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The Special Issue on Neonatology for the 10th Anniversary of
Children: From Preclinical Findings to Bringing Families to the
Centre of Contemporary Neonatal Care
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karel.allegaert@kuleuven.be

Department of Development and Regeneration, KU Leuven, 3000 Leuven, Belgium

3 Department of Hospital Pharmacy, Erasmus MC, 3015 GD Rotterdam, The Netherlands

1. Introduction

Neonatology is a specialized branch of medicine, focussed on the care of newborns,
either related to preterm birth or other medical conditions like sepsis, asphyxia, or congeni-
tal malformations. In the 1960s, specialized neonatal intensive care units (NICU) emerged,
transforming the care landscape for newborns, informed by other disciplines, and evolving
from eminence-based practices to more evidence-based approaches [1].

Weighted to other disciplines, this means that our discipline is still rather young;
therefore, there is still much to investigate, as reflected in the diversity of topics covered
in the current Special Issue [1]. In addition, the creation of NICUs also resulted in a
more robust ecosystem, with a higher degree of confidence and opportunities to shift
to the treatment of neonates with more complex care demands, like micro-preemies, or
complex cardiac malformations or genetic syndromes. Treatment modalities changed, from
delivery room management to care bundle concepts (respiratory, neurological, nutritional,
pharmacological, and family-centred care), as have the outcomes of preterm neonates or
neonates with specific conditions [2,3]. Related to prevention, screening and treatment have
evolved significantly over the last decade, improving outcomes. Prevention and screening
strategies have been developed and implemented for prenatal screening, dry blood spots,
cardiac screening, and hearing screening [4].

This diversity is also reflected in the topics covered in this Special Issue, ranging from
preclinical (murine model, human milk fat composition) and epidemiology (impact of
race on outcome, impact of fetal growth restriction on behavioural outcome), to guidelines
(oxygenation monitoring, hypoglycemia) and several papers on family-centred care and
parent-related impact (impact of family-centred and developmental care on outcome,
relevance of the family context, post-discharge impact of parent support), ending with two
papers on screening-related practices (mother’s knowledge on dried blood spot screening,
usefulness of polymorphism screening for neonatal bilirubinaemia management).

2. Overview of the Published Articles
2.1. Pre-Clinical

In a preclinical murine bronchopulmonary dysplasia model (BPD), Chen et al. ob-
served that neonatal hyperoxia exposure caused an arrest of lung development, as well

as an obstacle to the myelination process in the white matter of the immature brain, with
a decline in myeline basic protein in the generation period of myelin and persistent as-
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trogliosis (contribution 1). This informs us that BPD is a systemic disease, not limited to the
pulmonary system.

The impact of human milk fatty acid composition on growth velocity in preterm
infants was reported by Ahmed et al. In essence, and based on 15 mother—infant dyads,
the growth velocity increased with the decrement in C16 and increment in C20:2n6, while
the lipid profile of preterm human milk was found to be low for some essential fatty acids,
which may affect the quality of preterm infants’ nutrition (contribution 2). Interestingly,
there is a link between both findings, as the lipid profile is also crucial to ensure myelination.

2.2. Epidemiology

The progress mentioned in the introduction is most clearly reflected in the data on mor-
tality. Qattea et al. hereby described that there has been a significant decrease in mortality
in black and white populations in the last two decades in the United States (contribution 3).
However, when stratifying the population by many significant epidemiologic and hospital
factors, the mortality remained consistently higher in black populations throughout the
study years.

In a Spanish cohort of 70 former fetal growth-restriction cases, behavioural perfor-
mance was assessed at the age of 6 years by Benitez Marin et al. Higher behavioural
disability rates were observed, providing additional evidence on the negative relationship
between the birth weight percentile and the total behavioural scale score (contribution 4).
Both papers inform us on the clinical relevance of specific covariates that determine short-
or long-term outcome of former NICU graduates.

2.3. Guideline Adherence

European guidelines recommend the use of pulse oximetry (PO) during newborn
resuscitation, especially when there is a need for positive pressure ventilation or supple-
mental oxygen. Kolstad et al. therefore evaluated these practices based on video recordings
in 230 ventilated newborns at delivery. In total, 97% of resuscitated newborns had PO
applied, in line with resuscitation guidelines. However, the proportion of time with a
useful PO signal during ventilation and during the first 10 minutes on the resuscitation
table was only 5% and 35%, respectively (contribution 5).

Neonatal hypoglycemia remains an issue of debate as it is a preventable cause of
brain injury and neurodevelopmental impairment. Unfortunately, Giouleka et al. had
to conclude that—after a comprehensive review on the guidelines—there is still no clear
definition, nor consistent treatment policy. Thus, the establishment of specific diagnostic
criteria and uniform protocols for the management of this common biochemical disorder
is of paramount importance as it may allow early identification of infants at risk and the
establishment of effective preventive measures or treatments to improvement outcomes
(contribution 6).

Both papers are quite illustrative of the logistics related to and the complexity of either
implementing what is already known (the pulse oximetry measurement during neonatal
ventilation), while the paper on neonatal hypoglycemia reinforms us on the many known
unknows in this field.

2.4. Parents Matter, Bringing Families to the Centre of Contemporary Neonatal Care

Based on a pre-post design in 200 high-risk preterm neonates with family-centred
care and developmental care in the intervention group, Alsadaan et al. reported that
family centred care and developmental care in the intervention group were associated with
improved cognitive, motor, and language scores, as well as with a shorter length of stay
(contribution 7).
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In a qualitative descriptive study on parent and NICU clinician experiences and
perspectives, Dahan et al. concluded that their study highlights how the quality of care
is positively impacted by clinicians” appreciation of the family context and the complex
relationship between a large multidisciplinary interprofessional team and the family in
an intensive care unit, while also highlighting the difficulties in its practical application
(contribution 8).

Post discharge, Munoz et al. observed that parent support (supportive presence and
quality of assistance during a complex problem-solving task) had the greatest impact on
high-birth risk (<27 gestational weeks) toddler brain development (frontal lobe grey matter
volume, emotion regulation); thus, early parent interventions may normalize preterm child
neurodevelopment and have lasting impacts (contribution 9).

All papers clearly illustrate and stress that families should be at the centre of contem-
porary neonatal care, and that this is not limited to during the neonatal stay but clearly
extends to the impact and outcome after discharge.

2.5. Screening/Prevention

Di Gangi et al. explored what mothers know about newborn bloodspot screening
and the source they use to acquire this knowledge in a Flemish representative sample of
200 subjects and hereby concluded that the consent practices and knowledge level was
reasonably good, the information leaflets were perceived to be supporting, while key health
care providers were midwives and nurses (contribution 10).

In a well conducted study, Riskin et al. reported that both the genetics of glucose-6-
phosphate-dehydrogenase (G6PD) and Uridine Diphosphate Glucuronosyl Transferase
1A1 (UGT1A1) were associated with higher risks of developing clinically relevant neonatal
hyperbilirubinemia. The results of this study highlight the possibility for future imple-
mentation of molecular genetic screening to identify infants at specific increased risk for
significant neonatal hyperbilirubinemia (contribution 11).

A lot of new ideas or concepts have emerged in the field of neonatal newborn blood-
spot screening, including a shift towards whole genome screening concepts. The paper
on bilirubin-related polymorphisms illustrates one potential useful application, while
Di Gangi informs us that we should not forget effective communication with parents and
healthcare providers to ensure appropriate consent practices, knowledge level, and overall
confidence in these practices.

3. Conclusions

In conclusion, the diversity of topics and aspects covered reflect the diversity of
research lines needed to make progress, unveil knowledge gaps, share practices, and
shift further towards a more evidence-based approach to ensure further improvements in
outcomes.
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Abstract: Hypoglycemia represents one of the most frequent metabolic disturbances of the neonate,
associated with increased morbidity and mortality, especially if left untreated or diagnosed after
the establishment of brain damage. The aim of this study was to review and compare the recom-
mendations from the most recently published influential guidelines on the diagnosis, screening,
prevention and management of this common neonatal complication. Therefore, a descriptive review
of the guidelines from the American Academy of Pediatrics (AAP), the British Association of Peri-
natal Medicine (BAPM), the European Foundation for the Care of the Newborn Infants (EFCNI),
the Queensland Clinical Guidelines-Australia (AUS), the Canadian Pediatric Society (CPS) and the
Pediatric Endocrine Society (PES) on neonatal hypoglycemia was carried out. There is a consensus
among the reviewed guidelines on the risk factors, the clinical signs and symptoms of NH, and the
main preventive strategies. Additionally, the importance of early recognition of at-risk infants, timely
identification of NH and prompt initiation of treatment in optimizing the outcomes of hypoglycemic
neonates are universally highlighted. All medical societies, except PES, recommend screening for
NH in asymptomatic high-risk and symptomatic newborn infants, but they do not provide consistent
screening approaches. Moreover, the reviewed guidelines point out that the diagnosis of NH should
be confirmed by laboratory methods of BGL measurement, although treatment should not be delayed
until the results become available. The definition of NH lacks uniformity and it is generally agreed
that a single BG value cannot accurately define this clinical entity. Therefore, all medical societies
support the use of operational thresholds for the management of NH, although discrepancies exist
regarding the recommended cut-off values, the optimal treatment and surveillance strategies of
both symptomatic and asymptomatic hypoglycemic neonates as well as the treatment targets. Over
the past several decades, NH has remained an issue of keen debate as it is a preventable cause of
brain injury and neurodevelopmental impairment; however, there is no clear definition or consistent
treatment policies. Thus, the establishment of specific diagnostic criteria and uniform protocols for
the management of this common biochemical disorder is of paramount importance as it will hopefully
allow for the early identification of infants at risk, the establishment of efficient preventive measures,
the optimal treatment in the first hours of a neonate’s life and, subsequently, the improvement of
neonatal outcomes.

Keywords: neonatal hypoglycemia; blood glucose levels; plasma glucose; glucose; dextrose;
diagnosis; definition; operational threshold; risk factors; clinical signs; screening; management;
guidelines; comparison
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1. Introduction

Neonatal hypoglycemia (NH) is the most common neonatal metabolic disturbance [1]
and constitutes a leading cause of term admission to neonatal units worldwide [2]. Its
incidence is estimated to be 5-15% in otherwise healthy neonates [3,4]. The definition
of clinically significant hypoglycemia remains one of the most controversial issues in
contemporary neonatology, as blood glucose (BG) concentration is not routinely measured
in healthy asymptomatic infants who may experience transient hypoglycemia as part of
their normal adaptation to extrauterine life [5]. Thus, the normal range of blood glucose
levels (BGL) in the first 48 h of life is yet to be determined [1].

Delayed diagnosis, as well as the suboptimal management of NH, is associated with
adverse short- and long-term sequelae in the offspring; acute brain injury, visual-motor
impairment, executive dysfunction and neurodevelopmental impairment have been re-
ported [6-8]. It is worth noting that despite the fact that several studies and clinical trials
have attempted to identify the BGL considered to be safe and to provide a valid estimate of
the effect of neonatal hypoglycemia on neurodevelopment [9], evidence from the current
literature does not support a specific concentration of BG that can potentially result in acute
or chronic irreversible neurologic damage and neither the duration nor the severity of NH
can accurately predict permanent neurological damage [6].

Although occasions where NH is severe enough to cause long-term neurodevelop-
mental harm with subsequent significant costs for the family, the patients and the health
systems are rare [10], clinicians should implement practices to prevent harm stemming
from failure to recognize or treat NH whilst eliminating unnecessary interventions and
admissions to neonatal units and, therefore, avoiding the pointless separation between the
mother and the neonate. To date, there is insufficient and inconclusive evidence regarding
the definition and treatment protocols of NH, leading to significant discrepancies in the
existing guidelines. Thus, the development of international evidence-based algorithms
for the early identification, the effective prevention and the successful management of
clinically significant low BGL seems to be of insurmountable importance and will hopefully
drive favorable neonatal outcomes.

The aim of this descriptive review was to synthesize and compare recommendations
from influential guidelines on the diagnosis and management of neonatal hypoglycemia.

2. Evidence Acquisition

The most recently published guidelines by influential medical societies on NH were
retrieved and a descriptive review was conducted. In particular, six guidelines were identi-
fied from: the American Academy of Pediatrics (AAP 2011) [11], the British Association
of Perinatal Medicine (BAPM 2017) [12], the European Foundation for the Care of the
Newborn Infants (EFCNI 2018) [13], the Queensland Clinical Guidelines-Australia (AUS
2019) [14], the Canadian Pediatric Society (CPS 2020) [15] and the Pediatric Endocrine
Society (PES 2015) [16].

An overview of recommendations is presented in Table 1 (risk factors and clinical
signs of NH) and Table 2 (screening, diagnosis and management of NH), respectively. Of
note, five of the reviewed guidelines focus mostly on the transitional NH in the immediate
postnatal period; however, the recommendations made by PES mainly address the subject
of persistent NH, including the diagnosis and management of disorders causing recurrent
or prolonged hypoglycemia that persists or occurs beyond the first 72 h of life.



Children 2023, 10, 1220

‘(snreydomomu

“WISI[0}OW JO SIOLID
UIOqUI “SISOISB[qOI}AID
‘uonpunysAp oneday
a1aA9s ‘wsiprorAyodAy
“erwaAo£1od ‘uonerndse
WNIUoddW ‘9s0on[3
jo Surueam prder 10

“UorjewLIOj[ew [e1de] uonessad ydniqe-Aderayy 1opIostp drwadA3od iy
aurfprur) sarnjesj [esrsAyd Al “Surpasy -asuodsaz @ESM ue ﬁt,\wﬁﬁﬁwu
[BULIOUQE ‘SaWOIPUAS ‘erwadA[30dAY yiim arenbapeur /pakeop QULIDOPUD PUe dI[OqeIa £ oot m\v SO ho“mmw
reaua8uod ‘eruradA[3odAy Pa1eIO0SSE SOWOIPUAS ‘S2INZ1as K103 331-193UN 0> :E\& WSIHRSULRAAY
JO uLI0j dnAUAS B ‘SUOT}TPUOD DI[OqELIW M djeuoau ‘ormjeurysod oyenbape ue Sununow o1 H%AHMM\NMH@W nsut
Jo A103STY A[Iuuey ‘sajoqerp “erxAydse [eyeurrod 10 TLd “erxAydse eyeurrod woxy syuejur juaaard qut o w : X d
[euzdyew ‘KIDAT[DP ‘SPI019)S [ejRUdIUR Do §°9¢ > I S,9)eu09u ey} SI9PIOSIp [euaduod mmsmbum\ HEMEM thwzmﬁwu
amjeunsod 10 71 0y amsodxa are]  1]/8 g < 9s0on[3 A] wmyredenur “wstjoqelaw Jo SISA9S J98U0 t%w el mwumsﬁw STOPEPAST
eruayjodAy “asn [0[e}aqe| [eUI)eW “Kousmdiyynsur s10119 uroqur dyads vwE.ﬁGoU\ vmuuw \%:m [P VOTVOS
‘erwaypAoAjod Ayumyeward reyuaoerd zaypo ‘aseasp onAjouray Eﬁmaumﬁ-m_v% o
‘sisojse[qoryiA1o ‘S9jaqeIp [PUID}eW 10 g9 10 ersdureds /g g ‘stsdas ‘s1ax00[q-e1aq 8@5@%@.@3 our
‘uoryerrdse wnuodow VOT O ‘'VOS ‘AAVIIN yim yuared 10 [eurayews ‘erxAydse Wk } 9319
‘1O 10 ersdwreds /g q BuI[qIS I9PIOSIP SULIDOPUD  ‘S9}OqRIP [EUId}RW YD) (AIDAI[OP 3& — /+ WL} PIg
“erurast / erxAydse /ssoms 10 dTwBUIMSuI-rad Ay ﬁ L EGwBME
rereuned ‘vos VO ADA Tejrueduod SOIAPIP [BHHEH RO
10 eruredA[30dAy
JO w10y dndURS Jo A103STY
Aqrurey “erwaurmsurrod Ay
‘$939qRIp [PUID}RW
“UOTJEITPAUI [UID)eUT
“RIUOSOIDRW YO YO
6€ 74 74 Ve 18 1€ SOOURIRIY
8 L1 8¢ 8 € L soSe
UsIpyD
PSS STROON. s po ot o oy o
N I H SSUI Je SJURJUT ULID) SSII-Je [ ot 1t L O]
JUD)SISID] JO JUdWSeUR surogmau mo. S — urogmau—eruuadA[8odA ] LIt orion (%0 QMI erwadA[30d £ ] TeyeuosN UT SISB}SOdWOL] 9S00N[5) anL
pue uonenfeay 10§ £1910g pUE SUIEa1S S L C JO Juowdeur A rereuysoJ—iroday
QULIDOPUY JLIJRIPS ] U} : pue uonedyIUIP] [eorurD
WO SUOT)ePUIULIOdY]
10z 35NNy 020¢ 1quusda 610¢ 1oquusidag 810 19quIDA0N £10z Tdy 10T Y2reN panss
[euoryeUId U] epeue)) erensny adomyg wop3ury pajun SajeIg PajIuN Anuno)
Sdd SdD snv INDJd NdVd dVV

