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Abstract

Neonatal medicine has shown major advances in the past 50 years and
this progress has allowed the increased survival, with less morbidity, of
extremely preterm and critically ill neonates. Despite some conditions being
unique to the neonatal population, neonatologists often have the need to
adapt currently approved therapies from other populations. Certain diseases
have such a wide variability in phenotype and response to drug therapy that
it has become urgent to understand the underlying sources of variability,
including genetics.

Precision medicine concerns the application of patient-specific profiles,
through the determination and incorporation of genetic data, clinical and
environmental factors, to determine individual risks and thus provide the
most accurate point-of-care in disease management and prevention.

In this review, we discuss the current available knowledge concerning
the applicability of precision medicine in different neonatology fields,
such as newborn screening, neonatal nutrition, renal injury, hemodynamic
assessment, lung pathology, epilepsy and neonatal pharmacology. To this
end, the authors conducted a literature search of the PubMed® repositories,

9 LR I3

mainly using the terms “neonatology”, “individualized medicine”, “precision
medicine”, “personalized medicine”, “genomics” and “metabolomics”.

This article provides a summarized review of the research that is being
conducted in numerous neonatal domains. But how can this new research
be integrated in clinical practice?

Although some areas are already being used in neonatologists’ daily
activity, others, like genomics and metabolomics, seem to be limited to
the investigational field. Even though the groundwork in such fields seems
promising, its clinical utility and availability are still unknown. Further
studies are needed, and the creation of a worldwide database, with the
purpose of sharing patient data and outcomes, could be an important step

for this evolving science.
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Introduction

Neonatal medicine has shown major advances
in the past 50 years [1], with paramount progress in
nutrition, ventilation strategies, surgical techniques
and infection control practices. These advances have
allowed the increased survival, with less morbidity,
of extremely preterm and critically ill neonates [1].
Despite some conditions being unique to the neonatal
population, neonatologists often have the need to adapt
currently approved therapies from other populations.

Certain diseases have such a wide variability in
phenotype and response to drug therapy that it has
become urgent to understand the underlying sources
of variability, including genetics [1].

Precision medicine (also termed ‘“‘personalized
medicine”, “personalized genomics”, or “genomic
medicine”) refers to the application of patient-
specific profiles, beyond signs and symptoms
that were previously observable [2], through the
incorporation of genetic and genomic data, as well
as clinical and environmental factors, to determine
individual risk and guide prevention and disease-
management strategies.

With this review, the authors aim to provide
an assessment of the current available knowledge
and applicability of precision medicine in
different neonatology fields, such as newborn
screening (NBS), neonatal nutrition, renal injury,
hemodynamic assessment, lung pathology, epilepsy
and neonatal pharmacology. To this end, the authors
conducted a literature search of the PubMed®
repositories, mainly using the terms “neonatology”,
“precision medicine”, “personalized medicine”,
“genomics” and “metabolomics”.
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Precision medicine and the brain

Seizures are common in the neonatal period
and they can be the result of a brain insult, such
as hypoxic-ischemic encephalopathy, infection
or hemorrhage. In some cases, seizures have
a genetic basis. Recently, the development of
genome sequencing has led to the discovery of a
large number of genes involved in epilepsy. These
data may be helpful for family genetic counseling,
treatment guidance and prognosis prediction. With
increasing molecular diagnosis, precision medicine
may be an option to improve treatment choices [3].

However, despite the recent progress in genetic
technology, molecular diagnosis for neonatal-
onset epilepsy can be difficult due to genetic and
phenotypic heterogeneities. Pathogenic variants
in the same gene may lead to different epileptic
phenotypes in different individuals. The opposite
is also true: the same clinical syndrome may be
caused by defects in different genes. Yet, some
genotypes are known to be associated with specific
clinical manifestations and electroencephalogram
(EEQG) activity [3]. For example, KCNQ2-related
disorders are associated with both self-limited
benign familial neonatal epilepsy and neonatal-
onset epileptic encephalopathy.

Functional studies made at different levels
(cellular, neuronal, network, and animal models)
could lead to the discovery of potential targets and
treatments that could correct the biological effect
of a specific variant and improve prognosis [4]. In a
recent study, data from research on animal models
presented three examples of targeted therapy,
concerning KCNQ?2 variants, ARX and CDKL5
variants [4]. For instance, retigabine, which acts as
an activator of neuron-expressed KCNQ-channels,
could be a targeted therapy for the rapid control of
seizures in patients with some KCNQ2-mediated
epileptic encephalopathy, particularly those with
variants that alter channel properties in terms of
current intensity [4].

ARX 1is a transcription factor selectively
expressed in neuronal precursors and ARX-related
epilepsy is often severe and of early onset. In this
study, the administration of estradiol during early
postnatal age restored the pool of GABAergic
interneurons, preventing spasms in infancy and
seizures in adulthood [4].

