies overlook the non-painful, but potentially stressful exposures, such as
routine handling and other medical procedures. The Neonatal Infant Stressor Scale, developed
by Newham and colleagues, was specifically designed to incorporate these additional factors
in a quantitative measure. The Neonatal Infant Stressor Scale is used increasingly in the field
of neonatal stress research. These studies confirm our findings of 343637 The
downside of counting skin-breaking procedures as well as using the Neonatal Infant Stressor
Scale is that they both measure only exposure to stressful events, rather than how the infants
experience these stressful events. It may well be that how infants experience stressful events
bears a stronger relation with neurodevelopmental outcomes than the exposure itself.

To quantify experiences of (pain-related) stress in neonates, several indices have been
described, including the Neonatal Facial Coding System, the Preterm Infant Pain Profile, the
Neonatal Pain, Agitation and Sedation Scale, the COMFORT-Neo Scale, and the Neonatal
Infant Pain Scale. All of these typically include physiological indicators such as heart rate, blood
pressure, respiratory rate and oxygen saturation, behavioral indicators such as crying, facial
expressions and behavioral states, and contextual indicators such as gestational age or
postmenstrual age.?® However, all of these indices have limited applicability in clinical practice
because the indicators that they include may not be specific for (pain-related) neonatal stress,
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but may also be altered in situations of deteriorating medical conditions.3® Kappesser and
colleagues have compared several of these indices with more subjective numeric rating scales
for pain and stress, and found that the indices for (pain-related) stress better discriminate pain
than stress.3® They also reported that the behavioral components in the indices such as facial
expressions, better differentiate between stressful and painful procedures than the
physiological components, such as heart rate.3® The downside of using such indices is that
they mainly evaluate a single moment or procedure, rather than cumulative experiences
during NICU stay. Moreover, individual trajectories of responses to pain seem to be highly
variable between infants and within the same infant across procedures.> Thus, a suitable and
applicable measure of neonatal stress experiences has yet to be developed.

Next to counting exposures to stressful events and measuring the infants’ experience of
stress with physiological and behavioral clues, experience to stress can also be measured with
the hormonal stress response. This relies on the body’s stress system producing cortisol in
response to a painful or stressful event. Cortisol is considered to be one of the most precise
measures of stress.*’ Additionally, cortisol can be measured in a variety of ways, i.e., in serum,
urine, and saliva. These samples indeed show a response to acute stressors and correlate well
with the Neonatal Infant Stressor Scale' For chronic stressors, a novel and non-invasive
method has been developed using skin cortisol measurements with specifically designed tape,
which also has proven to correlate well with the Neonatal Infant Stressor Scale.3” The downside
of using cortisol is that the preterm HPA axis may be underdeveloped leading to an inaccurate
cortisol response. Cortisol results may thus be unreliable as measure of stress in preterm
infants, as is also known from studies examining preterm versus fullterm cortisol responses in
later life.%?

In summary, all measures, whether assessing exposure to neonatal stressors or assessing
how infants experience neonatal stress, have their benefits and downsides. Therefore,
defining, measuring, and quantifying all aspects of neonatal stress in preterm infants during
NICU stay is still an important quest that may need different tools depending on the specific
situation.

To fully comprehend adverse neurodevelopmental outcomes after preterm birth, we need to
acknowledge the importance of both gestational age at birth and neonatal stress, i.e., two hits
that may cause double jeopardy.

Gestational age at birth has been suggested to be an important determinant of
neurodevelopmental outcomes in childhood and beyond in many studies across several

domains.26:27:29.3043 |y

, we confirmed this assumption for the attainment of gross
motor milestones in early childhood. In ., we also observed the importance of

gestational age at birth regarding pain sensitivity outcomes. Both associations may be
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explained by immaturity of the brain at birth. The preterm brain is extremely sensitive and
rapidly developing in the first months after birth.**4> Developmental processes such as
synaptogenesis, neuronal and axonal growth, myelination, maturation of neurochemical and
enzymatic processes and focused apoptosis will have to take place in an environment that is
highly different from that in utero.*4-46