‘erwadA130d Ay [eyeuosu Jo SUSIS [edTUT[d pue SI030e] Sy ‘I d[qelL



Children 2023, 10, 1220

6¢ GL GL i 18 1€ SOOUSIRJIY
8 LT 8¢ 8 ac L so8e
USIPTIYD
PUe Sjuju] 'SeUoaN UeJUT WIS SjuRJUT WIS
ur erwadA[30d ARy 9s00N[3 poo[q MO[ 10§ } sw W zwl CMEWQH& -mHm
UDSISIa] ISt e sufoqmou uiogmou SHUEJUL UL} SEmuMWOﬁ%ﬁ ejeuos ur wﬂmm momﬁwo mmmuous ML
Jo Juswageuey pue JO Juswaeuew —erwedA[3od Ay st ye ur eruredA[30d Ay T ﬁzmﬁwwmrm N e m«c © |Igo do 5 L
uorjenyeay 10y £391009 pue Surueans ay [, 03 W [eaemsod— d
QULIDOPUY JLIRIPSJ Y} PUE UOREILHUP] [EIHD
W01 SUOT}EPUWIWOdY
10T ¥n8ny 020¢ 19quuada 610z @quaydag 810C 12qWAAON £10¢ 1ady TT0T YoTeN panss|
[euoneuwI U] epeue)) erensny adomg wopSury payun SajeIg poun Anunoo
Sad SdO snv INOA3 NdVvd dVVv

“HIN JO juswadeuew pue sisouderp “SUruaaids Uuo SUOEPUIUILIOdDI JO ATewwung g d[qeL,

“erwadA[30d Ay [eyeuoau (N ‘snousaenur AT tIoqe] wireyerd i1 g emjeredwa) ;] ‘uorsusirad Ay euoneisad (o) ‘ersdurepoard

A ‘Aousnyep aseua8orpAyep yoD-[Ade ureyd wnipaw ((J(VIIA ‘UOHDLIISAI YIMOIS [819] D) ‘D3e-[euone)sad-10j-[[ews 1y oG o8e-feuoneysad-10§-a81e] 1y |

‘SaInzias pue ewod

‘uoISNyuod ‘ersayjsared

*2IN[Iey pue jsarre
oerpaed ‘erunrayjodAy
“rorred ueppns
“uneams “Guryjor-aLs
‘3urpagy euriouqe

Ayyede A3reyyar “ewod
“10dn}s-ssaUSNOSU0d
JO [oAd] ur sadueyd
‘saInzias ‘A1d [euriouqe
‘eruojodAy “Surpoasy

"HIN 2an3edar
pue paduoroxd
JI SAINZIAS pue ewo))
‘urpo1-aks “Surpasy
100d “A3rear HN jo

‘ssouropI( ‘oM Surpasy
jo porrad e 1o33e A[ernadse
Surpeay rewzouqe
‘K10 paydyd-y3ny A3reysor

158uny “Bunyeams A3orxue K3xear 10 ssaudwry 100d “rored “Ayrprqeirrn Gurpaay rewrrouqy eruojod £y ‘sarnzias 10 ssourddop 1> suSis [eoruS

X B : “Burkid payoyd-ySny ‘uneoms ‘Gunyyearq ‘SSAUSNOISUOD JO [9AJ] : : T
Towan) ‘suonerdreg rooudA Qo1 - d rooude - ¥ payoid-ySny 10 yeom

10 yeam “eaudAyde) 10 TeTN3aLII IOWI) JUS)SISID paaye “eaude ‘sisouefd reoudAuoe; ‘soposida

s[rods oroude jueprurrajur ‘ssauropf ‘erurraypod Ay ‘stsdas jasuo Afres D, Ewcm@ \mmhswaw
‘SUOTS[NAUOD “SISOURAD “eaudAyoe; ‘sisouefd G'9¢ > I, ‘SISOPIO® [eJRULId ] i :
: § : : : : ‘SISOURAD ‘SSULIDNT[
‘SIOWDI) 1O SSOULINI[ “erpredoApeiq “eaudy : o
Sdd SdD snv INDJd NdVd dVV

U0 "1 3qeL



Children 2023, 10, 1220

Y 87 < (1/10Ww £'¢<)
TP/8w 09< pue Y gy
> (7/10unu g'z<) Tp/Sw
0S < O :passaddns
10818 JUSUIIEON)
‘1opIosIp eruwadA[SodAy
[eyrua8uod
paoadsns e noyym
S9}eUORU NSLI-YSIY 10
(1/10Ww 6°¢) Tp /3w (1.
< O :PIPUSWODAI
10818) JUSUIIEON)
‘1opIosIp erwadA[SodAy

UDIPIIYD PUe sjuejur
I9P[O pue ISPIOSIP
erwadASod Ay
[eyruaduod pajoadsns ug
(1/10Ww 9'¢-0°€)
TP/8w 69-66< 187 > D
[eWION “(T/[OWW G'6-6€)
TP /3w 001-0Z
U 8% < Dd [PWION

“1/10wu
077 :uonpde saxmbax
1oy 1OF PIoYsaIy L

aq-sod y

7L <7T/Toww gg > 1]

gz > erwaoA[3od Ay
[euonIsuely,

1/10Ww 9° > 19Hg JO
saposidoa renuanbas ¢
reruadA30d Ay yuarmday
1 gp< :enuadA[3odAy
paduojoig

rerwadA30d Ay ESE%W% o g > 15 eunASodiy

PaWLIJUOD B IM ] /[OWnW 97 > TOg paIg-4sod

QIdAIG /oW
9C> 199 10/ pue
Aqeq onewoyduwss

‘uontuyep HN

Amfur [e1qerad
JO YSLI }so3ea1s
oy} juasard uonounysAp
[ed130[0INau Ao YHM
pajerosse (Tp /3w 1)
/10w 0’1 > 19d

“YIq 19}y
4 8F > wsturnsuradAy
pajoadsns j1 7 /[owrw ¢
proysaiy} 1Og ‘paimbazx
urur /3y /3w g <
asop asoon(8 J1 10
“(\ 8% 3SI1J UT SUOISEID0
€< uo 7 /Jourw
0°7>) MO[ urewax
194 Jr wsnmsuredAy
I9pIsuo) Y 8¥
3STI A Ul ] /[oum (°g>
SjusWIDINSLIW
€< rerwaoA[SodAy
JURISISIO "SuBIS [edTuI]d
moym ‘Aqeq sti-je
UT JUSWIDINSLIW JXU J€
/10w (g > Sururewar
pue /[oww 0°g > 199
"SuSIs [esIurp [euriouqe
JL1/owu 67 > 109
913urs vy *(erurooA[3odAy
dI9A9S) dury Aue
ye1/[owu 0’7 > 19g

e
Jo | $¢ 1oye (/10w
¢'7) Tp/Sw 6 pue
Y $¢—F woxy (77/[owr
G'T-6'T) 1P/3w gp—¢¢
U ¥ 3say ur (/owrur
TTFT) 1IP/3w 0F-ST
:sproysea1y feuonerado
1P/ 8w £ > sjuejur
[Te 10§ N Surugep
UOT}RIJUDUO0D HJ

SpIoysemL
reuonyerady-sisouderq

PasSNISIp JON

Yy sty
oy} Ul /oW 9°C > D
dUO UeY) dI0W
uaym g Aep uo 201m}
10 9DUO Ua10G “3uT)Sa)
9500N[8 dyerpawrur
armbaz syueyur [pmun
pue onewoydwig
4 9—¢ A19A9 10 pavy-axd
Burioyruow anunuod
/10w 9'g< are
sojdures 9ATINOISUOD 7
UM Pasj 3sod urwr o¢
pue a3e jo | g je syuejur
yst-je “onewoydusse
10§ PIPUSUILIODIY]

Y ¢ 10§ pasy-axd y 9—¢
A19A0-padj pug A10A0
9I0J9q U210s (] /oW

9'C<) TewIou

*ade Jo 4 9> pue pad] pIg

910§9q Uda1IdS THY pug
-a8e jo y ¢> pue

Pa9j pug 910599 TOHF IST
:sowry Surueaidg

*suSIs [esrurp
[ewzouqe 1 owry Aue je
10 “syuejur onewoydwdse
UL U3IIq 1oyje Y § uely
I9)e[ OU puR Padj pug oy}
910§9q PAPUIWILIOIY

‘0g dInseauw 4
F unim sand Surpasy ou
J1 “(A19AT9P JO Y §>) pody
puoodas 03 1oud :1Hg

arnseaws 0} awy rewndo

"paJ A[ATIORJJ0 Jou
syuejur ‘Surpasy 9ALOAJ O
jo porrad e 19)5e Surpasy
9AT}O9JJa-UOU /JUe)dN[ax
‘suIs [edIUr)d [euLIouqe

JT PAPUSUILIOIY]

“Ip/Sw Gp>
surewa1 9 J1 S3urpasy
a1050q Jeadar 4 7 1YY
“TYe] UTW ()¢ PIURAIOS
pue a3e jo y 1 £q pajy
9q P[NOYS SJURJUT NSLI-}Y
“pazifenpraTpur
uoremp pue Aousnbary
1Dd MOT
3O suIs [edTuI JI (SINOY
JOU “S9INUIW UTYIM) O
“SLI je JO SuSIs
[EDTUT[D Y3TM Sjuejur
ULIS) UT PaPUSWIIOdY

HN I07 3urusamng

Sdd

SdO

snv

INDJd

NdVd

dVVv

U0 "T 3qeL



Children 2023, 10, 1220

‘saposida orueoA[30d Ay
“pazrudodarun
Aqqrssod “yuanbasqns
JO SII 3} SaseaIdur
yeus erwadA[SodAy
JuaLINdaI JudAdxd
0} wire ‘wsurnsurdAy
S yons SISPIOSIP 10

yieq
1s11y 9y Ae[o(q o ejur
ayerpAyoqred asearouy
“Burpasy
snjoq uey soyper dund
e 3UIsn e[NuLIO] 10 N[
jsearq ym Surpasy Mojg
INISqNS N[ JsedIq
10 Y[IW }SBIIq YIIM SpPady
juowarddng “Aousnboaiy
Surpeayisearq asearou]

'spaay juanbarj—Ayrea
‘SMO[[e UOT}IPUO0D [eDTUI[D
J1"NDIN 03 Jwpe m
ge > Aqeq J1 “(pajerd|o}
se Aep /3y /Tw
6/~09 :Aqeq >si
Je) d[qe[TRAR JOU Y[TW
1SBaIq JT JUSSUOD JIM
IO 010D [eUID) e JT
Ppo93 enuiog ‘Appuanbaiy
ar1ow 10 A[Inoy
SWIT} 991} IS Je
Pa4 "YHIq JO urw 09-0¢
UTUIM SPI9j a3eTiu]
*J0BJUOD UTYS 0] A[Teq
Do §£€-G°9¢ L Urejure|y
‘paLIp pue Wrem
KAqeq doay] ‘1Y 105 ssassy

"9J1[ JO SINOY
1s17 9y unyiim Sumaess
194 J0 SuLojIUoN
-uotsiaoxd AS1ous Afreq

'sond Gurpasy ssnosIp pue

Gurpaay jsearq y310ddng
*J0BJUOD UIYS-0}-UD|S
UJIM 918D [euLIBY],

‘(erurooA80d Ay
jo
SuSIs pue SSEUSNOSUOd
3O [9AS] ‘L “MH ¥
‘auo0} “1070D)
EME UM JUIUISSISSE
[ereuoau Je[n3ay Yy
€< 10§ [eaW JNOYIIM JON
“YAIq I9)Je INOoY
1ST 93 uryam Surpasy
jsearq Afres adeinoduyg
“IOIOW Y} IIM
JOBJUOD UD{S-03-UD[S
UHIq Iejje Joduelq
pue jey M urrem
pue parp ayeuosu dooy

PpassnosIp J0N UOTJUSASL ]

‘poyeouwr £103e10qR]
reorutp e £9 D4
MOT ULIJUOD O} [RIIUISSD
“HIN jo stsouerp
e 3urysrqessa a10jog
*AoeIndde PayIuuI] YIm
nq poyour SUruedIs
JUSTUSAUOD :SI9)9W
9I8D-JO-JUIO] "POYIOW
KroyeI10qR] [RITUI]D

“Aoeanooe a[qeuonsanb
JO (SINDD) s103TUOW
9s0on[8 snonunuo))

‘sAesse
K10ye10qP] Aq PaWIgUOD
3q pnoys erureoA[3odAy

jua)sisiad jo sisouderp
e ‘Aefop juanard
03 sojduues axed-jo-purod
U0 paseq pajenIur
9q ued Juswadeurw
anode SIYM

"N} dje[eX0
apuonyy ur uswads
K103e10qP] 10 T9ZATRUR
sed pooiq “rozAeue
axed jo yurod Sursn 3s9)
onsouderp £q ajeprfes
reruadA[3-0d Ay jo suSis
[BDTUID YJIM IO YSLI je
9)BUOSU € UT dUILIOPIOq
10 /[0Ww 9 >
1O Surusams J1 (s10g
I9MO] Je d[qer[aIun
oq Lewr) sordures
[eJeUOBU 10§ pajepIeA
I0SUDS [EIIWIDOIII[
YHMm 1e3owoon[3
JjewAzZus-uou
PpajeIqI[ed B “9SIMIdIO
‘(eseuadorpAyap
10 9SepIXO0 9s00N[8)
SPOUIOW D RWAZUD YFIM
I9)oW0dN[S 318D JO JUTOJ

(1/10Wu 0°g—0
a8uex ayy ur Aprenonred
9jeINdORUI) pIepue)ls
€102:L61ST OSI 943 03
Sururroyuod s1ajewoon|3
PRY-pueH '(Dd
SGurmseaw 10y prepue)s
9OUDI9JII) I0SUDSOIq
se3 pooyq paseq-prep

‘(prepueis
€10TL61STOSI
J19sn AJuo-
/10U () g—0 d3uer oy
ur Aprenonred Aoernodoe
pajrwury 03 auoxd)
s1o1woon|S pYy-pueL]
(od
Gurmseawr 10§ prepue)s
9DUDIdJOI) I0SUISOI]

sed poo[q paseq-prepy

*Aoemndoe pajIwl I}
JO dTeME URDIUID pue
Amyared pawroyiad 3soy
JT (Spoy3owt 9poI3dd°
pue I9}9WLIO[0D
90UBRIOIJAI p[AYpULY)
s19zATeue asoon(3
dinys-3s93 yuadear
9pISpaq I12PISU0))
‘(aseuaBorpAya(g
10 9seun[oXay
‘9SePIXO 9S0dON[D))
spoyaw
onewAZus A10jeIoqe|

spoew onsouder(]