Seizures caused by metabolic abnormalities,
such as citrullinemia, fructose-1,6-bisphosphatase
deficiency, biotinidase deficiency and methyl-
malonic aciduria, can be treated according to the
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molecular diagnosis. These specific treatments are
directly provided by molecular findings [5].

If hole exome or exome sequencing analysis
is not possible as first-tier, the most frequently
implicated epilepsy genes and those with treatment
options should be considered as part of the essential
panel for early epilepsy diagnosis.

Early genetic diagnosis can be helpful in
providing optimal management and improving
outcomes, as pharmacogenetics allows for more
advanced and tailored treatment choices [3].
Genetic results are beginning to improve therapy
via anti-epileptic medication selection and
precision medicine approaches [5].

Despite advances in neonatal care to prevent
neonatal brain injury and neurodevelopmental
impairment, predicting long-term outcomes
in neonates at risk remains difficult. Hypoxic-
ischemic  encephalopathy, perinatal stroke,
intraventricular ~ hemorrhage,  periventricular
hemorrhagic infarction and post-hemorrhagic
ventricular dilatation are common scenarios in
the Neonatal Intensive Care Unit (NICU). The
machine learning approach will provide more
detailed information using artificial intelligence
for brain imaging tools, EEG, near-infrared
spectroscopy (NIRS) and assessment of general
movements and Hammersmith infant neurological
examination. An algorithm combining all these
techniques may give the best decision support tool
for defining risk factors for brain injury or impaired
brain development. At the moment, assessment of
general movements combined with Hammersmith
infant neurological examination is the best
predictive tool for the early detection of cerebral
palsy [6]. In a recent study, epigenetic changes
measured in blood leucocytes and analyzed using
machine learning appeared to predict cerebral
palsy [7]. On the other hand, the urinary metabolic
profiles of extremely preterm infants early after
birth were associated with moderately to severely
abnormal cortical grey matter and white matter
abnormalities at magnetic resonance imaging [8].

Instrumental diagnostics
Electromyography

The diaphragm is the main respiratory muscle
in preterm infants, and its activity can be measured
by electromyography (dEMG). This technique

provides objective information on the patients’
breathing effort. There are currently two methods
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to detect the electrical signal of the diaphragm —
transcutaneous, in which sensors are placed on
the skin, and invasive transesophageal method, in
which sensors are mounted on a catheter positioned
in the esophagus. Recent studies have shown that
both techniques are feasible in preterm infants [9,
10] and are able to detect changes in diaphragmatic
activity [11]. However, transesophageal dEMG is
relatively invasive, expensive and only available
on one specific ventilator. The transcutaneous
method is less invasive, cheap, and uses stand-
alone equipment allowing its use during all modes
of respiratory support, regardless of the ventilator.
Observational studies in preterm infants have
shown that transcutaneous dEMG is able to detect
changes in diaphragmatic activity in response to
the weaning of the respiratory support, from nasal
continuous positive airway pressure (nCPAP)
to low flow nasal cannula [11]. Furthermore, the
diaphragmatic activity was significantly higher
in those that failed this transition, compared to
those in whom weaning was successful [11]. So,
dEMG can potentially be used to titrate and trigger
the mode and level of respiratory support, but
further studies are needed to explore the potential
indications in preterm infants.

Electrical impedance tomography

Electrical impedance tomography (EIT) is used
to visualize regional lung volume and ventilation
changes at the bedside and individualize pulmonary
treatment. This technique uses differences in tissue
conductance in response to an electrical current
to visualize changes in lung aeration [12]. It is a
non-invasive technique in which a belt containing
non-sticky electrodes is placed around the chest
at the level of the nipple. It is possible to read
continuous information on relative changes in
regional ventilation distribution and end-expiratory
lung volume, which has a high correlation to
actual intra-thoracic changes in air content [13].
Studies have shown that EIT is able to detect and
monitor changes in (regional) aeration caused by
pneumothoraces, postural changes, atelectasis,
incorrect endotracheal tube placement, surfactant
administration, changes in nCPAP levels and lung
recruitment procedures during conventional and
high-frequency ventilation in preterm infants. EIT
has the potential to allow the individualization of
respiratory care in preterm infants at high risk for
developing bronchopulmonary dysplasia (BPD),
as it helps to optimize ventilatory support at an
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individual level, and thereby to achieve the goal of
homogeneous non-injurious ventilation [12].

Metabolomics for neonatology

The “omics” technologies represent analytical
approaches that have a holistic view on molecules,
such as genes, transcripts, proteins and metabolites
present in cells, tissues or organs [2]. Metabolomics
is an innovative approach based on the systematic
study of the full complement of molecules of low
molecular weight (including sugars, lipids, small
peptides, vitamins and amino acids) in a biological
sample [2] that has been successfully used in
multiple fields. The presence of a metabolic
pattern was firstly reported by Roger Williams in
1951 [14], being revisited through the years, until
the definition of “metabolomics” was established,
in 2002, by Fiehn [14].