Regarding neonatal stress, infants born extremely and very preterm are also exposed to
the pain and stressors of NICU stay (Chapters 6 and 7), which may increase the likelihood of
adverse neurodevelopmental outcomes (Chapter 6). The effects of broadly defined neonatal
stress, including pain-related stress, but also maternal separation, noise, and light, on
subsequent short-term and long-term neurodevelopment that we found in Chapter 6 are

confirmed in several systematic reviews,**4°

as well as in new studies that have recently been
published.>®? More knowledge also becomes available on the critical windows of exposure
to stressful events during NICU stay. Zhang and colleagues strikingly describe that the third
trimester of pregnancy is the most important exposure window affecting brain development,
with younger infants being more affected.> Following this theory, our findings in Chapter 10
of altered pain sensitivity that is more pronounced in early preterm adolescents compared
with their moderately-late preterm and fullterm peers, would suggest that the NICU
environment plays an important role for later life outcomes. In a systematic review by Williams
and Lascelles, these mechanisms are further detailed to include altered processing pathways
in the developing brain.>* Additionally, exposure to neonatal pain is reported to be associated
with increased connectivity in the brain, between the thalami and bilateral somatosensory
cortices, and the right insular cortex and ipsilateral amygdala and hippocampal regions.>
These changes are more pronounced in preterm infants with higher exposure to pain-related
stressful events.>® Thus, neonatal stress has a profound and long-lasting effect.

Unravelling the role of gestational age and associated brain immaturity from the impact
of NICU stay is difficult, and perhaps we should not try to disentangle the two. We propose
that both immaturity and neonatal stress may play a crucial role in adverse
neurodevelopmental outcomes following preterm birth, with immaturity being the first hit,
but NICU stay and associated neonatal stress being the second, leading to double jeopardy.
Neonatal stress may affect neurodevelopment through intermediately affecting the already
immature brain development, proceeded by biological changes in signaling pathways that
connect to the biological stress system.

HPA axis functioning and epigenetic alterations following stress

exposure

Neonatal stress may induce epigenetic alterations, specifically altered DNA methylation in
stress-related and neurodevelopmentally relevant genes, as our exploratory study in Chapter
9 suggests. For the two most studied genes in neonatal stress literature, i.e, NR3CT encoding
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for the glucocorticoid receptor and SLC6A4 encoding for the serotonin transporter, this has
been reported by others as well. For example, Giarraputo and colleagues report that infants
at high medical risk, thus experiencing more neonatal stress, have decreased methylation at a
single CpG site in NR3C1.%° Altered methylation of NR3C7 may have major consequences for
health and development later in life. Argentieri and colleagues provide evidence for possible
associations of altered NR3CT methylation with cardiovascular diseases, cancer, inflammatory
diseases, and mental health outcomes such as post-traumatic stress disorder.>” In preterm
infants in particular, changes in HPA axis function that are associated with altered DNA
methylation of NR3CT and other genes, have been associated with cardiovascular and
metabolic risks at school age.>® For SLC6A4 increased DNA methylation at specific CpG sites
are reported, both when comparing preterm infants at NICU discharge with fullterm infants
and when comparing preterm infants at NICU discharge with time of birth,*® and in infants
with higher neonatal stress.®® For the SLC6A4 gene, an association has been reported between
increased methylation and emotion regulation in preterm infants at 4 years of age.’’
Additionally, SLC6A4 methylation has been found to be associated with socio-emotional stress
responses.® In this association, maternal sensitivity and maternal touch throughout the life
span have been proven influential,®® highlighting the importance of maternal presence from
birth onwards. Maternal separation as a source of neonatal stress has received the least
attention in human neonatal stress literature ( ), while in animal studies, separation
has proven to be one of the most influential stressors.®* Lester and colleagues used lack of
breastfeeding as a proxy of maternal separation in human fullterm infants. They reported an
association between less breastfeeding and decreased methylation in the NR3C7 gene.® It
thus seems that maternal care in humans also impacts the stress system that is regulated by
the HPA axis. The type of stress that an infant is exposed to may have consequences for their
later life outcomes and may even result in brain region specific DNA methylation patterns.®
Differential DNA methylation in a variety of other genes has been found to be associated with
neurodevelopmental outcomes as well. For example, in their epigenome-wide study, Everson
and colleagues describe associations regarding neurodevelopmentally relevant genes, some
of which being associated with neurological structure and function, others with
neurobehavioral disorders, and with neurobehavioral responses during NICU stay.®” DNA
methylation profiles may still be different between extremely low birth weight infants and
normal birth weight infants in adult life,%® which underlines the theory of biological embedding
of neonatal stress exposure through DNA methylation.