Sdd

SdO

snv

INDJd

NdVd

dVVv

U0 "T 3qeL

10



Children 2023, 10, 1220

-a3e
10§ 9}eI SOURUSJUTIRW
© Je 9501X3P %0
jo uotsnjur £q pamor[oy
‘3 /3w (0 :2s0p Tentuy
“UOISNJUL 9SOLXIP A]

JUIWAIOUL

O®d I9}Je UTW ()¢ S[9AJ]
Jo maraar e yyim Aiddns

9500N[3 ur dseaIdUL

asimdays “puodsar

03 aIm[Te] JT "UI Og
I9}3e padDaYDAI 9S0ON[3
AI 03 asuodsay -asoon(3

JO uoTSNJUT AT UR
yim Ajerpawiut jean
‘sugts [eordojoInau J

‘uoneyuowaddns [ereyus

0} papuodsar jou jt
3SONXAP A IOISIUTWIPY

PassNISIp JON

“uorsnyur
950oN[3 J1eI JULISUOd
Aq pamorpog ‘arqrssod

se uoos se (9s0on[3 0,01

3 /7w 67 Jo snjoq Al
9S0IIXAP AT “19Og MO

K194 10 SUSIs [edrurp J|

U Og
IoJe TOY Y29y
“UOTJRDIPUTRIIUOD
OU JT SPadj aNUU0D
‘SJUeJUT PaJ-B[NULIOY
uf “Surpasy [ereyus
0} UOT)edIPUTEIJUOD
10 pady 03 YIS
00} Aqeq ssajun Surpasy
jseaiq dojs Jou o
P/3y/ T
09 3e 9s0on(8 ¢,0T Jo
UOTSNJUT AT 31€)S ‘8 /Twr
G'7 9800n[3 90T Al 9AI3
‘ss900€ AT Ure3qo ‘LN
Jo suSrs resrur 10 /pue
1/1oww '] > 194 I1

“(Aep /3y / T
001-08 1& MOTQ) ds0on|3
JO UOTSNUT SNONUTJUOD
e Sunreys 10 /pue (AT
I9JEM UT 9,0 9SOI)XIP
83/ 1w g “33/9s0on(3
jo 3w g) 9soon(3
jJO snjoquuru,, AJ ue
Gurarg ax1059q 3snl
UOTJRUTULID}OP 9S0ON[S
K103e10qP] B 10§ OdUNES
ewserd ureyqO ‘paxmbaz
uonuaAzjur 3dwor ]

HN 2onewoydwis
Jo Jusurageuey

PasSNOSIp JON

(71/ 100
96’1 1D9) syuejur
onewoydwdse 105
uonejuawarddns
[exaud apraoxd
‘35011X3p A Suness

*0,0T 9S00N[3 AT
}Ie)S pue JIun [e)euoaur
03 £qeq oy yrwrpe
T/10WwW ' T> st 19g
J1 "%0% 08 asoon(g [ero
JO 9SOP pug B IBISIUTWpE
“1/10Ww 977 194 I1

erwedA[3od Ay
JO YSII Je sjuejur
urogmau ut uepd Surpasy

"33 /8w 00z [98 asonxap
12914 %,0% Jo doog
auo jeadar pasy pig oy
9I0joq /10w ¢ > 1Hg
JI "sowmn[oa pasy Aoy
€ ur 83/ G1-O[ 218
SJURJUI PIJ B[NULIOY 0]
“[Iw jseaiq passardxa
I9JJO 10 /pue padjIseaIq
“1/10Ww 07 < 19d II

‘Judunear) 3soon3 A1
9je3ISsadaU
‘pavyar 03 syduwrayye 10)e
‘A[oanoadsar “Tp /3w 6>
10 “Tp /S 67 > 104
juanbasqng

‘193] | T DY o9Yydal pue

HN duewojdwise

910§2q PUE IXLIUT DLIOTED “(Apmoy ¢ 3seor e o1 1oun(pe Ue Sb (59 “Burpasy 3searq pooyar ‘(98e Jo 4 $7-F) Jo yuswegeue
juswne o, “pasy-3sod Je pad)) Pasj 9AT)ORJJO Ue 3 unip I y10ddng -3y /8w ooz 1p /8w 6> 10 (93e JO
Poo3 Poo3) Pod) Gl 9SOIXIP [I0 ISPISUO, S P o4
urw g asoon(3 Yooy sey Aqeq ayj yeyy ansua POPIT PISUos 98 asonxop [eoonq o0F  F>) TP/Sw 6z > 104 I1
‘paspisealq pue 3/ w pue o, 93 9soon(3 UIIM Pajeas) g p[noys “I9ye] UruI (¢
G pa9y 10 /W G [e10 2413 “Surpasy pue /10w g > 14 pauaaids pue a3e jo Y |
[98 9S01IXdP %, (F JAID) [[PM ‘M Gg< ST Aqeq pue juanbasqns Aq pay aq pnoys syuejur
1/10WW G'Z—6°T ST J1 UIIM S9JeUOU IO SUSIS yst-je ogewoydwisy
[e21Ur]d [eurIouqe ou
pue /0w 6'1-0'T O
paaj-a1d yarm sayeuoaN
Sdd Sdd snv INDJd NdVd dVVv

U0 "T 3qeL

11



Children 2023, 10, 1220

*9500N[3 POO[q :D)g ‘TR[NISNUIRIIUT :JA]] ‘SNOUDARIIUT AT JTUN 9T JAISUIJUT
[ereuoau :NDIN ‘@rnjeradwa) T, ‘S10)0e] NSLI ;1Y ‘d3el J1eay Y ‘ere1 A1ojenidsar [y ‘S[oAd] 9s0on[3 poo[q :1Hg @s0on[3 ewserd :0)J ‘eredL[Sod Ay Tereuoau :HN

U gp< pale
950U} 10§ (] /[OWW £°€)
Tp/3w 09 < Od
pue y gp> pade
19pIostp drwedA3odAy
resrua8uod
pa1oadsns noym
sajeuoau YSLI-ySIy

'S9UO I9P[O 10J

1D urejurewr o}
a1qe £qeq pue (pajedrpur
J1) paurtojaad 3593 3sey
Y 9V 'S9[2AD 1seJ—pady
9311} 10§ T /[owut

"SI 1
sarqeq SurSreyodsip
910J9q SUTPad] DATIODIJD
SE [[oM SE SUOISEdI0
QATINDISUOD <
Uo /oUW (g

93 reydsIp a10jaq
(sporiad jsej—pooy sa1y}
jsea] Je y3noiyy) porrad

papuajxa A[qeuosear

10§ (T/10WW §°7) 1/10Ww ¢ < 7Og pue p< s110g [erpued-axd < 199 JO dueULRJUTEW ' I0J }91p SUnnox ued a8repsiq
a8e jo gz ueyy 108unok pueadejoy PassnoSIp JON : : : -~UOT) eI USdU0D
TP /3w 06 < D 198TE], ao1aea 10 ow = aed DUE LOHIDUOD amsuy pIq Iae © UO SUOT)RIJU3dU0d soonTe 19510
“1opIosIp druedA[8odAy qvq 10 71/1 87 <Aqedp P 4 8% > wisturnsurradAy OJ [ewIou 19 39548L
9'7 < 19g 1981e, orwedA[80d Ay umouy Jr L
© JIIM UDIPIYD 10 S94> 198-pasy sa1p padadsns yim JO SdURUSJUTEW 2INSUF
pue sjuejuI I9p[O pue 10§ 7 /oL 97 < S9)eU0aU UT T/[OWW ()'¢ 'Spaay aunnor 0} rorrd
I9pIosIp drwadA[Sod Ay Sw mmlw dooxd cwm mMmOmw proysaay; reuonerado 1p/8w 6f < O 1981
rearua8uod pajoadsns [¥tP £aqe hmum umw PapUSWIIOdY
© UM S9jeuOsu U8y > Aqeq st /10w 'z < 194
103 (7/10WW 6°€)
TP/8w (0 < D 1981e],
‘3unsey paduojord
JO aduEpIOAR Aq Pajear)
9q Aew SI9PIOSIP IopIwu (9pn0a1300 ‘@pIxozZeIp
AWI0G "9dURIS[OJUT “au0S1I000TpAY *9P1I0aI}00
asojonay Arejrpaoy ‘u03edN[D)) UOTIUSAIIUT 9PIZeTIOIOYOOIPAY (3% /3w
10 wsT[oqeIaut resr3ojooeurreyd ‘dpIX0ZeIp :owmuh M\ Hooowwbm o
ua8004]3 Jo s1opIOSIp 10/ pue ‘[er1ajo1 /aU0ST}I000IPAY 12 NI 0 paurelq

10§ Aderayy Teuonyny

jsirenads /uonednsaaur

“(uorsnyur asoon(8 AT

ST SS00€ AT 9[TyMm
LSOO [E201N A} OJUT

“Aderayy Teorpaw ySnomnyy HQ.\EE 03 103001591 SUOTIIPUOD PassnosIp JON poSessew /3 00z PassnosIp JON SJUDWI}LDI) DATIRUID}Y

1O 9Jes urejurews I9PISU0d “parmbar st srureurnsurrad Ay 2 2SOIXOD o (1 OAIS
0} d[qeun udIp[Iyd uorsnyur jo (uru /3y /Sw ur) uodeonyo) mm POP 9607 AL
sruraurnsuradAy 01<) aer Y31y A[eadss  :19pISuod ‘9s0dn[3 AT 10 §59908 A] o3Erpouuy

10§ A1931NS JOPISUOD) ue 10 s[PAd[ aerrdordde 9%0F [93 9soon[3 Teoonq Q0 O3 Srqeun i1

“Kousmolyep auourioy je Og urejurewr I9}Je [EWLIOU JOU O J]

3M013 10 [0SII0D pue 0} [1eJ SUOISNyUI UdYA
‘wsturnsurad Ay
10§ SUOTJEIIPIIN
Sdd Sdd snv INDJd NdVd dVVv

U0 "T 3qeL

12



Children 2023, 10, 1220

3. Definition of Neonatal Hypoglycemia

Many healthy infants experience transient hypoglycemia as part of their normal
adaptation to extrauterine life, resulting from the discontinuation of nutrients due to
the separation from the placental circulation [5]. This leads to a transient reduction in
BGL beginning at 1 to 2 h after birth, known as “physiologic” hypoglycemia (as low
as 30 mg/dL (1.6 mmol/L) according to the AAP and BAPM or 20-25 mg/dL (1.1-1.4
mmol/L) according to EFCNI and AUS). The lowest point is usually reached in the first 2
to 4 h of life; at 4 to 6 h, the BGL usually stabilize at 2.5-4.4 mmol/L (45-79 mg/dL) [17].
Glucose is the major oxidative fuel of the brain; however, this transient, asymptomatic
form of hypoglycemia can be relatively easily compensated through the production of
alternative sources of energy, such as ketone bodies released from fat. After the first
2 postnatal hours, the glucose concentration begins to rise, mainly due to endogenous
production (glycogenolysis and gluconeogenesis) rather than feeding. This is the result
of a mild and transient form of hyperinsulinism where the mean threshold of BGL for
the suppression of insulin secretion is lower in newborn babies (55-65 mg/dL (3.0-3.6
mmol/L)) than in older infants and children (80-85 mg/dL (4.4—4.7 mmol/L)) [18]. The
mechanism responsible for the glucose-stimulated insulin secretion matures with age,
resulting in an increase in the mean threshold of BGL, which, by 72 h of age, is similar to
those in older infants and children [18].

It is common for healthy, breast-fed newborns to present low BGL (<36 mg/dL
(2 mmol/L)) during the first 24 h of life [19] without abnormal clinical signs or symp-
toms. A randomized controlled trial, called “The Sugar Babies Study”, which enrolled
514 infants of 35-42 gestational weeks, younger than 48 h old, identified to be at risk for
NH, found that 51% of babies became hypoglycemic (BGL < 47 mg/dL (2.6 mmol/L))
and 19% had severe hypoglycemia (BGL < 36 mg/dL (2.0 mmol/L)). The majority of the
hypoglycemic ones, i.e., 79%, showed no clinical signs [3]. Given these facts, defining a
clinical diagnosis of NH is crucial to provide guidance for when and whether therapy
should be initiated.

If any infant shows clinical manifestations compatible with significantly low BGL,
such as apnea, jitteriness and seizures, the plasma glucose (PG) or BG concentration
should be measured immediately. The AAP and PES support measuring PG levels to
define hypoglycemia, while the BAPM, EFCNI, AUS and CPS recommend whole BGL
measurement. PG values tend to be higher compared to the whole blood glucose levels by
approximately 10-18% (AAP), 10-15% (BAPM, EFCNI), 15% (PES), 10% (CPS), because the
concentration of water in the plasma is higher than in the whole blood [18].

However, the definition of NH lacks uniformity among the reviewed guidelines. First,
although all societies divide newborns into two groups depending on their postnatal age,
to make a distinction between transient and persistent NH, the AUS, BAPM and PES use a
cutoff of 48 h, while CPS and EFCNI draw the line at 72 h of age. The PES guideline are
based not only on the neonate’s age but also on the presence or absence of a known or sus-
pected hypoglycemic congenital disorder, as they mostly address the matter of evaluation
and management of persistent NH. Furthermore, the CPS recommends a different cutoff of
glucose levels in transient (within the first 72 h of life) than in persistent NH (beyond the
first 72 h of life), as the former is defined by BGL lower than 2.6 mmol/L (47 mg/dL) (also
endorsed by AUS and AAP), while the latter by BGL lower than 3.3 mmol/L (59 mg/dL).
The definition of persistent NH given by the EFCNI is consistent, i.e., NH lasting beyond
72 h of postnatal life. In contrast, the BAPM guidelines define transient NH (during the
first 48 h of life) by BGL between 1.0 and 1.9 mmol/L (18-34 mg/dL) documented on one
or two occasions, whereas persistent NH (beyond the first 48 h of life) is defined by BGL
lower than 2.0 mmol/L (36 mg/dL) on more than two occasions. The AUS and PES also
propose the cut-off point of 48 h to distinguish transitional from persistent hypoglycemia
and the AUS describes recurrent NH as BGL below 2.6 mmol/L (47 mg/dL) on more than
three occasions in a row.
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The definition of severe NH is also controversial. More specifically, the BAPM men-
tions that NH should be characterized as severe when BGL are <1.0 mmol/L (18 mg/dL),
while the AUS suggests a definition of BGL < 1.5 mmol/L (27 mg/dL), BGL not recordable
or symptomatic hypoglycemia.

This distinction has implications on management as transient NH in the absence of
associated clinical manifestations does not require further investigation [20], while severe
and persistent NH should prompt urgent medical attention and additional investigations
because it may be the first sign of a severe metabolic disorder, like hyperinsulinemic
hypoglycemia or hypopituitarism [21].

On the other hand, the term “clinical hypoglycemia” is used by the PES and AUS
guidelines to describe the concentration of PG that is low enough to cause brain injury [22].

4. Screening for Neonatal Hypoglycemia

There is no consensus regarding the exact timing when screening should be performed
(AAP). Data regarding both the optimal timing and time intervals for screening blood
glucose are limited and it remains controversial whether it is necessary to screen the at-risk
newborns who do not present any signs or symptoms of NH during the time that BGL reach
their normal lowest point (approximately within 1-2 h after delivery) [23]. Furthermore, the
evidence supporting routine screening for NH of asymptomatic infants who have no risk
factors for hypoglycemia, after a non-complicated pregnancy and delivery, is insufficient.