Metabolomics research in neonatology is
constantly evolving, with a growing number of
publications [15].

More recent studies have evaluated how
physiological or pathological conditions can affect
metabolomic profiles of different biofluids in
pediatric populations. The metabolomics workflow
consists of sample preparation and analysis, data
processing and data analysis [14]. Samples can be
collected from mothers (amniotic fluid, placenta,
blood, urine, breast milk [BM], erythrocytes, hair,
vaginal secretions) or from the neonate (urine, blood,
saliva, bronchoalveolar fluid, exhaled air condensate,
stool, umbilical cord) [16]. In clinical practice, only a
limited number of metabolites are routinely measured
in the newborn’s biofluids by conventional analytical
methods. For example, urine is a particularly
suitable biofluid for the metabolomic approach,
as it is easy to collect and can provide meaningful
diagnostic information [17]. After obtaining the
samples, analysis can be performed through several
techniques, namely, nuclear magnetic resonance
spectrometry (‘H-NMR), gas chromatography mass
spectrometry (GC-MS) and liquid chromatography
mass spectrometry (LC-MS) [16, 17]. Afterward,
advanced statistical and bioinformatic tools are
used to generate a metabolic fingerprint (reflection
of the whole metabolome in a sample) [16]. These
fingerprints can be rapidly obtained, being highly
reproducible and detecting the smallest concentration
changes of several metabolites at the same time.
However, changes related to pathological stimuli
may be difficult to distinguish from physiological
variations [16].
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The roles of metabolomics in different
neonatology fields have been described by several
authors [1, 2, 16, 17].

If more information on perinatal/neonatal
maturational processes and their metabolic
background were available, the management of
sick or preterm newborns could be improved
[2]. Together with genomics and proteomics,
metabolomics appears to be a promising tool
in neonatology for the monitoring of postnatal
metabolic maturation, the identification of
biomarkers as early outcome predictors, the
diagnosis and monitoring of various diseases
and the individualized management of neonatal
disorders [1].

Hemodynamic assessment

A comprehensive hemodynamic assessment is
crucial to timely diagnose cardiovascular failure,
elucidate underlying pathophysiology, guide
hemodynamic therapy, monitor the effects of
interventions and adjust treatment. This enables
an individualized hemodynamic management
that is optimized for the patient’s specific
pathophysiology and clinical situation, in order to
improve outcomes. Not all newborn infants with
hemodynamic instability should be treated in a
similar manner, because the presumed underlying
pathophysiological mechanisms are different
and therapeutic interventions should be adapted
accordingly to that. Accurate and precise monitoring
of neonatal hemodynamics, using for example
neonatologist-performed echocardiography (NPE),
non-invasive cardiac output assessment and NIRS
can be challenging [18].

Patent ductus arteriosus

Hemodynamic management of preterm infants
with a patent ductus arteriosus (PDA) can be
adapted according to the specific cardiovascular
physiology and clinical context of the individual
patient. NPE is used to estimate the degree of
transductal shunt volume and determine the
hemodynamic significance of the PDA [19, 20],
in order to help decide if a persistent PDA should
be treated [21-23]. NPE can be used to evaluate
the vasoconstrictive action of cyclooxygenase-
inhibitors on the ductus arteriosus allowing to
optimize dosing schemes of indomethacin or
ibuprofen: a subsequent dose should only be
prescribed when ductal constriction is considered
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insufficient after evaluation of the change in
transductal diameter [24, 25].

NPE can also be helpful in anticipating and
identifying complications of surgical ligation of
the ductus arteriosus, such as post-ligation cardiac
syndrome (PLCS). PLCS is characterized by
systemic hypotension secondary to myocardial
impairment, oxygenation failure, and increased
need for ventilatory support. Theechocardiography-
guided management resulted in a lower incidence
of ventilatory failure, less inotropic support, and a
trend toward less oxygenation failure [26].

Persistent pulmonary hypertension

Hypoxemic respiratory failure with signs of
transductal right-to-left shunting (difference in
pre- and postductal oxygen saturation > 5%) and
systemic hypotension is the common clinical
presentation of a patient with persistent pulmonary
hypertension of the newborn (PPHN). PPHN is
associated with both left ventricular (LV) and
right ventricular (RV) failure. Increased RV
afterload potentially leads to systolic and diastolic
myocardial impairment. LV preload is impeded by
dilation of the right ventricle, decreased RV output
and right-to-left transductal shunting, resulting in
decreased LV output. Hypoxia and acidosis may
further deteriorate myocardial performance. It
is important to be informed about (imminent)
ventricular failure in patients with PPHN, since the
treatment of systemic hypotension, by increasing
systemic vascular resistance, might further impair
the myocardial performance, resulting in lower
cardiac output. NPE can be used to assess the
severity of PPHN and estimate the risk of mortality
or the need for support with extracorporeal
membrane oxygenation (ECMO) in order to
timely transfer the patient to an ECMO center.
Being informed about myocardial performance
is important in patients with PPHN, since
hemodynamic management will be quite different
in the presence of ventricular failure [27-31].