Importantly, in our exploratory study in , we reported a decrease in average
DNA methylation in the OPRMT gene between the second week after birth and at discharge
from the NICU. Average DNA methylation in this gene also correlated with neonatal stress
exposure throughout NICU stay. The OPRM1 gene encodes for the mu-opioid receptor that is
involved in pain and reward signaling in the brain. Literature on OPRM1 methylation is scarce,
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only one study examined the effect of noxious stimuli during NICU stay on DNA methylation
and reported no relationship.%® In adults, prescription of short-term opioids resulted in
hypermethylation of this gene.”® This effect might also have impacted the findings in our
study, as some neonates received morphine during their NICU stay. However, because of the
small sample size of this study, we were unable to investigate the role of treatment with
morphine on this specific DNA methylation pattern. This finding of OPRMT methylation
(Chapter 9) may be a mechanism underlying the findings of increased sensitivity to pain as
described in Chapter 10 and by others.*¢""7® In various areas of pain research, including
fibromyalgia or other chronic pain conditions, the OPRM17 gene was found to play an
important role in pain perception and pain sensitivity.”” This theory also underlines the
biological embedding framework of neonatal stress exposure through DNA methylation.

The role of the prenatal environment

As evidenced in Chapter 8, adverse prenatal conditions may predispose preterm infants for
adverse neurodevelopmental outcomes. The association of fetal programming through
placental DNA methylation with neurodevelopment has been confirmed by others.”®’ The
placenta is a key factor in the prenatal condition of the fetus, because it is the link between
mother and fetus and serves as a regulator of growth and development through metabolism,
neuroendocrine signaling and immunologic control.®% While in Chapter 8 we found stress
exposure and HPA axis functioning to be the most influential for adverse neurodevelopmental
outcomes, perinatal inflammation has been suggested as another important mechanism
through which adverse neurodevelopmental outcomes may occur.2%8" Inflammatory cytokines
may be passed through the placenta into the fetal bloodstream. Based on a mouse study
examining the contribution of both the prenatal and the postnatal environment, authors
conclude that prenatal life experiences have a larger effect on adult mouse brain epigenomes
in several genes, including NR3C1, than postnatal experiences.®? Thus both the prenatal and
the postnatal environmental circumstances should be taken into consideration when
assessing risk for neurodevelopmental impairment in preterm infants.

Additional biological pathways between neonatal stress exposure and
neurodevelopment

In Chapter 6, we identified substantial gaps in the current evidence regarding the
understanding of pathophysiological mechanisms involved in the association between
neonatal stress exposure and neurodevelopment. Following the theory of biological
embedding of stress exposure by Nist and colleagues,® the autonomic nervous system and
the neonatal immune system may be two biological pathways involved in this association.
Additionally, other epigenetic alterations beyond DNA methylation may be involved as well.
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Regarding the autonomic nervous system, activation may follow neonatal stress
exposure. The autonomic nervous system encompasses the sympathic and parasympathic
nerve branches. These two branches regulate both the respiratory and cardiovascular
systems.3 One of the main biomarkers of autonomic nervous system functioning is heart rate
variability (HRV). HRV is defined as the change in the time interval between successive
heartbeats and may provide non-invasive information on both the sympathic and
parasympathic branches. In experimental settings where pain was induced an increase in
sympathic activity was noted through exploring HRV characteristics.®> Additionally, when
interventions such as mindfulness or yoga were applied, the parasympathic activity during
pain was increased as well, showing the effect of pain-reducing interventions through
exploring HRV characteristics.%> In preterm neonates, procedural pain has also been reported

to increase the sympathic branch activity,238¢

while skin-to-skin care has proven to increase
the parasympathic branch activity.®> A novel robot intervention specifically designed to calm
infants during painful procedures using touch also proved to increase parasympathic branch
activity.?” The sensitization of the nervous system with increased exposure to painful
procedures may represent the immaturity of the autonomic nervous system and predispose
infants for altered stress reactivity later in life.8388

Additionally, the neonatal immune system, which includes the microbiome, may play an
important role in the association between neonatal stress and neurodevelopment. From other
areas of early life adversity, we know that neuromodulators, such as microglia in the central
nervous system and cytokines, as well as complement factors in the peripheral nervous system,
play a role in structural brain development and associated clinical outcomes.®® This includes
synapse plasticity, neuronal apoptosis, and myelination, as well as emotional and behavioral
development, particularly anxiety and depression.?® In children with early life adversity, who
had increased pro-inflammatory interleukin-6 cytokine plasma levels, an indirect association
was found with internalizing behavioral problems at school age.” This supports the theory of
biological embedding, where the immune system may have altered brain structure and
functioning, leading to adverse neurodevelopment.