Five of the reviewed guidelines (AAP, BAPM, EFCNI, AUS, CPS) provide guidance
for the screening of NH. They all agree that screening for NH should be performed only
for infants with suspected or well-established risk factors for developing hypoglycemia;
any infant with abnormal feeding behavior, absence of feeding cues or any other clinical
manifestations should be promptly screened for NH at any time; in fact, screening is
recommended within minutes, not hours, of the appearance of symptoms and with a
duration and frequency of BGL testing that depend on individualized risk factors.

With regard to the initial screening, BAPM, EFCNI and AUS support that the opti-
mal time for screening of asymptomatic, at-risk neonates is just before the second feed
(practically no longer than 2—4 h after delivery) provided that the newborn is offered
feeding within the first hour after birth. On the contrary, according to AAP and CPS, the
recommended time for screening high-risk infants is 30 min after the first feed (practically
up to 2 h of age) followed by intervention with feeding or IV glucose depending on the
glucose values. The AAP and CPS agree with the BAPM and AUS on the timing of the
initial feed, which should be offered to the neonate within the first hour after delivery.
Regarding the subsequent BGL measurements, after the initial screening of asymptomatic
at-risk infants, all five medical societies agree that measurements should be performed
prior to feedings. Breast milk or formula feedings should be offered to newborns every
2-3 h or more frequently.

Furthermore, the AUS and BAPM guidelines suggest a second BGL screening before
the third feed and no later than six hours (AUS) or eight hours (BAPM) of age. However,
the subsequent steps differ. More specifically, according to the AUS, if BGL is within the
normal range (>2.6 mmol/L, >47 mg/dL), screening should continue to be performed
before every second feed (every three to six hours depending on feeding frequency) for 24 h.
On the contrary, if the second BGL measurement is above 2.0 mmol/L, the BAPM proposes
no further glucose measurements, unless signs or symptoms indicative of hypoglycemia
are present, and only recommends observation for 24 h, providing continuous support of
breastfeeding. According to the CPS, testing should also be performed one or two times
during the second day of life, to ensure that the BGL remain above 2.6 mmol/L (47 mg/dL),
whereas the AAP suggests repeated testing prior to feedings after the first 24 h of age only
if PG values remain lower than 45 mg/dL (2.5 mmol/L).

Additionally, the AAP and the CPS agree upon continuing measurements through
multiple feed—fast cycles depending on the risk factors of each newborn. On the one hand,
small-for-gestational-age (SGA) and late-preterm neonates should be screened for at least
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the first 24 h before each feeding (every 2-3 h); in addition, if the BGL remain above
2.6 mmol/L (47 mg/dL), screening should be discontinued [24]. On the other hand, large-
for-gestational-age neonates and those of diabetic mothers should be screened only for
the first 12 h after birth, with the same cut-off glucose value used for discontinuing mea-
surements. This difference in the duration of BGL screening is based on studies showing
that IDM and LGA infants are more likely to become hypoglycemic by 12 h after the birth,
in contrast to preterm and SGA infants, who usually develop asymptomatic NH within
24 h [24-26].

5. Diagnosis of Neonatal Hypoglycemia

Diagnosing NH using a single glucose value is neither feasible nor simple [19]. Thus,
monitoring, managing and preventing NH remain highly pressing issues [27]. According
to the AUS, CPS and AAP, the generally adopted PG concentration cut-off for otherwise
healthy infants is 47 mg/dL (2.6 mmol/L). More specifically, the CPS guideline refers to the
existence of four approaches to the diagnosis of NH based on the following aspects: 1. the
neonate’s clinical condition; 2. epidemiological data from studies on exclusively breastfed,
appropriate-for-gestational-age (AGA), term infants and their measured BGL [4,21,28];
3. the presence or absence of normal physiological responses to NH; and 4. the presence or
absence of brain injury and long-term sequelae.

However, as stated by AAP, there is no robust scientific justification for the generally
adopted cut-off of blood glucose for NH in all infants (47 mg/dL, 2.6 mmol/L) [23,28]
and the normal range of blood glucose concentration in neonates depends on various
factors, such as their birthweight, gestational age, clinical manifestations, energy sources
and metabolic demands. The reasons that make it difficult to form and adopt a substantial,
evidence-based definition for NH and an accurate value for BG that requires intervention
in all neonates are the frequent co-existence of other severe medical conditions and the lack
of evidence on the levels of BG and the duration of NH that can cause brain injury and
long-term neurological sequelae, alone or in concert with comorbidities [4,22].

This is why the approach of the “operational threshold” has been introduced by a
panel of experts that convened in 2000 [4] and has been endorsed by all six medical soci-
eties to guide interventions intended to restore BGL. An operational threshold constitutes
the concentration of BGL (either plasma or whole blood) that should raise awareness of
physicians to consider intervention based on evidence available in the current literature,
distinguishing between the BG value that requires action and the target BGL that interven-
tions aim for [4]. This “operational threshold” approach has been widely adopted for all
neonates at risk of impaired metabolic adaptation and adverse outcome, but the threshold
values for whole BG or PG for diagnosis of NH and consequent intervention remain a
matter of keen debate.

Thus, according to BAPM, the most important threshold concentrations at which
clinicians should consider intervention include: 1. a BG value < 1.0 mmol/L (<18 mg/dL)
at any time, 2. a single value < 2.5 mmol/L (45 mg/dL) in a neonate with abnormal clinical
signs, and 3. a value < 2.0 mmol/L (36 mg/dL) that remains that low in a subsequent
measurement, in case of a newborn with one risk factor for impaired metabolic adaptation
but not presenting any abnormal clinical signs and/or symptoms. These thresholds are
higher when it comes to symptomatic newborn infants with recurrent or persistent hyperin-
sulinemic hypoglycemia (HH). In such cases, therapeutic levels of 3.0 mmol/L (54 mg/dL)
or more are suggested [12]. According to AUS, any neonate with BGL < 1.5 mmol/L or
unrecordable measurement, as well as any symptomatic neonate, requires urgent manage-
ment and further investigation, while the value used as an operational threshold is BGL
below 2.6 mmol/L (47 mg/dL) in all at risk neonates. The PES recommends PG levels to
be kept >2.8 mmol/L (50 mg/dL) during the first 48 h of postnatal life and >3.3 mmol/L
(60 mg/dL) after 48 h for high-risk neonates without a suspected congenital hypoglycemic
disorder. The same operational threshold for blood glucose but in a different time window
(after 72 h of life) is recommended by the CPS guidelines, while for the first 72 h postpartum,
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the CPS suggests the threshold glucose value of 2.0 mmol/L, for which further manage-
ment is required. The PES recommend that the operational threshold for neonates with a
suspected congenital or confirmed hypoglycemic disorder is higher, as in such cases the PG
must be maintained >70 mg/dL (3.9 mmol/L), in contrast with 3.0 mmol/L suggested by
the BAPM and 3.3 mmol/L by the AUS. Moreover, PES defines the considered-to-be-normal
PG values for neonates as 55-65 mg/dL in the first 48 h of age and 70-100 mg/dL for
older ones. The AAP recommends operational thresholds for PG concentration in high-risk
newborns that differ depending on the hours of age: 25-40 mg/dL (1.4-2.2 mmol/L),
35-45 mg/dL (1.9-2.5 mmol/L) and 45 mg/dL (2.5 mmol/L), from birth to 4 h of life, from
4-24 h of life and after 24 h of life, respectively. The AAP also recommends intervention
for all neonates with clinical signs and a PG concentration less than 40 mg/dL. Finally, the
EFCNI, adopts the operational threshold approach on guiding interventions and clinical
decisions based on glucose values approved by professionals in all maternity and neonatal
units; however, they underline the profound controversy among recommendations of dif-
ferent organizations, due to the lack of evidence-based data on cerebral damage provoked
by NH [29]. Thus, the EFCNI does not specifically define NH, only stating that BGL as low
as 1.0 mmol/L (18 mg/dL) are associated with acute neurological impairment [9,23].

6. Diagnostic Methods of Neonatal Hypoglycemia

The accurate measurement of BGL is crucial for the diagnosis and treatment of NH.
Therefore, the optimal methods of BGL assessment are discussed in all guidelines reviewed.
Blood glucose levels are usually measured using chemical strips or bedside handheld
glucose meters (non-enzymatic methods) and most of the time they are not validated using
laboratory diagnostic tests [15,30].

However, the accuracy of bedside reagent test-strip glucose analyzers is limited,
especially in the low range of BG concentrations. This low range is defined as 10-15 mg/dL
(0.6-0.8 mmol/L) by the PES, and as 0-36 mg/dL (0-2.0 mmol/L) by the BAPM and EFCNI,
whereas no specific values are provided by the other societies. It is also crucial to keep in
mind that the neonatal packed cell volume (PCV) could be a cause of inaccuracy in hand-
held glucometers due to the fact that they do not auto-correct for this variable. Samples
with high PCV can generate falsely low glucose values and vice versa [12]. Moreover, even
though only few devices that measure true whole BG values by rupturing red blood cells are
available, most handheld test-strip glucometers report results that demonstrate a reasonable
correlation with PG concentrations and that are considered to be “PG equivalents”. Whole
BG and PG levels may vary up to 10 to 20 mg/dL, but the gap becomes wider at low
glucose concentrations.

These are the reasons why these point of care methods are not reliable enough to be
used as the sole method for NH screening [30,31], as highlighted by all six guidelines. More
specifically, the AAP, PES, CPS and AUS guidelines state that the initial screening could be
performed using “rapid” bedside tests (including handheld reflectance colorimeter and
electrode methods validated for neonatal samples), to prevent any delay for the rapid
diagnosis and initiation of treatment, provided that the clinician is aware of their limited
accuracy. Capillary samples obtained from a warmed heel can be used for screening, as
agreed by all these guidelines.

However, due to the limitations of these handheld glucometer devices, before es-
tablishing a diagnosis of NH, glucose concentration (plasma or whole blood) must be
confirmed using laboratory enzymatic methods (glucose oxidase, hexokinase and dehy-
drogenase methods). According to AAP, although not rapidly available, laboratory testing
is the most accurate method for BGL measuring. The AUS specifies that, if the initial
screening of BGL is <2.6 mmol/L (47 mg/dL) in neonates with clinical manifestations
compatible with hypoglycemia or with risk factors for NH, glucose values should be vali-
dated using point-of-care diagnostic tests (such as enzymatic handheld glucometers with
glucose oxidase or glucose dehydrogenase methodology, if available), blood gas analyzers
or laboratory enzymatic methods (in fluoride oxalate tube, if feasible to be performed
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immediately). The same diagnostic methods are recommended by the AUS, in case of
initial BGL < 2.0 mmol/L (36 mg/dL), in all newborn infants. As delineated by the AUS,
AAP and CPS guidelines, treatment should not be delayed while waiting for the results to
be confirmed using a laboratory test, especially for severe, persistent or recurrent NH [4].
Additionally, the CPS guideline mentions another diagnostic method for NH, called CGMs
(continuous glucose monitors), which, however, have numerous limitations that question
their accuracy; the development of other more promising and more accurate point-of-care
devices for bedside glucose measurement may improve the screening methods for NH.
On the contrary, the BAPM and EFCNI state that blood gas analyzers are quick, widely
available and accurate for measuring BG values. Furthermore, they calculate glucose result
as “PG equivalent” concentration, which in most cases is similar to the result obtained from
a laboratory enzymatic diagnostic method. Thus, blood gas biosensors are considered to be
the gold standard in the screening of NH, as they support real-time clinical decision mak-
ing and they could be set up to provide a ‘glucose only” reading on a tiny neonatal blood
sample [32]. If handheld glucometers are used (necessarily compliant with the specific
1SO15197:2013 standard), it is highly important for clinicians to remember their limitations
in accuracy at low BGL and to confirm their results with more accurate techniques to
ensure that hypoglycemic infants are assigned to the optimal care pathway. As stated by
the BAPM, a laboratory confirmation may not be practical, not only because of the delay
in obtaining results but also due to inconsistency of the results, caused by variability in
the inhibition of glycolysis in fluoride oxalate tubes. Lastly, a new technology—currently
under development—based on transdermal, minimally invasive, constant and accurate
blood sugar measurements provided by biosensors is discussed in the BAPM guidelines as
a very promising useful tool for future research [33].

7. Prevention

There is general agreement on the basic principles of NH prevention among the
BAPM, EFCNI, AUS and CPS guidelines. These include the following: 1. the antenatal
or immediate postnatal identification of all at-risk infants; 2. the avoidance of cold stress
and hypothermia—ideally by providing skin to skin contact with the mother; 3. the
early and timely energy provision and feeding support; 4. the regular BGL monitoring
at predetermined times with accurate devices that provide results with no delay; 5. the
constant observation of both the feeding behavior and the overall clinical condition of the
neonate; and 6. a thorough discussion with the parents regarding the neonate’s feeding
and well-being. The BAPM, EFCNI and AUS guidelines describe these principals in detail.
On the other hand, the AAP does not mention any measures for the prevention of NH,
the CPS focuses on the neonate’s feeding standards to prevent NH, and the PES only
refers to disorders with persistent NH, such as hyperinsulinism, in which the main goal of
prevention is trying to avoid recurrent episodes of hypoglycemia that may increase the risk
of subsequent, possibly unrecognized hypoglycemic episodes.

Clinicians should keep in mind that early recognition is vital to avoid serious health
disorders and improve outcomes. First, the risk factors for NH must be identified at birth
to provide meticulous care and extra support to the newborns. More specifically, the AUS
highlights that preterm infants of <35 gestational weeks should be admitted to neonatal
units and receive special care by managing other possible co-existing clinical conditions,
ensuring thermal care and providing early and frequent feeds, assisted with gavage if
needed or indicated for neonates not nippling well (AAP, AUS, BAPM).

Additionally, a thorough and regular assessment of the neonate’s clinical condition
when awake is important. The general appearance, muscle tone, body measurements, body
malformations or deformations (indicative of a syndrome potentially responsible for NH),
skin color, body temperature (normal range within 36.5-37.5 °C measured via the axilla),
level of consciousness, response to external stimulations, respiratory and heart rate and
all feeding cues should be evaluated [10]. Abnormal feeding behaviors that should raise
awareness and call for action include not waking for meals, not latching at the breast, not
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sucking effectively and appearing unsettled. The BAPM and AUS guidelines point out
that when signs or symptoms suggestive of NH make their appearance, BGL should be
immediately measured and a pediatrician or a neonatal nurse practitioner should be called
for assistance and further guidance.

Moreover, the BAPM, EFCNI and AUS thoroughly describe all the steps that should
be followed to prevent hypothermia of the at-risk neonate, including the use of a hat, the
avoidance of cold draughts, the warmth of the ambient temperature and the immediate
skin-to-skin contact with the mother, while the CPS suggests that the first bath should be
delayed for at-risk infants as it has been found to decrease the incidence of NH [34].

The crucial role of the parents in the monitoring and management of infants at risk
for impaired metabolic adaptation is highlighted by three of the reviewed guidelines
(BAPM, CPS and EFCNI). They point out that parents should participate actively in the care
pathway of at-risk neonates, being aware not only of the reasons behind their newborns’
requirement of extra care and why they undergo regular blood testing for measuring BGL,
but also of all the signs and symptoms that could indicate hypoglycemia. Thus, parents
can learn about the importance of early energy provision and help physicians with BG
monitoring. If risk factors for NH are known before delivery, health care providers should
communicate with the parents to inform them antenatally. The BAPM suggests that this
information should be given to parents in both verbal and written form, while the EFCNI
suggests giving this information only verbally.