Renal injury

Preterm newborns have an immature urinary
tract and, consequently, an increased risk for acute
kidney injury (AKI) in the neonatal period. Early
recognition of AKI is hampered by the lack of
specific tests for the neonatal population, as well
as by the limitation of traditional markers, such as
creatinine or urine output, to reflect early injury. The
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discovery of new urinary biomarkers may allow an
earlier diagnosis, better renal function monitoring,
as well as to adapt the therapeutic approach and to
improve prognosis [32].

Metabolomic analysis has bet on the dosing
of urinary biomarkers to trace different metabolic
profiles in neonates of different gestational ages, as
well as neonates with intrauterine growth restriction
(IUGR), for example [32].

Studies have revealed that the measurement of
urinary markers such as kidney injury molecule-1
(KIM-1) and neutrophil gelatinase-associated
lipocalin (NGAL) are associated with AKI and
mortality in very low birth weight as well as
decreased renal function in patients with congenital
obstructive nephropathies [32]. Other studies have
demonstrated that urinary dosing of N-acetyl-3-D-
glucosaminidase (NAG) may be used as a predictor
of renal ischaemic damage in perinatal asphyxia.
These 3 markers were also found in newborns
exposed to aminoglycosides; however, after
adjusting for potential confounders, only KIM-1
showed a strong correlation with proximal tubular
injury and exposure to gentamicin [32].

Two prospective pediatric cardiac surgery cohorts
demonstrated the usefulness of al microglobulin,
al-acid glycoprotein and albumin in the early
identification of AKI in patients undergoing cardiac
surgery, with a peak 6 hours after cardiac surgery,
giving additional information on prognosis and
duration of hospitalization [33]. Homovanillic acid
sulfate, a dopamine metabolite, was identified as a
marker of AKI with high sensitivity and specificity
in pediatric cardiac surgery patients.

Some urinary biomarkers suggestive of renal
tubular injury were associated with aminoglycosides
exposure before serum creatinine elevation in two
neonatal studies (including preterm newborns) [32].

In one study, investigators identified, by applying
urinary proteomic analysis, a panel of 51 peptides
associated with obstructive nephropathies [32].
In another study, the 'H-NMR-based metabolic
profiling of urine allowed the authors to distinguish
the urinary profile of children with nephropathies
from healthy children. These differences were
related to alterations of purine and pyridine and
the urea cycle. This type of urine analysis can be
a promising, non-invasive technique for classifying
and monitoring nephropathies in children [34].
Proteomic analysis of specific markers may predict
clinical evolution, as the need for surgery or
spontaneous resolution with high precision. In the
specific case of posterior urethra valves, a study
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found an association between 13 peptides in patients
who evolved to renal failure [32].

Other studies advocate the use of cystatin C
as a more sensitive marker than creatinine for
glomerular filtration rate and the use of tables, age-
dependent, with serum creatinine centiles to earlier
identify newborns with AKI, especially extreme low
birth weight and term asphyxiated neonates [35].
Additionally, they found that cystatin C measured
in the amniotic fluid was a sensitive marker in
the prenatal detection of fetuses with obstructive
uropathy [32].

Although still on an experimental basis, analysis
and early identification of several biomarkers
associated with kidney injury may help modify
the paradigm of the definition of neonatal AKI, as
well as detect drug-induced renal injury earlier and
improve prognosis [32, 35]. However, reference
intervals for renal biomarkers are still needed to
support its clinical application [35].

Newborn screening

NBS is a public health program that has the
goal of screening all infants, shortly after birth,
for conditions that are treatable, but frequently not
clinically evident in the newborn period.

Whole-genome sequencing determines the order
of all the nucleotides in an individual’s DNA and
can determine variations in any part of the genome
[36]. In the next decade, widespread application
of pediatric whole-genome sequencing could lead
to improvement of the NBS, as this technique has
the ability to identify gene variants that will predict
preventable and/or treatable conditions during
the newborn period and early childhood. It could
lead to an increase in the number of disorders
identified by the NBS, as well as the identification
of genetic variants that relate to a higher risk for the
development of specific diseases.

Despite its predictive advantage, the indications
for the use of whole-genome sequencing should be
carefully sought, as certain non-genetic diseases, such
as congenital hypothyroidism, cannot be diagnosed
by this technique. Also, its global implementation
could raise monetary questions, as it represents
a high financial burden for the economy. Other
limitations could be ethical and social implications
and the communication of clinically relevant variants
to families and clinicians [36].