Other epigenetic mechanisms beyond DNA methylation may also be implicated in
neonatal stress exposure. This includes telomere lengths. The limited evidence available on
telomere lengths, demonstrates that preterm infants have longer telomeres at birth compared
with fullterm infants, and infants with higher neonatal stress have shorter telomeres at NICU
discharge compared with their preterm peers with lower stress exposure.’’ Telomere lengths
are reported to associate with HPA axis functioning in preterm infants,® but the association
of telomere lengths with neurodevelopment is still under debate.”

Potential cross-links in these different biological systems may exist as well. For example,
the immune system may be cross-linked with the HPA axis, because many immune cells
express stress hormones receptors and, in turn, the HPA axis is stimulated by proinflammatory
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cytokines.®® Moreover, several studies suggested that an inflammatory state and infections
may influence emotional and behavioral development through altered microbiome
compositions.* Finally, epigenetic alterations have been proposed to regulate neonatal
immune responses.” In the biological embedding theory these biological pathways are all
represented and they may play an important role in our understanding of the effects of
neonatal stress exposure on health and development in preterm infants.

Part lll: Improving neurodevelopment: feasibility and effects of
live-performed music therapy during NICU stay

In the final part of this thesis, our specific aims were to determine the feasibility, effects, and
underlying mechanisms of action of live-performed music therapy for extremely and very
preterm infants to improve their neurodevelopment. In Chapter 11, we present findings of
our feasibility study on the safety and applicability of this music therapy intervention in infants
born before 30 weeks’ gestation. We demonstrated that music therapy is well-tolerated and
does not overstimulate infants. Importantly, parents and nurses evaluated music therapy as
an added value to developmental care during NICU stay. In our brief report (Chapter 12) we
present findings of a pilot study into the effects of music therapy on early neurological
functioning, assessed using the General Movement Optimality Score (GMOS) in infants
admitted to the NICU. Our most important finding was a distinct improvement in GMOS
scores. We found that infants receiving respiratory support in the form of continuous positive
airway pressure (CPAP) had substantially lower delta GMOS scores than infants with low or
high-flow nasal cannulas or without respiratory support. In Chapter 13, we wanted to further
elucidate mechanisms of action responsible for this neurodevelopmental improvement in live-
performed music therapy in preterm infants. We therefore studied neonatal cerebral
hemodynamics using Near-Infrared Spectroscopy (NIRS) and identified two distinct reactions
to music therapy. In approximately half of the infants, oxygen saturation increased while
oxygen consumption decreased, possibly reflecting a sedative effect. In the other half, oxygen
saturation decreased while oxygen consumption increased, possibly reflecting a hyperalert
state. Because music therapy is an environmental stimulus, it may well interact with the
autonomic nervous system, involved in the regulation of brain oxygenation as well as heart
rate. Of note, the clinical significance of these two distinct reactions for music processing and
neurological functioning in these infants deserves further investigation. Chapter 14 focuses
on the association between infant stress and maternal anxiety as well as the role of live-
performed music therapy for mothers of preterm infants. We found that mothers have high
anxiety scores early during NICU stay. Fortunately, this anxiety decreased to levels comparable
with the general population at discharge. Anxiety was strongly associated with cumulative
neonatal stress exposure, but not with gestational age. We also found that our live-performed
music therapy intervention of six sessions had an anxiety reducing effect. This music therapy
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intervention may therefore accelerate the reduction of anxiety symptoms in mothers of
preterm infants. entails a qualitative study that shows caregivers’ experiences with
a specific music therapy intervention, the ‘HeartSong'. In the HeartSong, an infant’s heartbeat
is paired with the parent-chosen song-of-kin and afterwards provided to parents as a form of
support. Both staff members and parents indicated that this intervention is valuable in
bereavement support and anticipatory grief, but also in supporting parents throughout and
beyond NICU stay, in various areas, including parent-infant bonding. All caregivers
recommended this intervention for wider use in the NICU and beyond. Taken together, live-
performed music therapy may be an asset to developmental care that deserves further
research to unravel its effects and potential mechanisms of action.