The BAPM, EFCNI, AUS and CPS note that breast milk is the optimal source of energy
for all neonates during their postpartum metabolic adaptation. The early initiation of
feeds plays a significant role in preventing NH and it should be ensured that the neonate
is offered the breast within the first 60 min (BAPM) or 30-60 min (AUS) of life [10,35].
Efficient support should be provided to all mothers to make them feel capable of initiating
and establishing effective breastfeeding and to enable them to recognize both early feeding
cues and signs of effective attachment. Feeding effectiveness should be assessed at each
feed and the breastfeeding should be offered at least 8-10 times in 24 h, according to
feeding cues. As stated by the BAPM, there should not exist a gap of more than three hours
between the meals until BGL exceeds 2 mmol/L (36 mg/dL) on two or more consecutive
measurements [12]. The main goal is to cover the neonate’s energy demands as much as
possible using breast milk or expressed colostrum /breast milk.

In formula-fed infants, the timing of initial feed and time intervals between feedings
are practically the same. The AUS guideline supports that complementary feeds are not
required in the first 24 h of life, unless one BGL measurement is <2 mmol/L (36 mg/dL)
or two or more BGL values are <2.6 mmol/L (47 mg/dL), whereas it mentions that if
formula feeding is chosen, meals should be up to 60-75 mL/kg/day for at-risk newborns.
In cases where complementary feeds are required, a minimum of 7.5 mL/kg/feed should
be provided [10]. The CPS guidelines differ in that they suggest supplementing feeds with
breast milk or a breast milk substitute; the total volume of both oral and IV intake should
not exceed 100 mL/kg/day so as to avoid fluid overload and serum electrolytes disorders.
This medical society also highlights the importance of continuing to feed high-risk infants
regularly, while continuing to measure BGL prior to meals, as well as the use of a pump to
achieve slow feeding (breast milk or formula) rather than bolus feeding.

8. Management of Asymptomatic Neonatal Hypoglycemia

The goals of managing NH are as follows: first, to identify at risk newborns and
newborns with serious underlying hypoglycemic disorders [36]; second, to correct BGL;
and third, to avoid unnecessary treatment of normal transitional NH, which will likely
resolve without intervention [37]. It is crucial to keep in mind that the treatment of
hypoglycemia is a stepwise process depending on the presence or absence of symptoms
and signs and on the infant’s response at each step. All of the reviewed guidelines highlight
the importance of recognizing and treating asymptomatic NH early and agree on the main
principles of management, which are as follows: 1. the antenatal or immediate postpartum
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identification of risk factors, 2. the provision of thermal care, 3. the early energy provision
and feeding support, 4. the regular monitoring of BGL and infusion of IV dextrose when
necessary, and 5. to try not to interrupt the mother—infant relationship and breastfeeding
when possible.

For asymptomatic newborns at risk, the AAP suggests a treatment plan that is divided
into two time periods, up to 4 h of age and between 4 and 24 h of age. An initial feed should
be offered to all neonates within the first hour of age and an initial screen of BGL should
be performed 30 min after the first feed. If the PG is <25 mg/dL (1.3 mmol/L), another
feeding-checking PG in a one hour-cycle is recommended, and if PG remains <25 mg/dL,
IV glucose administration is indicated (glucose dose 200 mg/kg, 2 mL/kg dextrose 10%
D/W). If the PG is between 25 and 40 mg/dL (1.3-2.2 mmol /L), another attempt to feed
may be made before progressing with glucose administration [38]. For newborns aged
4 to 24 h, feeding every 2-3 h (after the initial feed) and PG measurements prior to each
feed are recommended. If PG is <35 mg/dL (1.9 mmol/L) in one sample, it is suggested to
refeed and recheck PG concentration within 1 h. If PG remains <3 5 mg/dL, intravenous
glucose should be administered (same dose as before). However, if PG is between 35 and
45 mg/dL (1.9-2.5 mmol/L), active support of feeding should continue before the initiation
of treatment with IV dextrose solution.

According to the BAPM and AUS guidelines, at-risk neonates should be placed in two
care pathways based on their first pre-feed BGL. For the BAPM, the first cut-off point is
BGL between 1.0 and 1.9 mmol/L (18-34 mg/dL) in infants with no abnormal clinical signs,
while the second cut-off point is either BGL < 1.0 mmol/L (18 mg/dL) in neonates without
clinical manifestations or higher BGL but with neonates showing symptoms consistent with
NH. For the AUS, the cut-off points are as follows: 1. BGL between 1.5 and 2.5 mmol/L
(27-45 mg/dL) in asymptomatic neonates; and 2. BGL below 1.5 mmol/L (27 mg/dL) or
unrecordable values or symptomatic neonates within the first 48 h of life.

The BAPM suggests that when BGL are between 1.0 and 1.9 mmol/L (18-34 mg/dL)
and no clinical manifestations are present, the administration of 40% oral dextrose gel (dose
of 200 mg/kg) should be considered as part of the feeding plan, alongside breastfeeding or
formula feeding, if the mother chooses so. The AUS recommendations for at-risk asymp-
tomatic infants with BGL 1.5-2.5 mmol/L (27-45 mg/dL) and the CPS recommendations
for at-risk infants with BGL < 2.6 mmmol/L (47 mg/dL) agree with those of the BAPM,
as a dose of 40% dextrose gel is suggested to be given buccally (dose of 0.5 mL/kg equiv-
alent to 200 mg/kg) in conjunction with oral feedings. The EFCNI also aligns with the
aforementioned guidelines on this matter, as it is generally stated that oral dextrose gel
may be considered as an adjunct to a feeding plan in high-risk newborns. This oral 40%
dextrose gel of 0.5 mL/kg provides a dose of 200 mg/kg glucose, which is equivalent to the
intravenous bolus glucose dose of 2 mL/kg of the 10% DW solution. Its administration is
indicated only in late preterm and term infants (CPS) or neonates > 35 weeks of gestational
age (BAPM, AUS) during the first 48 h after delivery, with a maximum of six doses during
this period of time (AUS, BAPM). The “Sugar Babies” study, which is described in the
CPS and BAPM guidelines, assessed the effectiveness of dextrose oral gel treatment over
feeding alone in hypoglycemic neonates and showed that therapy with dextrose gel leads
to significant lower treatment failure rates compared to placebo. The buccal gel has also
been found to reduce the number of NICU admissions due to NH, alongside the need
for supplementation with formula at 2 weeks of age [39]. In fact, if glucose gel adminis-
tration is followed by immediate breastfeeding, the quality of subsequent breast feeds is
improved [40]. However, although it decreases the need for IV glucose administration, it
cannot achieve the complete avoidance of IV therapy [39].

Furthermore, according to the BAPM, BG should be measured again prior to the third
feed and no longer than 8 h of age, and if BGL fail to rise above 2 mmol/L (36 mg/dL),
another circle of oral dextrose gel and feeding should be repeated. A re-check of BGL
is also recommended by the AUS (30 min after the first dose of oral dextrose gel) and a
subsequent dose of dextrose gel is considered safe to be administered if the BGL remain
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between 2.0 and 2.5 mmol/L (3645 mg/dL). Similarly, according to CPS, BGL should be re-
measured 30 min post-feed and if they remain between 1.9 and 2.6 mmol/L (34-47 mg/dL),
another loop of oral dextrose gel 40% (same dosage) followed by enteral supplementation
(breastfeeding or formula feeding) and a glucose measurement again 30 min after feeding
is recommended. On the contrary, if BGL are <1.9 mmol/L (34 mg/dL) (CPS), 1.0 mmol/L
(18 mg/dL) (BAPM) or 1.5 mmol/L (AUS), the initiation of IV glucose infusion at hourly
requirements (10% DW) is strongly advised without repeating the loop of oral dextrose
gel-breastfeeding/formula feeding/EBM.

In addition, if more than two measurements between 1.0 and 1.9 mmol/L have
been documented or if two consecutive doses of glucose gel 40% have been given, the
neonatal team should be informed to investigate possible causes of NH and to exclude
other disorders that mimic hypoglycemia, like sepsis. Admission to the Neonatal Intensive
Care Unit (NICU) is required (BAPM, AUS) in such cases. An increase in the feeding
frequency and the insertion of a nasogastric tube should also be considered and the IV
glucose administration (10% DW) at this point is suggested, too. It is important to remember
that buccal dextrose gel can be used as first-line treatment for hypoglycemia, allowing
the infant-mother relationship not to be interrupted, avoiding NICU hospitalization and
improving the chances of effective breastfeeding after discharge [39].

Additionally, as stated by the BAPM, if BGL are >2.0 mmol/L, breastfeeding or formula
feeding and/or EBM should continue to be offered, glucose should be measured again prior
to the next feed, and if BGL remain >2.0 mmol/L (after two consecutive pre-feed BG mea-
surements) and no clinical manifestations are present, it is advised that BG measurements
are discontinued. According to the AUS, the conditions under which cessation of BGL mon-
itoring is indicated are as follows: (a) BGL > 2.6 mmol/L or >3.3 mmol/L for 24 h, within
or beyond the first 48 h of life, respectively, (b) neonate feeding effectively, (c) asymptomatic
neonate for whom IV glucose had not been required. For neonates who were treated with
IV dextrose but are now feeding well and have not received IV glucose during the past
12 h, monitoring should be ceased when BGL exceed 3 mmol/L for two successive mea-
surements. CPS suggest ceasing pre-feed glucose monitoring when two consecutive BG
samples are above 2.6 mmol/L and the neonate fully tolerates enteral feeds.

9. Management of Symptomatic Neonatal Hypoglycemia

The appearance of hypoglycemic clinical signs and symptoms constitutes a red flag
for the urgent initiation of therapy because severe, prolonged, symptomatic hypoglycemia
may result in neuronal injury [38,41]. First, a laboratory confirmation of the low BGL
must always be performed before starting IV treatment, according to the AAP, BAPM
and AUS, because it is essential for both the identification and the optimal management
of hypoglycemia. However, therapy should not be delayed while waiting for laboratory
results. Blood samples during the hypoglycemic period should be collected to perform
further diagnostic evaluation [42].

The recommendations of AAP in symptomatic infants with BGL <40 mg/dL (2.2 mmol/L)
involve immediate IV glucose treatment either as an IV bolus glucose dose of 200 mg/kg
(2 mL/kg 10% DW) or as an IV glucose infusion of 80-100 mL/kg 10% DW per day to
maintain PG concentrations between 40 and 50 mg/dL (2.2-2.7 mmol/L). The CPS guide-
line agrees with this approach of immediately treating symptomatic infants or infants who
cannot be orally fed, with an IV infusion of 10% DW or a bolus IV glucose administration
(dose of 2 mL/kg over 15 min) when BGL are lower than 1.8 mmol/L. The administration
of a bolus dose at the start of a glucose infusion therapy is believed to stabilize BGL more
rapidly. The PES instructions also align with this treatment for any episode of severe
symptomatic hypoglycemia with IV dextrose infusion at an initial dose of 200 mg/kg,
followed by infusion of 10% DW at a maintenance rate. A response to the intravenous
administration of glucose is expected in the next 30 min and a confirmation should be
performed in a timely manner [43].
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The recommendations of EFCNI and BAPM on symptomatic hypoglycemia or new-
borns presenting with very low glucose levels (<1.0 mmol/L, 18 mg/dL) are consistent, as
they suggest that in such cases infants should be treated with IV glucose as an initial bolus of
2.5mL/kg 10%DW (instead of 2 mL/kg 10%DW) as soon as possible, followed by a glucose
infusion administration of 60 mL/kg 10% DW per day (instead of 80-100 mL/kg/day).
The recommended of the AUS for initial IV bolus glucose dose for symptomatic new-
borns or BGL below 1.5 mmol/L (27 mg/dL) is 1-2 mL/kg 10% DW, followed by the
re-measurement of BGL in the next 30 min and repeated by another bolus glucose dose
of 1 mL/kg IV while monitoring for rebound hypoglycemia. The IV glucose infusion rate
should commence at 60 mL/kg/day 10% DW. The AUS also gives instructions for treating
newborns with BGL between 1.5 and 2.5 mmol/L who are not feeding well (symptomatic
newborns). In such cases, one dose of 40% oral dextrose gel should be given, a neonatal
nurse practitioner or a pediatrician should be informed, a lactation consultant should be
notified and BGL should be re-measured within 30 min. If the BGL are between 2.0 and
2.6 mmol/L, a second dose of 40% oral dextrose gel can be administered and breastfeeding
or formula feeding and/or EBM should be continued. If the BGL are <2 mmol/L, the
neonate must be admitted to the NICU in order to initiate IV treatment.

There is a consensus among the reviewed guidelines that for the management of
symptomatic NH, an intravenous access should be obtained (peripheral or central). The
AUS points out that in case the required IV glucose infusion concentration is more than
12%, an umbilical venous catheter or central line should be inserted; however, the CPS
question previous data that dictated the need for a central vein for glucose solutions with
concentration > 15% and supports the integrity of peripheral veins with dextrose concen-
trations up to 20% based on a randomized controlled trial of 121 hypoglycemic newborns,
which showed that 20% and 15% glucose solutions can be infused equally safely into
peripheral veins in neonates [44]. Nevertheless, in case an IV access is not easy or possible
to be established immediately, two alternatives are proposed as urgent interventions: 40%
dextrose gel 200 mg/kg equivalent to 0.5 mL/kg- administered orally via buccal massage
(BAPM), or intramuscular injection of glucagon 200 microgram/kg (BAPM, AUS, CPS). It is
important, however, to keep in mind that if the BGL are <1.0 mmol/L, the buccal dextrose
gel should only be used as an interim measure while trying to establish an IV line [45].

The continuation of treatment is based on the regular assessment of the neonatal
clinical condition and its BGL monitoring. The PES, AAP and EFCNI guidelines do not
discuss in detail the next steps of the neonate’s ongoing management, whereas the BAPM,
AUS and CPS recommendations agree that if the first intervention is followed by failure to
raise BGL, a stepwise increase in glucose supply may be necessary. The AUS recommends
that the glucose rate should be daily increased by 20 mL/kg, without exceeding the total
daily fluid intake of 100 mL/kg on the first day of life, to prevent fluid overload. The
concentration of the IV dextrose solution could also be increased from 10% DW to 12% or
higher, keeping in mind the necessity to always measure BGL after any changes to glucose
concentration. The same applies to the increase in the glucose delivery rate proposed
by BAPM (mentioned as a rise of 2 mg/kg/min) either by increasing the volume or the
concentration of IV dextrose solution. At this point, these medical societies agree that if the
glucose infusion rate (GIR) is higher than 8 mg/kg/min in the first 24 h after delivery (or,
according to BAPM, if BGL is <2.0 mmol/L on more than two measurements during the
first 48 h of life), a clinical suspicion of hyperinsulinism should be raised and treatment
with glucagon should be commenced. BGL should be measured again in the next 30 min.

According to the BAPM, if the BGL remain <1.0 mmol/L or there are abnormal clinical
signs, another cycle of treatment should be repeated with IV bolus 10% DW (2.5 mL/kg),
followed by an increase in the glucose infusion delivery rate and re-measurement of BGL
30 min afterwards. If the BGL are between 1.0 and 2.5 mmol/L with no abnormal clinical
manifestations, the GIR is suggested to increase by 2 mg/kg/min without another IV bolus
dextrose administration, and feedings should continue unless there are contraindications.
If the BGL are >2.5 mmol/L, a slow and gradual weaning of IV infusion should start and
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the enteral feeds should also continue. It is necessary to continue BGL monitoring until
the infant is on full enteral feeds and the BGL are >2.5 mmol/L (or 3.0 mmol/L in cases of
hyperinsulinism) for several fast-feed cycles during the first 24 h of life.