On the other hand, in a recent study concerning
the NBS of lysosomal disorders [37], a group
of authors proposed an analytic algorithm to
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detect positive cases of Krabbe disease, muco-
polysaccharidosis and Pompe disease based on
tandem mass spectrometry. In this study, they found
out that automated integration of covariate-adjusted
reference intervals of amino acids and acylcarnitines
and population results, combined with second-tier
tests, could improve the false-positive rate of NBS
for lysosomal disorders to a sustainable level near-
zero. This could lead to a significant reduction in the
number of false-positive tests and reduce the cost
associated with the monitoring needed for these
patients [37].

Despite its unquestionable clinical value, NBS
identifies only a small part of inborn errors of
metabolism [38]. The metabolomics profile could
contribute to extending metabolic information
to achieve an accurate diagnosis and to discover
new inborn errors of metabolism. There are a lot
of studies and interest in this area. For example,
a Canadian research group, using a metabolomics
approach, found 15 different isoforms/analogs of
globotriaosylceramide and 22 isoforms/analogs of
galabiosylceramide in the urine of untreated Fabry
patients. This discovery contributed to providing
new insights into the pathophysiology of Fabry
disease and its mechanisms.

In order to reduce false-positive rates of
traditional techniques of NBS, a group of
researchers proposed a novel approach based on
nanospray ionization analysis associated with
high-resolution mass spectrometry. This technique
allowed screening of galactosemia by detection of
hexose and hexose-phosphate in urine. These results
support the important added value of metabolomics
for improving NBS [38].

Perinatal asphyxia

Perinatal asphyxia is an important cause of
neonatal morbidity or death, and the applicability
of metabolomics in this area has been debated.
Adenosine diphosphate (ADP) and adenosine
monophosphate (AMP) accumulate during asphyxia,
generating accumulation of adenosine, inosine and
hypoxanthine [14]. These substrates are channeled
to purine catabolism, leading to generation of uric
acid. In the re-oxygenation period, free radicals
are produced concomitantly to uric acid formation,
which is claimed as an indicator of severity of
perinatal asphyxia [14].

In different studies [16], the urinary metabolome
of survivors was clearly different from that of
neonates that died in the first week of life, with
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these differences being already present at birth
[17]. Banupriya et al. showed that the excretion
rate of urinary proteins (specifically glutarate,
mehtylmalonate, 3-hydroxybutyrate and orotate),
urinary malondialdehyde (MDA) and urinary uric
acid were related to perinatal asphyxia severity and
associated brain damage [14]. Also, Noto et al. [39],
in 2016, suggested that there are dynamic changes
over time in the urine metabolome of newborns
with perinatal asphyxia treated with hypothermia.
Lactic acid, taurine, lysine and mannitol have been
found to be persistently decreased over time, as
opposed to citric acid, lactose and galactose, which
were increased [39].

This can indicate that a specific metabolomic
fingerprint can relate to irreversible asphyxia-
related alterations, being useful in the recognition
of early markers of perinatal asphyxia and allowing
better monitoring during therapeutic hypothermia,
concerning optimal cooling temperatures, duration,
rewarming regimens and mechanisms and
individualization of therapies [17]. Metabolomics
could be of great prognostic value, helping to
distinguish metabolite combinations associated
with death/worse neurological outcomes or less
severe injury and better outcomes [17].

Sepsis and shock
Sepsis

Sepsis is a frequent cause of neonatal morbi-
mortality, especially in the more susceptible preterm
newborn. Current biomarkers used for diagnostic
purposes lack accuracy and reliability, and results
from blood microbiological cultures are often
delayed. Metabolomics could provide new pathways
in the early diagnosis, tailored management and
prognosis of sepsis, by defining novel sensible
biomarkers [17]. The urinary metabolic profile has
been used in different studies: metabolite D-serine
resulted as a good predictor for antifungal treatment
response, reducing itself during therapy [17, 40]
and, in another study [1, 41], metabolite variations
disappeared at the end of the symptoms.

Shock

Transthoracic  echocardiography, electrical
biosensing technologies (bioimpedance and
bioreactance), and transpulmonary ultrasound
dilution are feasible and applicable methods
to measure cardiac output in newborns [42].
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Hemodynamic monitoring with simultaneous
measurement of arterial blood pressure and cardiac
output are very important tools in the assessment of
shock. It is crucial to detect the low cardiac output
in the compensated stage of shock (normal or high
blood pressure) and not to wait to intervene only
after systemic hypotension occurs (uncompensated
stage of shock) [43]. The interpretation of both
cardiac output and arterial blood pressure helps
to select the optimal cardiovascular drug, based
on the presumed etiology of impaired perfusion
and oxygenation. Integrating clinical assessment
with NPE and regional (cerebral and intestinal)
oxygenation monitoring using NIRS resulted in a
shorter time for clinical recovery in critically ill
infants with cardiovascular compromise [44, 45].