In our feasibility study ( ), we identified the feasibility and applicability of live-
performed music therapy for extremely and very preterm infants. Our findings demonstrated
that infants tolerate music therapy according to the ‘Rhythm, Breath, and Lullaby’ method well,
without signs of overstimulation. While we did not observe overstimulation, based on
literature, signs of overstimulation or stress, e.g., crying, finger spreading, medical instability
as indicated by apneas, bradycardias and/or low oxygen saturation, may be contraindications
for starting music therapy interventions.*®?’ This may also be the case for infants who were
just extubated or are recovering from surgery.®®%” Another important contraindication may be
severe brain injury (i.e., grade 3 or 4 intraventricular hemorrhage or cystic periventricular
leukomalacia). Epstein and colleagues reported that infants with these injuries showed
physiological and behavioral instability when sung to by their mother.?® Therefore, caution is
always warranted when providing live-performed music therapy to the sickest and smallest
infants in the NICU. We believe that it is crucial to only offer live-performed music therapy in
the NICU as opposed to recorded music-based interventions, because of the immaturity of
these infants, even though recorded music has been proven beneficial for neonates from 32
weeks' gestation.®1%" An accredited music therapist with NICU training will be able to offer
meaningful sounds and adapt to the specific needs of the infant more safely than recorded
music, while simultaneously introducing the benefits of interaction with parents and the
environment.

In our feasibility study, we found that both parents and nursing staff were very pleased
with this addition to neonatal care. In a Norwegian cohort, similar experiences were described,
with parents noting live-performed music therapy as beneficial for their infant and for
themselves.'® In that study, nurses also observed that parent-infant interactions improved.
One challenge that was reported by nurses was inviting parents to participate in live-
performed music therapy at a time of uncertainty, anxiety, and grief.'" Because music
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therapists most often have a background in psychotherapy, dealing with these emotions is
familiar to them, and introducing their services at such a time could very well benefit parents.
Another reported challenge was integrating music therapists into the NICU's multidisciplinary
team.'® These challenges are inherent to the implementation of a novel intervention in a
NICU, but the results of both studies showed that after an implementation period, all parties
are convinced of the benefits of music therapy.

Effects of live-performed music therapy on neurological functioning

Live-performed music therapy may be beneficial for early neurological functioning. We indeed
identified a substantial improvement in GMOS scores from before to after music therapy
(Chapter 12). When the whole range of GMOS is subdivided into six percentile categories
(<P10, P10-25, P25-50, P50-75, P75-90, >P90), this reflects an improvement of approximately
two categories.'® As far as we know, we were the first to examine the effects of live-performed
music therapy on neurological functioning. Our findings as reported in Chapter 12 also show
that for three participants GMOS scores did not improve. We speculate that music therapy
improves neurological functioning over multiple sessions, because one of the infants with
deteriorating scores showed improved scores over the three recordings. Unfortunately, the
other infant was not videotaped multiple times. This hypothesis is supported by research from
Qiu and colleagues, who report an increase in endogenous opioid concentrations only after
multiple sessions of creative music therapy.'® Pioneering work in animal research also seems

to indicate that cumulative music is key in promoting growth of neuronal networks.'®

Changes in structural brain development after music exposure

The improved GMOS scores as reported in Chapter 12 may be explained by the effects of
music on changes in neuronal development, because neuronal responses proceed in
movements. Studies using functional magnetic resonance imaging (fMRI) assessments report
that exposure to recorded music in a NICU environment may induce changes in functional
connectivity in brain areas that are associated with music processing.'® In addition, early
postnatal music interventions may increase neural responses related to tempo processing and
recognition.’® Earlier work also demonstrated the neural architecture underlying music
processing in infants, showing that the whole brain is activated,’” and that the neuronal
response to music is sensitive to changes in for example the tonal key of music and to
differences in the sensory dissonance of musical signals.'® Importantly, stronger neuronal
responses were also seen in maternal singing.'® Furthermore, changes in activity within limbic
structures suggest that infants engage neural resources of emotional processing in response
to musical stimuli.’® Because general movements (GMs) have proven to be predictive for

12,110,111

cerebral palsy, and motor and cogpnitive skills later on in life, our finding of improved

scores as early as several weeks after birth may also translate into favorable long-term
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outcomes. A direct effect of exposure to music on the brain may therefore be a mechanism
leading to neurodevelopmental improvement.