10. Alternative Treatments

The use of alternative medications for the management of NH in cases where BGL do
not become normal after the administration of IV glucose or 40% buccal dextrose gel is ad-
dressed by the CPS, PES, BAPM and AUS guidelines. The decision for a long-term therapy
for hypoglycemic disorders (either persistent or recurrent) should be made in consultation
with an experienced neonatologist, a pediatric endocrinologist or a pediatric metabolic spe-
cialist in cases where either glucose infusion rate is very high (>10 mg/kg/min according
to CPS or >8 mg/kg/min according to the AUS) or glucose infusions fail to maintain the
BGL at acceptable levels (more than two blood sugar measurements of 1.0-1.9 mmol/L
during the first 48 h postnatally according to the BAPM; greater than 2.6 mmol /L up to 48
h of age or 3.3 mmol/L after the first 48 h, according to the AUS). Blood samples for further
investigations (such as serum cortisol and insulin) should be collected immediately while
the newborn remains hypoglycemic before administering any medications because recur-
rent or persistent NH may be the first sign of an underlying disorder associated with the
metabolism of glucose, such as hyperinsulinism, disorders leading to cortisol and growth
hormone deficiency and inborn errors of metabolism [42,46]. Regarding these alternatives
to glucose administration, the AUS and CPS suggest the utilization of glucagon, hydrocor-
tisone, diazoxide and octreotide, while the AUS also proposes hydrochlorothiazide and the
BAPM only mentions glucagon as an alternative when an IV line is difficult to be accessed.
On the other hand, PES discourages non-specific treatment with glucocorticoids for NH
and recommends the use of glucagon, surgical intervention and nutritional therapies.

Glucagon stimulates gluconeogenesis and glycogenolysis and it can result in raising
BGL in term and preterm hypoglycemic infants (AUS, PES, CPS). The CPS guideline
states that glucagon may be given via IV bolus or infusion, whereas the AUS, BAPM
and PES point out that an intramuscular or subcutaneous injection could be considered—
apart from IV administration—if it is not possible or easy to establish an IV access [47].
The IV infusion of glucagon is preferred by the AUS because it prevents an exaggerated
stimulation of the pancreas due to a high glucose infusion rate and it does not interfere
with the effective establishment of breastfeeding. Additionally, the AUS does not align
with the PES regarding the onset of action and duration of glucagon, as the former supports
that the BGL rise within one hour upon administration and last, approximately, up to two
hours [47], while the latter indicates that the BGL increase within 10-15 min and remain at
these levels for at least 1 h. Hypoglycemia non-responsive to glucagon may be provoked
by glycogen storage disease [48].

Moreover, hydrocortisone is proposed as an alternative treatment for NH by the AUS
and CPS because its mechanism of action includes the stimulation of gluconeogenesis and
the reduction in glucose utilization in peripheral tissues. It is remarkable that hydrocorti-
sone has a slower response than glucagon [49]. Hydrocortisone may be preferred when
hyponatremia is suspected, the infant is hypotensive, evidence indicative of hypoadrenal-
ism is present or the response to previously administered glucagon is insufficient.

Diazoxide is a potassium channel activator used in cases of persistent NH as long-term
management. Its mechanism of action is the inhibition of pancreatic insulin release and
can be used in conjunction with hydrochlorothiazide in order to achieve weaning from
glucose infusion. Hydrochlorothiazide (proposed as an alternative treatment by the AUS)
is a diuretic, which has a mechanism of action similar to the one of diazoxide.

Octreotide is a pharmacological analog to natural somatostatin, usually recommended
for known or suspected cases of hyperinsulinemic hypoglycemia, and not indicated for the
newborn period.

When medical therapy fails to maintain the BGL in a safe range, surgical intervention
is proposed by the PES for neonates with hyperinsulinemic hypoglycemia. The importance
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of nutritional therapy is emphasized by the PES, especially for disorders of glycogen
metabolism or hereditary fructose intolerance.

Although it is not a pharmacological intervention, the AUS describes the increase in
fluid volume as an effective alternative measure to manage severe, persistent or recurrent
NH. Increasing the volume of IV glucose prior to increasing the concentration of glucose
to 12% will result in an immediate change in glucose delivery rate whilst a solution of
increased glucose concentration is prepared. In particular, a rise of 20 mL/kg/day in
the total volume fluids (which does not exceed the maximum daily fluid intake) leads
to an approximate 33% increase in BGL. The maximum tolerated total fluid intake is
100 mL/kg/day for most babies of less than 24 h of age, without being at risk of fluid
overload. Serum electrolytes should be monitored within regular intervals in order to avoid
hyponatremia and over-hydration.

11. Target Glucose Concentration and Discharge Plan

The reviewed guidelines, based on the physiology of normal neonatal glucose home-
ostasis, the normal age-related increase in glucose concentrations over the first few days of
life, and the various pathophysiological conditions that may result in clinical hypoglycemia
recommend steps of treatment in order to initiate therapy in a timely manner and to avoid
the complications of NH. This treatment is a long process that depends on BG or PG
measurements, the presence or absence of symptoms and/or signs and the infant’s clinical
response, too. Glucose target values vary among these guidelines, alongside with the
discharge criteria of at-risk neonates.

The AAP recommends that the target PG concentration should be >45 mg/dL
(2.5 mmol/L) pre-prandially and that neonates should be capable of maintaining normal
PG values throughout at least three feed—fast periods of time. The BAPM suggests that
the therapeutic goal should be a BGL value > 2.0 mmol/L (36 mg/dL). The AUS states
that the BGL target for neonates younger than 48 h of age is >2.6 mmol/L (47 mg/dL)
for three feed—fast cycles, while for those older than 48 h with a known hypoglycemic
disorder, the target is >4.0 mmol/L (72 mg/dL) for three feed—fast cycles. The CPS supports
that the BGL target for newborns younger than 72 h should be >2.6 mmol/L (47 mg/dL)
and for newborns older than 72 h > 3.3 mmol/L (60 mg/dL). Finally, the PES states that
neonates with a suspected hypoglycemic congenital disorder, as well as older infants and
children, should have BGL > 70 mg/dL (3.9 mmol/L) to achieve the therapeutic goal. For
high-risk neonates without a congenital hypoglycemic disorder, the target value of PG is
>50 mg/dL (2.8 mmol/L) or >60 mg/dL (3.3 mmol/L) for those up to 48 h of age and for
those older than 48 h, respectively. The therapeutic target for glucose levels is not discussed
by the EFCNL

With regard to the discharge plan, the BAPM and EFCNI agree that newborns should
not be discharged until at least two consecutive pre-prandial glucose measurements are
within the normal range and neonates have been feeding effectively over several fast—
feed cycles. BAPM clarifies that pre-feed BG measurements should be >2.0 mmol/L for
neonates with initial BGL measurements between 1.0 and 1.9 mmol/L and no clinical
signs, and >2.5 mmol/L (or 3.0 mmol/L) for neonates with initial BGL below 1.0 mmol/L
with/without clinical signs in order to cease monitoring. The AAP states that neonates
should maintain normal PG concentrations for at least three feed—fast periods before
discharge. The AUS aligns with the recommendations of PES on the management and
follow- up of neonates (older than 48 h of age) with a known or suspected cause of
persistent or prolonged hypoglycemic disorder or with clinically significant NH (requiring
a GIR > 6 mg/kg/min or medication such as diazoxide or hydrochlorothiazide), proposing
a safety test of six hours of fasting with regular BG measurements in the interval. This
fasting test should be performed after consultation with a pediatric endocrinologist or
metabolic specialist and should take place before discharge from nursery to ensure that
high-risk neonates are capable of remaining normoglycemic if a feeding is missed, as well
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as to identify infants who need further investigation and additional management for a
persistent hypoglycemic disorder.

12. Conclusions

To summarize, there is an overall agreement among the reviewed guidelines regarding
the risk factors associated with NH, the wide variety of non-specific clinical manifesta-
tions and the main principles of NH prevention. All medical societies underline that
the timely identification of hypoglycemic neonates and immediate initiation of treatment
are crucial in preventing permanent brain injury. In addition, the AAP, BAPM, EFCNI,
AUS and CPS recommend screening for NH using BG measurement for all symptomatic
neonates as well as for all asymptomatic high-risk ones. The diagnosis of NH should be
confirmed via laboratory tests; however, a single BG value cannot accurately define NH.
Thus, all guidelines endorse the “operational threshold approach” for the management of
subsequent interventions.

On the other hand, there is inconsistency concerning the screening algorithms, the
definition of NH, the threshold values of glucose for the diagnosis of NH and the treat-
ment protocols of asymptomatic hypoglycemic newborns. Minor discrepancies were also
identified regarding the initial intravenous bolus dose of glucose, the following rate of
continuous infusion and the alternative therapies of symptomatic neonates as well as the
treatment targets. It should be noted that one of the major limitations of this descriptive
review, which may partially explain the inconsistency identified across the different medical
organizations, is that NH represents a complex condition which may occur due to a variety
of causes.

The controversy of the guidelines regarding the management of NH and the lack of
universal applicability due to inconsistent definitions and the paucity of a substantial body
of evidence is clearly outlined. However, NH remains one of the most common and severe
metabolic disturbances in perinatal medicine, with destructive consequences when left
untreated. This descriptive review attempts to distill the burgeoning literature and place
emphasis on the importance of adopting and implementing consistent international proto-
cols for the definition, diagnosis, operational thresholds, prevention and treatment of NH,
with the goal of assisting healthcare providers in best managing hypoglycemic neonates
and subsequently minimize the rates of associated neonatal morbidity and mortality. New
evidence is constantly being published and the understanding of NH is evolving; further
large-scale randomized studies are required to validate and modify the diagnostic and
therapeutic approaches suggested by the guidelines.
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Abstract: Enabling individualized decision-making for patients requires an understanding of the
family context (FC) by healthcare providers. The FC is everything that makes the family unique, from
their names, preferred pronouns, family structure, cultural or religious beliefs, and family values.
While there is an array of approaches for individual clinicians to incorporate the FC into practice,
there is a paucity of literature guiding the process of collecting and integrating the FC into clinical
care by multidisciplinary interprofessional teams. The purpose of this qualitative study is to explore
the experience of families and Neonatal Intensive Care Unit (NICU) clinicians with information
sharing around the FC. Our findings illustrate that there are parallel and overlapping experiences
of sharing the FC for families and clinicians. Both groups describe the positive impact of sharing
the FC on building and sustaining relationships and on personalization of care and personhood.
The experience by families of revolving clinicians and the risks of miscommunication about the FC
were noted as challenges to sharing the FC. Parents described the desire to control the narrative
about their FC, while clinicians described seeking equal access to the FC to support the family in
the best way possible related to their clinical role. Our study highlights how the quality of care is
positively impacted by clinicians” appreciation of the FC and the complex relationship between a
large multidisciplinary interprofessional team and the family in an intensive care unit, while also
highlighting the difficulties in its practical application. Knowledge learned can be utilized to inform
the development of processes to improve communication between families and clinicians.

Keywords: communication; neonatology; family context; decision making

1. Introduction

In the late 20th century, decision-making in neonatology and in the wider medical
field shifted from a paternalistic model, in which physicians make decisions regarding care
for patients and families, towards a model guided by recognition of patient autonomy [1,2].
The latter model established a professional standard of providing detailed information
about possible outcomes with the goal of allowing families to make independent ‘informed
decisions’ [3,4]. However, research in psychology and behavioural economics has shown
that data-guided parental choice is not categorical and bias-free [3,5]. Cognitive biases (such
as framing effects, availability biases, commission bias, etc.) are omnipresent, especially
in conversations with families [5-8]. Research has also highlighted that individuals make
decisions based on their own lived experiences and values [9-12]. The pendulum has
therefore swung back to the middle, to the intermediary between the decision-making
spectrum extremes: a shared decision-making (SDM) model [12-15]. The SDM model,
however, is not without its critics [16,17]. While the ideal model may remain debated, the
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need to understand a family’s context (FC) is well agreed upon to be a crucial first step
in building a relationship to facilitate decision-making with families [12,18,19]. The FC is
everything that makes the family unique, from their names, preferred pronouns, family
structure, and cultural or religious beliefs, to family values.

Positive impacts of learning about and sharing the FC have included facilitating clini-
cians’ ability to have a holistic mindset [20] and to personalize care [12]. Contextualization
of care, defined as adapting the medical plan to the patient’s life context, or in the case of a
neonate, the family’s context, is a key competency for physicians [21,22]. There is an array
of approaches for the individual clinician, often the physician, to collect and incorporate
the FC into practice [12,18,23-25]; yet, there is no literature guiding the process of collecting
and integrating FC into clinical care provided by a multidisciplinary interprofessional team.

The purpose of this descriptive qualitative study is to explore the experience of families
and Neonatal Intensive Care Unit (NICU) clinicians with information sharing around the
FC. We aim to further the understanding within the literature of how the quality of care
is impacted by clinicians” appreciation of the FC and the complex relationship between
a large multidisciplinary interprofessional team and the family in an intensive care unit
setting. Understanding this issue from the perspective of families and clinicians is the
critical first step to improving care [26,27]. Knowledge gained with this practice may then
be utilized to inform the development of quality improvement (QI) processes aimed at
improving communication between families and clinicians.

2. Methods

We conducted a descriptive qualitative study in a 42-bed tertiary care neonatal unit in
Toronto, Canada, that cares for inborn and outborn infants requiring tertiary neonatal care.
Patients reflect the broad multicultural and multilingual diversity of the City of Toronto.

Using purposive sampling, we sought maximum variation by selecting families with
varying cultural backgrounds and educational levels and clinicians with varying profes-
sions, cultural backgrounds, and experience, were recruited [28]. Recruitment was stopped
for each group when thematic saturation was reached [29].

This study was reviewed and approved by the Research Ethics Board of Sunnybrook
Health Sciences Center. Each participant consented to participation. Semi-structured in-
terviews were used to collect similar information from the participants while allowing
personal stories and new concepts to emerge [30]. They occurred between August and
December 2021. Interviews with the families were conducted by a physician (MD), and
interviews with the clinicians were conducted by a research assistant with no prior re-
lationship to the NICU or its staff. Semi-structured interview guides were used to lead
the interviews and were modified in response to an iterative analysis. The development
of the guides was informed by a review of the literature. The guides were piloted with
an unrelated participant. They broadly focused on what participants shared about the
FC, their experience of sharing the FC, and the decisions around how and when to share
information about the FC [31]. The guides are available in Appendices A and B [31]. Inter-
views were transcribed using artificial intelligence and corrected and anonymized by the
lead researcher (MD).

A thematic analysis was performed on the interview transcripts [32]. Two authors
(MD + LR) read the first four transcripts for both groups (families and clinicians) and
performed a preliminary analysis to generate a coding structure. The coding structure
was then used by MD to code the remainder of the transcripts. The two lead researchers
held regular analytic meetings following the steps for thematic analysis outlined by Braun
and Clarke [33]. Through coding and analysis, we identified, defined, and named two
important themes related to the experience of sharing the FC: the process of sharing the
FC and the impact of sharing the FC. The two themes were examined for how they were
similar and different among and between the parents and clinician groups.

The lead researcher (MD) was a neonatal fellow working at the institution. Although
there was a degree of involvement in the care of the patients whose families were inter-
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viewed during on-call shifts, MD was not a member of their core clinical team. The second
researcher (LR) held solely a research role and was not part of the neonatal care team. The
remainder of the research team was part of the multidisciplinary interprofessional team
at the research site. The research team helped formulate the project details and provided
feedback on the interview guide as well as a review of this manuscript.

3. Results
3.1. Demographic of Participants

Eleven parents making up eight families were interviewed (Table 1). One parent
removed themselves from the study after the interview was completed; their interview was
not included in the analysis. All parents had infants who were born at less than 29 weeks
of gestation and with birthweights less than 1000 g. Infants were 3-14 weeks old at the
time of the interviews. Four of the ten participants’ first language was not English. Eleven
clinicians from varying disciplines were interviewed (Table 2).

Table 1. Demographics of Families.