Bronchopulmonary dysplasia

BPD is a multifactorial disease with well-known
risk factors like genetic susceptibility, IUGR,
nutritional deficits, oxygen toxicity, pulmonary
inflammation and direct mechanical injury caused
by mechanical ventilation [12, 46-48]. Nowadays,
research aims to find ways to individualize lung-
protective interventions to prevent development of
BPD [12].

Volatile organic compounds

Measuring volatile organic compounds (VOCs)
has been increasingly used in adult respiratory
medicine. The aim of using VOCs in preterms is
to predict BPD at an early stage of the disease,
enabling preventive strategies for BPD on an
individual basis. One technique that has gained
substantial traction is the eNose, which enables
real-time analyses of the patterns of selected
VOCs in complex gas mixtures [49]. It does not
allow measurement of individual VOCs but uses
pattern recognition to capture composite VOC
mixtures by cross-reactive sensors, called a
breath-print [50]. This device can be used at the
bedside and provides instant results, which is so
highly needed for predicting BPD at an early age.
Given the multifactorial etiology of BPD, analysis
of exhaled breath of preterm infants might allow
quantifying the prognostic accuracy of individual
and combinations of VOCs in exhaled breath.
As BPD has several pathophysiological links to
lung injury in adults, it is expected that the VOCs
might also be equipped to detect markers of BPD
[12]. One of the challenges will be the collection
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of breath in preterm infants as the minute volume
ventilation is quite low and there is a relatively
high flow bias delivered by the devices used for
respiratory support. To date, there is no prediction
model based on clinical characteristics or
biomarkers with accurate discriminating ability to
detect BPD at an early stage [12].

Neonatal pharmacology, drugs, xenobiotics and
pharmacometabolomics

Drug dosing, safety and efficiency in the neonatal
population are usually extrapolated from adult and
pediatric populations, as there is a lack of studies
and efficiently proven therapeutics in newborns. The
absence of significant data, especially in extreme
preterm, and the limited blood sampling options
for pharmacokinetic (PK) studies are factors that
contribute to this problem [51].

The main factors currently used for the
stratification of drug doses in neonates are
gestational age and weight. However, drug
response and toxicity remain highly variable.
Numerous studies have tried to find other
methods to predict bloodstream levels and clinical
responses to commonly used drugs in NICUs, such
as antibiotics and narcotics [2, 51].

The need to change from a population-based
to an individualized treatment has led to multiple
studies of PK and pharmacodynamics (PD) in
numerous drug classes. This approach would
enable to predict the response to treatment and
minimize adverse effects [52-55].

Differences between newborns and adult or
pediatric patients include not only age and size but
also the immaturity of enzymatic systems, which
are not taken into account in most drug dosing
recommendations [56].

The understanding of PK and PD seems to be
the first step in an individualized dosing strategy.
Obstacles to this knowledge seem to be inter-
individual variability of either PK or PD in this
population. Clinical stability and clinical factors such
as mechanical ventilation, hypothermia and hypoxia
affect PD. PK variability correlates with body
composition, protein binding capacity and organ’s
and enzymatic system’s maturity [51, 53, 54].

One example of the unique neonatal
pharmacology is the variability in cytochrome
P450, which is responsible for the metabolism of
numerous drugs. Low levels of CYP3A4 expression
seem to be responsible for a decreased clearance of
benzodiazepines in preterm infants [55].
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Genetic factors can also justify inter-individual
variability in the clinical response to weight-based
drug regimens. Polymorphisms in genes encoding
drug transport proteins or drug receptors have been
associated with the variability in the response to
specific drugs such as opioid agents [51-53].

Metabolomics has been shown to play an
important role in predicting drug toxicity,
metabolism and response. Several studies made a
correlation between metabolites and drug adverse
effects such as postacetaminophen hepatotoxicity,
gastrointestinal lesion induced by non-steroid
anti-inflammatory drugs and nephrotoxicity of
aminoglycosides [2, 56, 57].

Pharmacometabolomics is an emerging sci-
ence that combines the use of metabolites with
numerous pharmaceutical fields such as drug
research and development. The analysis of the
metabolic phenotype of an organism provides a
dynamic view of the interaction between genetics,
microbiome and environment, which could be
crucial in clinical trials to improve patients’
selection. The use of this tool would allow for an
effective pretrial candidate selection, optimizing
drug efficacy and safety. The implementation of
these techniques in clinical trials would contribute
to a better understanding of metabolic dynamics,
drug interaction and interindividual heterogeneity
[58, 59].