The promising findings of improved GMOS scores after music therapy ( ) may
reflect stress reduction signaled by the biological stress system. Because exposure to neonatal
stress has a profound impact on brain development ( ), stress reduction could
improve neurodevelopmental outcomes. Stress reduction through musical intervention may
be achieved via several pathophysiological pathways.

First, music may work through stimulation of neuronal pathways sensitive to stress
hormones. For example, Qiu and colleagues reported higher concentrations of beta
endorphins, associated with less response to pain and stress, for infants in the musical
intervention group.'® Strikingly, they report no effects of music on cortisol concentrations.'*
This may be due to the immature HPA axis of preterm infants, and the associated inadequate
cortisol response. Music therapy as a stress reducing non-pharmacological intervention has
also been implemented by Ulsten and colleagues, who report an in-depth musical analysis of
three cases, in which they identify the possible benefits of live lullabies during painful
procedures.’?

A second pathway regards an effect of music on the autonomic nervous system, which
reacts to environmental stimuli and is wired to regulate the cardiovascular and respiratory
systems.!31'4 |n several studies, music-based interventions, including music therapy, have
indeed been found to be associated with improvements in cardiovascular and respiratory
stability.’"""> In infants with a cardiac disease who underwent surgery and had a need for
sedatives, pioneering work has shown promising results, with lowered days on mechanical
ventilation, and lowered incidence of delirium.""® Additionally, music might already have an
effect on the developing fetus in utero. Novel work by Massimello and colleagues provide
insight into autonomic nervous system modulation in utero, showing that fetuses are more
relaxed when listening to music, with a sustained effect."” Live-performed music therapy may
even enhance these findings, through maternal relaxation and enhanced mother-infant
bonding through song-of-kin.

The autonomic nervous system may also be the underlying system explaining our
findings of altered cerebral oxygenation, as presented in . where we found cerebral
oxygenation to reflect either a sedative or a hyperalert reaction to music therapy. These
findings are confirmed by others, reporting that altered cerebral oxygenation was induced in
the frontal lobes during auditory stimulations of neonates.’’® In a more physiologically stable
condition, infants may have more energy to process the offered music, leading to stronger
neurophysiological responses.’™® This could also explain why we found a greater improvement
in delta GMOS in infants receiving little respiratory support or no respiratory support at all in
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comparison with infants receiving CPAP (Chapter 12). Alternatively, infants on CPAP may have
a delayed auditory maturation, that could delay processing of music.’ Stress reduction due
to music and the effects of this stress reduction on the developing brain may therefore be a
mechanism leading to better neurodevelopment.

Parent-infant interaction through music therapy interventions

The promising findings of Chapter 12 of improved GMOS scores after music therapy, may
also reflect enhanced parent-infant interaction during NICU stay. A healthy parent-infant dyad
communication and bonding is crucial for infant development.’?' Parental mental health, the
ability to care for their infant and reaction of an infant to their voice or touch, are all needed
for a healthy attachment in the parent-infant dyad."?' These are all altered because of preterm
birth; in Chapter 14, we found that mothers of preterm infants experience high levels of
anxiety, strongly related to their infant's exposure to stressful stimuli. The higher the infant's
stress exposures, the higher their illness severity (Chapter 7) and this makes it the more likely
that parents will not be able to take their parental role. This is recognized as the key stressor
for mothers, which enhances their anxiety. Our findings presented in Chapter 14 indicate that
music therapy may alleviate this maternal anxiety, most likely through an enhanced feeling of
maternal empowerment. Importantly, this alleviated maternal anxiety is achieved both
through the ‘Rhythm, Breath, and Lullaby’ method that we applied as well as through creative
music therapy, another form of live-performed music therapy.'?>'?? Involving mothers in the
music-based intervention may improve maternal responsiveness and sensitivity, in turn
improving interaction and bonding with her infant.'® This maternal proximity and interactive
behavior may well have positive effects on the developing brain, regulating neurobiological,
sensory and emotional systems.'%'?* This hypothesis is strengthened by research of Hamm
and colleagues, who reported improved mother-infant interactions after a music-based
intervention program, based on which they suggest improved dyadic communication as the
underlying mechanism.'® Not only mothers, but also fathers may benefit from music therapy
interventions, as they themselves report increased stress during NICU stay,'?® but also that
contact with their infant is crucial in bonding.’?” Targeting parents with specific music therapy
interventions, such as the HeartSong (Chapter 15) may improve parent-infant interactions
through parent support, bonding support and memory making, following from their own
experiences. Especially in countries where social security is less regulated and parents must
follow a transition back to working life quite soon, this could be a supporting intervention.
Involving parents in a music therapy intervention therefore seems crucial for infants’
neurodevelopment.
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A last mechanism of action through which our findings of improved neurodevelopment after
music therapy ( ) could be explained regards environmental enrichment. Preterm
infants are subjected to a highly different acoustic environment in the NICU compared with
fullterm fetuses in the womb, with exposure to loud and high intensity sounds. Even though
the American Academy of Pediatrics recommends a sound level of maximum 45 decibels (dBs),
sound levels often exceed this level and may even be as high as 120 dBs.'?® Because of the
immature auditory system, these sounds may have profound consequences for infants’
neurodevelopment. As excessive stimuli, they may cause neurons to form alternative pathways
between the cerebral cortex and the brainstem.’?® These stimuli may also trigger the
autonomic nervous system along with the HPA axis, diverting resources from brain
development."" In contrast, deprivation of sounds may also impact the maturation of the
brain, as well as subsequent speech and language development.'?® Sounds in utero are of a
highly musical nature, e.g., the whooshing sound of maternal blood flow or maternal
heartbeat.'?