Fictitious Gender Marital Status Other Self-Identified English as Highest Level of Child’s Gestational
Name Children Ethnicity Mother Tongue Education Age *
Chloe Female Married None White Yes PhD 26-27 weeks

George Male Married None White Yes PhD 26-27 weeks
Sanjeeva Male Married None South Asian No University 24-25 weeks
Chandan Female Married None South Asian No University 24-25 weeks

Zain Male Common law None Black No Trade certificate 24-25 weeks
Bianca Female Common law None Black Yes High school 24-25 weeks
Simi Female Married 3;110;?:; Black Yes College 28-29 weeks
Marie Female Single None Black Yes University diploma 22-23 weeks
Shaden Female Married 1C(})1ti}11§r Ari);iiguth Yes Univirasci;};;?bove 22-23 weeks
Sarah Female Common law None Black No Bachelor’s degree 26-27 weeks

* GA reported as a range to preserve anonymity.

Table 2. Demographics of Clinicians.

Discipline Number of Participants

Neonatologist

Nursing team leader

Social worker

3
3
Nurse practitioner 3
1
1

Respiratory therapist

3.2. Thematic Analysis

Two interconnected overarching themes were identified in both the family and clini-
cian interviews: the process and the impact of sharing information about a family’s context
(FC). Figure 1 shows the parallel between the two themes and their subthemes as experi-
enced by both families and clinicians.
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Figure 1. Venn diagrams visually depicting the relationship between two overarching themes and
their subthemes. It highlights the parallels and overlapping experiences of the families with those of
the clinicians.

3.2.1. Process

The first theme describes the process by which families shared information about their
FC with clinicians and the process by which clinicians shared information about FC with
the other members of the care team.

3.2.2. The Process: Family Perspective

In the following section, the family perspective of the process is presented using two
subthemes: revolving clinicians, which describes the process of information sharing as seen
by families and how they experienced it, and controlling the narrative, describing parents’
underlying desire to control the narrative about their context.

3.3. Revolving Clinicians

Parents described a general openness to sharing information about themselves and
their family, which, when asked, usually occurred informally at the bedside. When asked
whom they shared information with, families invariably brought up the seemingly endless
revolving rotation of clinicians. George explains:

“There’s people coming in and out all the time, and you have one doctor on Saturday
morning, and you never see them again, there’s another doctor on Saturday night, you
never see them again [ ... ] you develop a sort of little relationship with someone and
then you never see them again.”

With this perpetual change in providers, parents noticed a disconnection between providers
related to the FC. George continued to describe the need to create “an efficient narrative,
otherwise you're just exhausted” because of the constant need to reiterate this narrative to
each new provider. Chandan emphasized this constant repetition “if we had the consistency,
then they already knew us. And they knew that, you know, they don’t have to provide with the same
information each and every day”. Chloe worried that one day with “fatigue setting in, we’re
just not going to give all the info [ ... | and then [the clinicians] won't get the whole story and they
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wouldn'’t be able to cater their treatment to our situation”. The need for repetition was specific to
the family context and did not include the infant’s medical history. Parents described their
experience of sharing information about their context as generally positive with individual
clinicians but exhausting due to the repetition.

3.4. Controlling the Narrative

Parents had an underlying desire to control the narrative about their context, both
its creation and its evolution. For example, Chloe preferred to be asked upfront questions
about her context because it would make her “feel like I would have control over the situation a
little bit more”, explaining she already felt a lack of control in their NICU journey. She was
also initially skeptical about sharing information about her context, unclear about the “tenor
of the interaction [ ... ] maybe it’s a question of utility, like what is that information used for”. Simi
wanted clinicians to understand her busy home life with her four school-aged children.
Similarly, Shaden felt “it helps reduce the guilt when I have to leave [ ... ] it's so much easier
if people just know that bigger context, right?” once the bedside nurses knew she picked up
her son from school every day. Several of the parents described forging relationships with
those caring for their child as they believed they would get even better care if clinicians
“remember [them], you know, just trying to keep [baby] on the map, even though I know it’s their
job. But just to me, it’s like the one thing I can do is like, engage them in that way” (George).

Shaden initially feared being stigmatized because of her appearance: “I know that
systemic biases exist, and don’t know how it would necessarily play out here. That gap makes it
scarier”. As she was able to share more about her context and feel more understood, she
described the fear dissipating. Her ability to share her FC increased her sense of personhood
and reduced her feelings of stigmatization. Overall, families desired a sense of control
over one of the few variables that was within reach when their infant is unexpectedly
hospitalized in the NICU: their own family narrative.

The Process: Clinicians Perspective

In the following section, the process is described from the clinicians’ perspective.
When discussing the process for sharing information about the FC with clinicians, partici-
pants noted the importance of both sharing between families and clinicians and between
clinicians. Two subthemes are outlined: the broken telephone and controlling the narrative.

3.5. The Broken Telephone

Clinicians described relying on verbal handover due to the inconsistency in written
documentation about the FC. Though several clinicians commented on the potential risks
of relying on verbal information sharing; “if it's not written, it didn’t happen. And that’s how
stories get made up” (RN), they rarely reported looking at the patient chart to find this infor-
mation. Finding information about the FC was difficult, due to sporadic documentation
and the many possible locations to document within the electronic medical record (EMR).
Throughout the interviews, 17 different locations were identified where information about
the FC could be found, many of which were discipline-specific. A social worker, who
regularly documented in the chart, expressed her frustration with this approach; “people
don’t always read the chart [ ... ] and so it all has to be repeated [ ... ] that’s not efficient, and it
doesn’t feel all that respectful”.

Poorly written handover practices about the FC and the subsequent reliance on verbal
handover created fertile ground for information disconnection described as a broken
telephone. One nurse described this process: “It's kind of like if somebody hears a story [ ... ]
especially juicy stories [ ... ] a lot of it gets embellished as the story goes down the telephone line.
So maybe things are kind of, exaggerated”. Another nurse elaborated: “What would happen is
a rumor mill. Okay, it’s not necessarily written down, but what people say may not be true, or
they may have a different opinion or they’ve misunderstood something”. A neonatologist gave
examples of how this approach left room for biases:
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“You're making assumptions about people based on something about their background.
Teenage mothers, people who take drugs, cultural things sometimes, you know, so there’s
different reasons that I think we're either labeling or judging those sorts of things. That’s
not really positive.”

The ‘broken telephone’” was identified as a serious gap in their ability to care for patients,
with potential detrimental effects on families.

3.6. Controlling the Narrative

Clinicians wanted equal access to the FC in order to better care for patients since “the
social and the medical needs to go together in order to better serve [families]” (RN). However,
many clinicians reported inconsistent access. A social worker explained how everyone
wants to contribute to it in their own way, independent of their professional role:

“There are some practitioners, regardless of discipline, who make a point of trying to
really learn about the family. And it doesn’t mean that they re necessarily the ones sitting
down and asking the family about their circumstances about their supports about mental
health history about their understanding of the medical, you know, they're gathering it
from colleagues, from other people’s interactions with the family, from documentation in
the chart.”

Each clinician articulated a goal to create their own relationship with the family but also
an interest in furthering the relationship between the family and care team. In addition
to providing better care, strong relationships also improved their own work experience.
This desire to understand the FC was heightened in the more medically fragile infant. “If
the baby’s critical [ ... ], you might speak to them every day”, said one of the neonatologists as
they described the increased volume of interactions and the perception of a more imminent
impact on the family and the baby. Clinicians did not seek to control the content of the
family narrative the same way parents did; instead, they sought equal access to it to be able
to support the family in the best way possible related to their clinical role.

4. The Impact

The second overarching theme describes the impact of sharing information about
the FC for clinicians and families; specifically, the impact on relationships and the respect
of personhood.

4.1. The Impact: Families Perspective
4.1.1. Impact on Relationships

Parents felt a connection and establishment of trust when clinicians demonstrated
interest in the FC. They spoke of “highly personalized information catered to us” (Chloe) when
the FC was well understood. As described above, parents experienced an improvement in
care once they established relationships with clinicians. Shaden explained:

“It was so helpful because then everybody knew that we had another kid [ ... ] It was a
game changer. Like we got to do kangaroo care (Kangaroo care is a method of holding
a baby skin to skin) so much more and I think it was just helpful for people to know
that there was this other major piece that governed our interactions.”

She continued to elaborate on how it made a big difference when a nurse knew her context;
it “builds trust, like you really need that with this situation. Like, if you can’t have a communication
I don’t know how you’d be able to leave your baby in the room and walk away”. Marie spoke about
how the ability to bond over commonality helped lessen her anxiety; “the nurse basically
said her son went through it and he played he started playing after surgery right after the next day
so[ ... ]okay,it's not gonna be that bad to do the surgery”. Sarah described the emotional relief
provided by an opportunity to speak about something other than her baby’s day to day
care: “a little off the topic [but] I'm able to share excitement about my job [ ... ] so I felt like it was
it was good for me [ ... ] even though the focus is on [baby] it gives me that break from my head”.
For Sanjeeva and Chandan, sharing their FC was the root of their relationships:
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“It makes us feel more connected. And then we can share the thoughts with the nurses.
And then that way, we develop a connection with the nurses as well, because they also
understand where we come from, what we do, and then I would say, it develops in affection
as well with the family.”

However, not every parent spontaneously shared their FC. Zain and Bianca, self-described
as quiet and introverted people, worried they would be disliked if they overshared. They
only shared when asked. When the door was opened for them to share their beliefs and
values, it allowed for services to be provided that they otherwise would not have known
about and also made them “feel good that somebody wants to know what my beliefs are” (Bianca).

4.1.2. Impact on Personhood

Taking the time to understand the FC was interpreted by parents as respecting their
personhood. Parents spoke about the drastic turn their life took when they had a preterm
child and appreciated when clinicians took the time to understand who they were as
individuals. It made parents feel like the clinicians “care about both my son and myself” (Simi).
Sarah elaborated on why this is important: “Mom also needs to heal as much as baby needs to
heal. So it’s a good healing process for mom”. Parents gave examples of how this respect for
their personhood was displayed. For Bianca, it was the meticulous care for her necklace she
had left in her baby’s incubator and the books she had placed in the room; for Marie, it was
showing interest in her business and getting updates on her family members; for Shaden, it
was checking in about her mental health; for Zain, it was being offered the opportunity to
share his religious and cultural views; and for George and Chloe, it was the opportunity to
talk about their family values.

Taking the time to understand the FC fostered trust in the individual clinician but
also had the ability to positively or negatively colour the relationship with the entire group
represented by that single clinician (e.g., professional group, the unit within the hospital,
etc.). George compared their experience in the NICU with their experience in the high-risk
obstetrical unit despite only having met a few of the physicians in each unit:

“The doctors in the NICU have been more warm and more generous with their time than
the doctors and OBs that we encountered in the floor up, the sort of labor birthing floor, I
forget the names of those areas, but they were more sort of business. And sometimes they
would just sort of talk to each other and ignore us, you know? And we’re like, hey, like,
we have a question or what's going on? Or what are you talking about? Or why is there
a worry tone in your voice? And that’s just not the case, in NICU, weve loved all the
doctors there.”

Chandan compared primary nurses to all other nurses:

“1 feel if they are primary, they feel like they own it, if they are not primary then why
bother to know the baby or, it's more of an attitude with the baby. I don’t have to know
the baby, I am just here, I just have to take care of them and go.”

Bianca compared her experience in the NICU to her previous medical encounters, high-
lighting how being asked about her context was seen as a sign of respect: “there are some
doctors that don’t even let you talk. Here, they ask what your culture is”. However, she also
reflected on how she initially hesitated to share, fearful of judgement based on her visible
demographics. Hearing stories of “some of the anti-black racism [or] the Islamophobia [ . ..

[ especially when you're in such a vulnerable position, you're [ ... ] worried that that’s going to
play a role”. All of these examples speak to the nuances of how communication shaped the
feeling of respect that is reflected upon an entire care team, as well as the hesitation parents
may have to share.

4.2. The Impact: Clinicians Perspective
4.2.1. Personalization of Care

Clinicians overwhelmingly spoke about the positive impacts of understanding the
FC, such as the increased ability to be respectful, empathetic, and accepting, allowing for a
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greater appreciation of the individuality of each family and a better ability to personalize
care. A respiratory therapist (RT) spoke about discovering “those special precious moments
that they’ll never get back” that is of unique importance to certain families, but clinicians
will only know if they ask. Another clinician elaborated: “Some religions or cultures have
certain practices that are time sensitive [ . .. ] so if we know what those are, we can help identify and
have the resources available to us and to the families” (NP). This is crucial in the care provided
as “the patient [ ... ] is not alone. They exist within a family, a framework. And family doesn’t
just mean mum and dad, it can mean you know, a broader community” (MD). Understanding
the FC not only helped personalize what was offered to parents but also how clinicians
approached communication.

“If a mom was raised with a sibling who had cerebral palsy, they are worried about
different things, then a family who’s got no medical background, and has never had a
baby in the hospital. So their stressors are different. And how we help them cope can
sometimes be different.” (NP)

This personalization afforded opportunities to adapt the approach to the individual family,
anticipating and addressing their unique concerns.

“When we understand these things about families and their facilitators and barriers to
being at the bedside and helping their children grow and develop, which we know is
important [ ... ], then we’re better able to help them be present at the bedside.” (NP)

Sharing this type of information between clinicians helped “the next person that’s meeting the
family [to] have a little bit more context as to where they’re coming from and, and what might be
important for them” (NP). Ultimately, “the more we know about the person, the family, them in
their environment, them within this medical environment, what their needs are, their questions, I
think, the better able we are to provide the care that we do” (SW). Clinicians unanimously viewed
this shared mental model as facilitating better care.

4.2.2. Forging Relationships

Beyond the ability to provide personalized and empathetic care for babies and families,
understanding the FC also provided an opportunity for clinicians to forge relationships
with the families. A nurse practitioner described that there is “something that’s kind of nice
to be able be able to have a conversation with parents” (NP) regarding life outside the NICU.
It improved the sense of collaboration clinicians feel with families (MD), and all clinician
participants reflected positively on their experience of caring for families with whom they
were able to further their relationship by understanding their FC. However, in the context
of the busy NICU environment, several clinicians reflected upon concerns regarding the
time commitment to collect and share information on the FC.

5. Discussion

The present study described how families and clinicians experienced sharing infor-
mation about the FC. The impact of knowing and sharing this information was positively
described by all participants, but the process was highlighted as fragmented. The benefits
of sharing the FC have been described across a range of settings including adult, pediatric,
and neonatal units [6,12,18,20,21,24]. Our findings complement the existing literature by
further exploring these impacts, specifically in the NICU setting. Sharing FC supports
relationship building and personalization of care and provides an opportunity to respect
the personhood of patients and families [34].

Study findings described how both clinicians and families identified a desire to control
information about the FC. Control was perceived as enabling enhanced patient-centred
care. However, families and clinicians seemed to have different motivations for controlling
the narrative. Families wanted control over shaping their narrative and how they were
perceived, while clinicians wanted ease of access to the narrative to better support their
patients. A similar theme was found in the literature under the umbrella of narrative
competence. Narrative competence is defined as “the set of skills required to recognize,
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absorb, interpret, and be moved by the stories one hears or reads” [35]. Narrative compe-
tence helps clinicians and families engage with each other not only in the patient—clinician
relationship but also in the human-human relationship, improving the experience for all
those involved [36,37]. The theme described by our participants showed a desire to use
the family context as a means of building a relationship between parents and clinicians to
improve care.

While families and clinicians alike discussed this shared goal in the interviews, they
also spoke about the skills and the infrastructure needed to facilitate narrative competence
in the NICU setting [34]. Key to achieving the goal of relationship building is the process by
which information about the FC gets shared by families and between clinicians and the
perceived enablers and barriers. Parents and clinicians described how the process varied
between individual clinicians and referred to the broken telephone and fragmentation that
occurred due to the revolving door of clinicians involved in each infant’s care throughout
their long journey in the NICU.