PK and PD in the newborn differ largely
from the adult population. The combination of
these fields with pharmacometabolomics could
be the answer to a better understanding of the
individual metabolic profile and interactions in
this population. For example, some animal studies
found a correlation between urine metabolites
and steroid response in newborns with BPD.
Numerous studies have been made to analyze and
predict treatment responses in respiratory distress
syndrome and PDA, which would enable a more
specific and targeted drug use [58, 60-63].

The role of pharmacometabolomics in pre-
dicting drug toxicity has increased over the years
and is applied to numerous fields. The study of
urinary metabolites such as taurine, betaine and
trimethylamine N-oxide in acetaminophen overdose
correlates with different patterns of liver injury.
Some specific metabolite panels are associated
with toxic nephropathy; this analysis allows for
early detection of nephrotoxicity, prior to clinical
manifestations. Monitoring those metabolites could
be useful during treatment with drugs commonly
used in neonatology, such as gentamicin [64, 65].
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Numerous methods have been developed for the
analysis of metabolites. Although urine metabolite
analysis in the newborn is easily accessible and
non-invasive, other methods have been used, such
as imaging mass spectrometry, as it allows for
specific tissue analysis [66, 67].

Antibiotics

The relationship between dose and antimicrobial
effect in neonates is highly variable due to the
different growth and maturation, as well as changes
in hepatic and renal function. Clearance of these
drugs has a large inter-individual variation, with
the key determinants being the patient’s size,
maturation and renal function [68].

Therapeutic drug monitoring (TDM) has
been useful in the comparison of drug dose
recommendations and serum antibiotic con-
centration. This method allows for individual drug
adjustment resulting in early detection of toxic
or under-therapeutic drug dosages. TDM leads to
higher effectiveness and safety in antibiotic use
and has been applied to numerous classes such as
aminoglycosides and vancomycin [69, 70].

Different models have been used to predict the
optimal dosage of renal eliminated antibiotics.
Wilbaux et al. found that the most common
parameters used to determine the ideal drug dose
included body weight, body surface, gestational
age, postnatal age and renal function. The use of
these models helped to adjust antibiotic dosage,
such as gentamicin, where preterm newborns were
in need of higher doses and wider intervals to
achieve optimal serum concentrations [68, 71].

However, as mentioned above, it is challenging
to determine renal function in neonates. Recent
models have found that the commonly used
parameters, such as serum creatinine, were
insufficient to determine drug dose and found
variations in drug concentration in patients with
critical conditions, such as sepsis or hypoxic-
ischemic encephalopathy [72, 73].

Co-administration of other drugs, for instance,
non-steroid anti-inflammatory, with antibiotics,
such as aminoglycoside and vancomycin, have
been shown to modify their serum concentration.
Fuchs et al. found a negative correlation between
dopamine administration and gentamicin clearance
[71, 74, 75].

Leroux et al. studied the application of a
model-based patient-tailored dose of vancomycin
which took into account four patient covariates:
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birth weight, current weight, postnatal age and
serum creatinine concentration within 48 hours
of starting treatment. Other authors have studied
the application of a model-based individualized
drug dose using similar clinical data and found an
overall improvement in achieving in-target serum
concentrations. The systematic application of
model-based dosing in NICU could help improve
these clinical tools, leading to an individualized
antibiotic regimen in newborns [76-78].

Metabolomics may also play arole in predicting
aminoglycosides renal adverse effects. A study
made in newborn rats compared urine metabolites
following the administration of gentamicin and
showed that those with gentamicin-induced
nephrotoxicity presented a distinct pattern of
urinary metabolites such as an increase in glucose,
galactose, N-acetylglucosamine, myoinositol,
butanoic acid, 3 hydroxybutirate and a decrease in
citrulline, pseudouridine [2, 79].

Opioids

Morphine is the most commonly used opioid
in NICU, but the drug dosage necessary to
obtain analgesic effect is widely variable. Dose
adjustments are based on clinical aspects, in
addition to pain and sedation scoring systems.
Numerous factors contribute to those differences,
such as genetic polymorphisms, and postnatal
maturation of enzymatic systems. Chau et al.
studied the interaction of single nucleotide
polymorphisms and neonatal clinical factors
and found an association between UGT1A9 and
anxiety or depressing behavior at 18 months and
a higher incidence of externalizing behavior in
newborns  with  catechol-O-methyltransferase
rs4680 genotype [80]. The variability in morphine
response has been linked to genetic polymorphisms
in the morphine metabolizing enzyme, UDP-
glucuronosyltransferases (UGT2B7, UGT1A6)
and the mu-opioid receptor. An example is
the UGT2B7 -900G>A polymorphism, which
increases drug metabolism [53, 80]. Matic et al.
concluded that a combined OPRMI 118A>G and
COMT 472G>A genotype could be a predictor
of the need for rescue morphine in newborns on
mechanical ventilation [81].