In our feasibility study ( ). nurses noticed a distinct effect of live-performed
music therapy on the acoustic environment of the NICU, with less noise and lowered voices.
This may lower the dBs an infant is exposed to and change the soundscape of the NICU."?3
The NICU soundscape is a factor that is overlooked in most studies, but that signals stress to

130 and may also be perceived as stressful by parents.®' Changing the soundscape in

infants,
a NICU to improve infant neurodevelopmental outcomes builds on the concept of
environmental music therapy (EMT), in which music is utilized to intentionally change the
soundscape of an environment, not by diminishing noxious sounds, but by integrating them
and changing the perception of the soundscape.’™ The high-pitched beeping noises in our
NICU, which are mainly in musical key A, may be integrated in song-of-kin lullabies or other
pieces of environmental music, by transposing these into the same key, so that the noises
become less apparent.’® This may be beneficial for both parental anxiety and infant stress
and therefore, environmental enrichment by live-performed music therapy may be beneficial

for infants’ neurodevelopment.

In Dutch PCHC, the Van Wiechen Developmental Instrument is used to monitor development
of all children, including those born preterm. Studies on the validity and applicability of this
instrument for preterm infants are still lacking, even though the instrument is used in routine
daily practice. The studies in will hopefully serve as a basis for better use of this
instrument for preterm infants in PCHC, and the development of other tools that aid PCHC
physicians in the early detection of children at risk of adverse neurodevelopment. To this end,
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the prediction model that we developed (Chapter 4) could be refined further in an
implementation study. In addition, there is a need for studies investigating whether improved
detection combined with early intervention strategies after discharge indeed improves
neurodevelopment. These studies should be initiated from within the clinical practice of PCHC,
for example following consultations when developmental delays are suspected. Intervention
studies should focus on both children and their parents in a holistic approach.

Towards a better understanding of neonatal stress and its
pathophysiological mechanisms

Our findings from Chapter 6 and 7 imply that it is important to define neonatal stress broadly,
as not only including skin-breaking procedures, but also entailing other potentially stressful
stimuli. The neonatal field would benefit from a general definition of neonatal stress in preterm
infants. This will make future studies more comparable, eventually leading to better care.
Future studies should better distinguish stress exposure from stress experience. The use of
specific measures of neonatal stress will depend on the specific research question that is
addressed. Experts on neonatal stress should cooperate to form a core outcome set for
research and clinical practice, to better evaluate and further tailor care for extremely and very
preterm infants.

Regarding pathophysiological mechanisms, DNA methylation as a mechanism
underlying the associations between neonatal stress exposure and adverse neurodevelop-
mental outcomes as evidenced in Chapters 6, 8 and 9 should be further studied. Such studies
should include additional stress-related and neurodevelopmentally relevant genes, such as
NFKBIA, a gene that encodes for a protein regulating immune and inflammatory responses,
and FKBP5, a gene that is part of the HPA axis pathway and encodes for a glucocorticoid
receptor and binding protein.”* They should also include gene expression and hormone
levels, to provide a full overview of the effects of neonatal stress on preterm infants. Several
potential mechanisms involved in neonatal stress exposure could be further investigated, as
evidence on them is currently scarce (Chapter 6). This includes other epigenetic mechanisms
such as telomere lengths and micro-RNA expression that have received less attention, and
also the role of the autonomic nervous system and the immune system.