Fentanyl is the second most commonly used
opioid in NICU, Norman et al. found variations in
drug concentration and half-life with a significant
impact of weight, volume of distribution and
clearance [53, 82].
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Numerous electronic tools have been developed
in order to predict the individual dose required
taking into account factors such as size, age and
maturation. Vinks et al. developed a precision
dosing platform for bedside use, which integrates
morphine dose exposure and serum levels with
clinical response evaluated by pain scales, heart
rate and respiratory rate. The systematic use of
such tools would enable gathering large PK and
clinical data in newborns and allow for a more
precise and individualized dose adjustment [83].

Caffeine

Caffeine has been prophylactically used in
the management of apneas in preterm babies
with less than 34 weeks of gestational age. It has
been shown that, in some infants, a high caffeine
loading dose is associated with negative effects on
the infant’s brain development [84]. On the other
hand, low caffeine concentrations may lead to
insufficient apnea treatment and increased use of
invasive mechanical ventilation, posing a higher
risk for BPD and neurodevelopmental impairment
[85]. The exact molecular mechanisms underlying
the benefits of caffeine administration have not
been elucidated; it is likely that genomic and
metabolomics heterogeneity influences optimal
patient dose due to infant-specific caffeine
metabolism and susceptibility risk [86-88].
Investigation of the genomic variation in caffeine
metabolism in preterms can be used to optimize
and individualize caffeine dosing regimens [12].
Several candidate genes have been suggested based
on the known genetic associations with caffeine
(e.g., cytochrome P450 enzymes, adenosine
receptors) [86]. The analysis of genomic variation
in caffeine’s metabolism could be an important
step to select which newborns would benefit from
the use of caffeine as well as the optimal dosage
for each individual [12].

Neonatal nutrition

Nutrition plays an important role in human
development and can affect the quality of life
in several ways [89]. Overweight, obesity and
the risk of metabolic syndrome are known to be
correlated with either insufficient or excessive fetal
and neonatal nutrition. Newborns are classified
as adequate for gestational age (AGA), large for
gestational age (LGA) or small for gestational
age (SGA), when they are between the 10® and
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90" percentile, above the 90™ percentile, or below
the 10™, respectively. Also, despite being AGA or
SGA, they can have IUGR, which can lead to future
increased risk of metabolic and cardiovascular
diseases.

BM represents the optimal source for neonatal
nutrition, being able to modify its composition
according to neonatal needs, especially in terms of
gestational age or lactation stage. Metabolomics
represents an ideal tool to analyze BM and the
composition of different commercially available
formula milks (FMs), allowing their improvement to
resemble as much as possible BM composition [17].

In 2016, Dessi et al. analyzed through GC-MS
and characterized the urine metabolite profiles of
newborns fed with either BM or FM, finding that
they were different between the AGA, LGA, SGA
and those with ITUGR [89]. This study reinforced
the importance of the quality of nutrition in the
first days of life.

Metabolomics can also help to detect the
presence of drugs and contaminants in BM.
This could help determine its safety in specific
conditions or maternal exposure to environmental
toxics [17].

Conclusions

Precision medicine is an evolving science that
has led to multiple findings in different areas.
This field allows clinicians to look at specific
characteristics of an individual, which could be
used to overcome the lack of knowledge present,
nowadays, in neonatal medicine.

As we enumerated above, research is being
developed in numerous areas, which could give
neonatologists new information to improve
diagnosis, adapt the choice of treatment and predict
prognosis in specific patients, thus optimizing the
outcome of care.

How will this new research be integrated in
clinical practice is a question which remains
unanswered. Although some areas are already
being used in neonatologist’s daily activity,
others, like genomics and metabolomics, seem
to be limited to the investigational field. Even
though the groundwork in such fields seems
promising, its clinical utility and availability is
still unknown.

As for the clinical practice, non-invasive
monitoring, such as NIRS or bedside echography,
has gained a critical role, as it provides valuable
information on individual hemodynamics and
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response to treatment. These tools have been

increasingly applied to multiple fields like
neurologic, respiratory and cardiovascular
monitoring.

Another personalized tool used in NICU’s
clinical practice is TDM, which has been very
important in guiding antibiotic regimens or in
neonatal seizure treatment. This useful instrument
gives the neonatologist an indirect look at the PK
and PD of individual newborns, allowing for the
optimization of drug therapy without the risk of
toxicity.

The goal of this science is to evolve from a “one-
size-fits-all” to a more tailored and personalized
approach, which seems a promising and critical
tool for the future and evolution of neonatal
medicine. As this review states, the creation of a
worldwide database, with the purpose of sharing
patient data and outcomes, could be an important
step for this evolving science, as it would allow
the study of large populations, which remains a
concerning limitation regarding neonatal research.
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