Additionally, it is important to limit neonatal stress exposure and thereby hopefully stress
experiences as much as possible, because of its impact on neurodevelopment (Chapters 6
and 10). Clinicians should weigh the benefits of diagnostic procedures, handling, and
interventions very carefully. Additionally, future studies could focus on improving infant self-
regulation regarding specific stressful events. For example, promising research reports that
helping infants to self-regulate as much as possible in the case of nursing care, positively
relates to neurodevelopment at two years of age.®® Investigating and implementing such
soothing interventions should be a priority in neonatal stress research. For implementing
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developmentally appropriate interventions it is important to involve all stakeholders and
parents, and to develop setting- and site-specific educational tools to support all involved.'®

Towards improving neurodevelopment through live-performed music
therapy in the NICU

Live-performed music therapy in the NICU to improve the neurodevelopmental outcomes of
extremely and very preterm infants is a young and developing field of research and practice.
We have established that live-performed music therapy is feasible for extremely and very
preterm infants (Chapter 11). Next, several directions are promising for further research. First,
we need data on a longer follow-up than the current studies, i.e., beyond three months post-
term. Second, studies should aim to better understand biological mechanisms of live-
performed music therapy. This may regard the role of live-performed music therapy in parent-
infant bonding and parental experiences with live-performed music therapy in the NICU. Even
though it should be standard practice, involving fathers in these studies is crucial. Further it is
promising to assess the protective effects of music therapy on intermediate outcomes such as
epigenetic alterations, the autonomic nervous system, the immune system, and brain
structure. Third, the field of live-performed music therapy should expand its scope to other
infant populations on the NICU and Pediatric Intensive Care Unit (PICU). For example, music
therapy could focus on parent-infant dyads experiencing a difficult start in life, cardiac disease,
and music therapy could contribute to specific on-demand settings such as during painful
procedures. Finally, music therapy may expand its scope to antepartum units, as music therapy
may have a profound effect on parent-infant bonding and neurodevelopmental outcomes
already in utero.

Implementing live-performed music therapy in the NICU: steps beyond
research

Our feasibility study (Chapter 11) was the first study to introduce live-performed music
therapy into the Dutch NICU environment. This inherently came with implementation
challenges, but after the study period, parents and nurses were generally very pleased with
this additional care. To integrate this intervention into routine care, it is crucial to educate
medical and nursing staff on the role of live-performed music therapy in the NICU and to set
expectations. In addition, music therapists should be part of interdisciplinary social rounds to
actively identify parent-infant dyads who could benefit from this intervention. That will also
integrate them better in the NICU team.
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Conclusion

In conclusion, in this thesis we have provided substantial contributions towards improving
neurodevelopmental outcomes of preterm infants. First, we showed that routine
developmental screening in PCHC can help to detect children at risk of adverse
neurodevelopmental outcomes and that this detection can be improved by using
neurodevelopmental trajectories and predictive tools. Efforts towards early detection of
adverse neurodevelopmental outcomes in PCHC settings could be intensified with the added
knowledge. Second, we showed that both gestational age and neonatal stress exposure are
important determinants of adverse neurodevelopmental outcomes following preterm birth.
Stress exposure in the prenatal and postnatal environments may be biologically embedded at
least through altered DNA methylation of stress-related and neurodevelopmentally relevant
genes. Efforts towards an even better understanding of neonatal stress can regard further
research on these biological pathways. Finally, we showed that live-performed music therapy
is feasible for extremely and very preterm infants during NICU stay. Music therapy may
improve neurodevelopment through direct effects on the brain, stress reduction, enhanced
parent-infant interaction, and environmental enrichment. Early interventions, such as live-
performed music therapy during pregnancy and NICU stay that focus on alleviating stress and
improving parent-infant bonding and interaction can contribute to improved
neurodevelopmental outcomes in this vulnerable population. All future efforts should be
focused towards protecting the infant brain and thereby improving neurodevelopment.
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