Beyond the lack of infrastructure to support sharing the FC, participants in our study
also alluded to the perceived pitfalls of integrating FC into care. Clinicians worry about the
time required to understand the FC. Some parents in our study hesitated to share their FC
because of the fear of being stigmatized based on their context. Concerns in the literature
also centred on the time necessary to understand a patient’s context, the education, and
the culture shift necessary for its success [38,39]. Interestingly, while people worry about
being stigmatized, it is argued that the antidote to this stigma, founded in implicit bias, is
actually contextualizing care [40].

Our findings highlight the variability in clinician communication skills and docu-
mentation, leading to the reliance on verbal handover, which is fraught with the risk of
inaccuracies and misinterpretation. Though certain clinicians felt that understanding the
FC would help them provide more narratively competent care, they did not know whether
this information was ever collected by their colleagues, or if so, where to find it within the
patient chart. We found that sharing the FC often relied on verbal handover. Similar to
unstructured verbal handover of clinical information, reliance on verbal handover of FC
risks the omission of important details, unnecessary inclusion of superfluous information,
and the ‘broken telephone’” phenomenon [41]. Through the interviews, we discovered that
information about the FC was being documented in 17 different places within the medi-
cal record. Participants described how this inconsistency can lead to miscommunication
and gossip, requiring families to repeat themselves or correct misinformation. Clinician
participants also described the complexities of handover within a large multidisciplinary
interprofessional team, highlighting an area for improvement in the care of neonates and
their families.

Fragmentation of communication is a problem that has been described before in
terms of relationships and experiences of care [41], which can be addressed with the
standardization of various processes across care providers, development of guidelines,
communication tools, standardized order sets, and checklists [42—47]. Similar approaches
can potentially be applied and adapted to communication about the FC but require further
exploration to ensure an appropriate balance between the standardization of the approach
to collection and documentation while still promoting the personalization of information.

Despite these technical challenges highlighted by participants, findings from the
interviews for both clinicians and families highlight the importance of consistency in care
providers during the often lengthy NICU stay. Consistency led to a better understanding
of the FC, which in turn resulted in building trusting relationships; it is these relationships
that lessened parental anxiety.

Our study has limitations. Firstly, only parents who felt comfortable being interviewed
in English were included. While families that did not speak English well enough to
participate in an interview are likely to have had a different experience based on the ease
of communication, English was a second language for almost half of our participants.
Secondly, we only interviewed families and clinicians about their experiences, we did not
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observe them interacting. Additionally, this was a single-site study and focused on the
NICU. While a focus on the uniqueness of the NICU setting allowed further depth and a
better understanding of the intricate dynamics that exist within the team, this may limit the
generalizability to other settings. A strength of our study was that we interviewed clinicians
with varying backgrounds professionally and culturally. Moreover, the use of qualitative
methods facilitated a deeper exploration of the process the team used to understand
the FC as well as the nuances in the impact of knowing the family context had on the
care provided.

6. Conclusions

Results of this descriptive qualitative study emphasize the vastly positive impacts
of sharing the FC on the care provided to infants and their families in the NICU, while
also highlighting the difficulties in the practical application of this practice. It furthers the
understanding within the literature of the impact of integrating the FC on care experiences
and the complex relationship between a large, multidisciplinary, interprofessional team
and the family in an intensive care unit. Armed with this knowledge, a targeted approach
can be created to improve the current process by addressing gaps highlighted by families
and clinicians and focusing on the positive impacts described. Beyond the implementation
of a tool or a checklist, family context needs to be integrated into each aspect of clinical care
to facilitate the narrative competence desired by families and clinicians alike.
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Appendix A

Semi-structured interviews with parents:

Preamble

Thank you so much for meeting with me today and agreeing to participate in this
interview. I want to remind you that what you say here is confidential and will not be
linked back to you or your child, or identify you in any way. I am recording this interview
so that I can transcribe it. This means I will type out the words said in this interview
into a secure document for analysis. There will be no identifiers on the transcripts. The
de-identified transcripts will be accessed by other members of the research team to perform
the analysis.
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The purpose of this interview is to explore your experiences and perceptions of your

medical team in understanding of who you are as a family. We are trying to understand
how they can get that information in a way that works both for you, your child and the
medical team. We are here to learn from you, so anything you have to share is welcomed.
Nothing you say here will affect in any way the care your child receives. There are no right
O Wrong answers.

Questions:

Would you be able to describe to me your family structure and what is most important
to you as a family?

Can you please share with me what your experience sharing information with staff in
the NICU has been like?

Can you share with me any instances where you shared with members of the medical
team information this information?

a. Can you share some examples?

b Can you describe where these conversations took place?

C. Can you describe why you shared that information?

d Can you share with me your thoughts about how the information was collected
and your perspective on being respected as a parent during these conversations?

e. Were there instances where you felt more comfortable having these conversa-
tions than others? Can you say more about this?

f. Can you recal any instances where you have had to repeat this information

several times to the members of the medical team? Can you describe these?
How did it make you feel?

Can you share with me any factors that you felt affected your ability or desire to share
this information? I will use some prompts to help you think about this.

a. I am curious about any personal factors that affected your ability to share this
information? (ex. Cultural or language barriers, the acuity of your child’s illness)

b.  Iam curious about any enviornmental factor that affected your ability to share
this information? (ex. Timing, location)

C. I am curious about any specific things about the person asking you these

questions that affected your ability to share this information? (ex. Their role,
gender, culture etc.

How did sharing this information affect the care you received? Can you say more
about this?

a. Can you describe how this information was used?
b. Do you feel that this information was used appropriately? If so, why? If not,
why not?

Babies in the NICU are cared for by a large team of people. The medical team
shares information about patients to facilitate care between team members. Can you
share with me your thoughts on how this information about your family was shared
between the different members of the medical team during your hospital stay?

a.  What made you feel like it was or wasn't shared? Could you say more about this?
b.  How did that make you feel?
c. What do you think the medical team could do better?

Overall, do you feel the medical team or members of the medical team have a good
sense of who your family is and what is important to you? Can you describe why or
why not?

How would it make you feel if staff asked a standardized list of questions to collect
this information?

a. How would it make you feel if other members of the team referred to this
information?
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Wrap-up

We really appreciate your time and insights. Before we wrap up, is there anything
that you think is important for us to know about how the NICU staff communicate with
families and learn what is important to them?

If I realized I missed anything when I review our conversation, would it be okay if I
follow up with you by phone or email?

Appendix B

Clinician semi-structured interviews

Preamble

Thank you so much for meeting with me today and agreeing to participate in this
interview. Just to remind you that everything you say here is confidential and will not
be linked back to you or identify you in any way. I am recording this interview so that
I can transcribe it. The interview will be transcribed and there will be no identifiers on
the transcripts. The other members of the research team will only access the de-identified
transcripts to perform the analysis.

The purpose of this interview is to better understand what you think about how the
medical team learns about the social and cultural circumstances of families and what is
important to them. We would also like to understand what you think about how the medical
team uses this information in their communication with families. We are here to learn from
you, so anything you have to share is welcome. There are no right or wrong answers.

Questions

1.  Inyour experience, what are the key pieces of information that are most valuable to
you in caring for a patient and understanding the family context?

2. How would you describe the way or ways you get information about a family and
what is important to them?

a. Can you describe the setting in which you get this information from families?

b.  Can you describe the process of sharing this information with other
team members?

C. Can you describe the process of getting this information from other team members?

3.  Can you share with me any factors that you feel affect your ability to collect this
information? I will provide you some prompts to think about this.

a. Can you describe any patient factors that might influence this? (ex. Cultural or
language barriers, patient acuity)

b.  Can you describe any enviornmental factors that might influence this ? (ex.
Timing, location)

C. Can you describe any equipement factors that might influence this? (ex lack of
resources, lack of tools)

d.  Can you describe any medical team factors that might influence this? (ex.

Cultural, hierarchical, educational)

4. Can you describe your ideal way of collecting this information?
5. Can you describe how this information about families is typically handed over be-
tween members of the medical team?

a. Can you reflect on some of the positives of this process? What about some of
the negatives of this process?
b.  How does this process make you feel?

6. How do you feel like this information is being considered when interacting with
families? Please elaborate.

a. How do you think this is done well?
b.  How do you think it could be improved?

7. Why do you feel this information should be considered when interacting with families?
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8. What do you think works well in our current process of collecting and sharing
information about a family’s context and what is important to them? Please elaborate.

9. What do you think doesn’t work well in our current process? Please elaborate.

10. How would it make you feel to have a standardized form to guide collection of
this information?

a. How would it make you feel to obtain some of this information from a stan-
dardized form when it has been gathered by others?

Wrap-up

We really appreciate your time and insights. Before we wrap up, is there anything else
that you think is important for us to know about the tools and processes used to support
communication between families and the medical staff in the NICU.

If I realized I missed anything when I review our conversation, would it be okay if I
follow up with you by phone or email?
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Abstract: This study aimed to analyze the fatty acid content in human milk and to find its relationship
with the growth velocity of preterm infants. Mature milk samples from 15 mothers of preterm infants
were collected from three different hospitals, followed by lipid extraction, fatty acid methylation,
and finally gas chromatography analysis to determine the fatty acids composition. The average total
lipid content was 3.61 & 1.57 g/100 mL with the following classes of fatty acids: saturated fatty acids
43.54 + 11.16%, unsaturated fatty acids 52.22 £ 10.89%, in which monounsaturated fatty acids were
36.52 + 13.90%, and polyunsaturated fatty acids were 15.70 &= 7.10%. Polyunsaturated fatty acid
sub-class n-6 was 15.23 + 8.23% and n-3 was 0.46 £ 0.18%. Oleic acid, palmitic acid, and linoleic
acid were the most abundant fatty acids. The n-6/n-3 ratio was 32.83:1. EPA and DHA fatty acids
were not detected. As gestational age and birth weight increase, C20:2n6 content increases. The
growth velocity increases with the decrement in C16 and increment in C20:2n6. The lipid profile of
preterm human milk was found to be low in some essential fatty acids, which may affect the quality
of preterm infants” nutrition.

Keywords: human milk; fatty acids; preterm; growth velocity

1. Introduction

Breastfeeding is the most common and perfect way in which newborn infants can
receive the needed nutrients that help in achieving healthy growth and development in the
early stages of life. It is recommended to exclusively breastfed infants for the first hour after
delivery and the first 6 months of their life, and then it is advised to continue breastfeeding
for 2 years along with the introduction of food [1].

The major source of energy in breastfed infants is fat, which is present in the form of
lipid globules that contribute to 40-55% of the total intake of energy [2]. Triacylglycerol
(TAG) is the major lipid form present in human milk comprising 98-99% of total lipids.
Each TAG consists of a glycerol molecule that is bonded to three fatty acid chains of
different lengths. These fatty acids (FAs) can either be saturated fatty acids (SFA) that are
characterized by having no double bond in their hydrocarbon chain, monounsaturated
(MUFA) that have a single double bond, or polyunsaturated (PUFA) that have more than
one double bond in their chain [3]. There are three possible sources of FA in breast milk,
and they can come from the maternal diet or mothers” adipose tissues or can be synthesized
in mothers’ body tissues [4].

Long-chain polyunsaturated fatty acids (LC-PUFAs), which have >18 carbons in the
chain, play important roles during the pregnancy of the woman and after the birth for
both mother and infant [5]. During pregnancy, LC-PUFAs ensure the proper growth of
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the fetus and reduce the chances of preterm birth [6], whereas after birth they help in
regulating growth, developing the immune system functions, improving the allergic and
inflammatory responses, and developing the motor and the nervous system [7,8].

As shown by different references, infants born smaller than average are more likely to
face certain diseases during their life [1]. Preterm infants, who are born less than 32 weeks
of gestation, require higher amounts of nutrients than term infants due to the immaturity
of their gastrointestinal tract and rapid growth rate [9,10]. Mother’s milk has proven to be
the most suitable feeding strategy for preterm infants [11]. It was found that human milk
reduced the incidence of necrotizing enterocolitis (NEC) and sepsis during their hospital
stay [12]. Furthermore, it reduced the morbidity and mortality rates at NICUs. In addition,
it enhanced the neurodevelopment of these infants [13]. Due to its variability between
mothers and within different lactation periods, infants may suffer from a shortage in their
nutrition [14]. Dror and Allen (2018) suggested that human milk lipid content may not
change with the maternal diet, but fatty acids can be modified [15]. Innis (2004) found that
unsaturated FAs are highly affected by the quality of maternal intake of FAs [16]. Little is
known about the effect of different FAs on preterm infants’ growth, and such knowledge is
needed to improve the feeding and fortification strategies used in neonatal intensive care
units (NICUs) to achieve the best growth outcomes. This study aims to assess the FA profile
of human breast milk from mothers who delivered preterm infants and to assess its effect
on preterm infant growth velocity for 30 days of their hospital stay. To our knowledge, this
is the first study in the Kingdom of Bahrain that addresses this issue and analyzes human
milk for its fatty acids. This will provide baseline data for future research.

2. Materials and Methods
2.1. Study Design

This study is a continuation of the pilot study of Ahmed et al. (2021), which aimed
to assess the effect of human milk energy and macronutrient content on preterm infants’
growth rate [17]. It was conducted between July 2018 and March 2021 at the NICUs of
the three main hospitals in the Kingdom of Bahrain, Salmaniya Medical Complex (SMC),
Bahrain Defence Force Royal Medical Services (BDF) and King Hamad University Hospital
(KHUH). Fifteen lactating mothers of healthy preterm infants, born with a birth weight less
than 1500 g or with a gestational age of less than 32 weeks, and receiving their mother’s
milk, participated in this study. Basic data of infants, including gestational age (weeks),
birth weight (kg), daily weight (kg), and weekly head circumference (cm), were collected
from their medical records. Growth velocity (GV) for 30 days or until discharge was
calculated in g/kg/day as suggested by Patel et al. (2009) [18], and head circumference
growth rate (cm/week) was calculated by taking the average of the readings for 4 weeks or
until discharge. All this was started when infants reached full feed of 120 mL/kg/day of
expressed breast milk and discontinuation of intravenous infusion. Some infants received
fortified expressed breast milk and preterm formula milk as prescribed by their physician
for a few days during the study:.

2.2. Sample Collection

Milk samples were collected two weeks after delivery by the mothers when the milk
composition was more stable (mature milk) [19], either at home or at the hospital using
electrical pumps. The samples were collected once a week for only two constitutive weeks.
Two samples, 5 mL each, were collected each day (from morning and evening expressions)
and pooled in one breast-milk storage bag to exclude diurnal variation in milk composition.
Milk samples were stored at —100 °C freezer until analysis. The samples were thawed at
37 °C water bath and vortexed for 30 s before analysis.

2.3. Lipid Extraction and Methylation

Total lipids were first extracted from the milk using the Folch et al. (1957) method [20].
Nineteen ml of (2:1) chloroform-methanol solution was added to 4 mL of the milk sample
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and vortexed for 10 min, and then 4 mL of deionized water was added, and the tubes were
vortexed again for 10 min. To separate the mixture into two phases, centrifugation was
performed at 2400 rpm for 20 min. In a pre-weighed tube, the lower phase was transferred
and dried under the nitrogen gas in a 37 °C water bath until a clear oil was formed. Total
lipids were expressed as g/100 mL of human milk.

This was followed by FA methylation according to the modifications that were con-
ducted by Ozogul et al. (2012) to the Association of Official Analytical Chemists (AOAC)
procedures (1990) [21,22]. The whole extracted milk lipid was mixed with 1.5 mL of 0.5 M
methanolic sodium hydroxide, and then heated for 7 min at 100 °C and left to cool down
at room temperature. After the addition of 2 mL of 14% boron trifluoride-methanol to
the mixture, it was heated for 5 min at 100 °C and cooled down to 30—40 °C. One ml of
isooctane was added to the tube and vortexed for 30 s. Immediately, 5 mL of saturated
sodium chloride was added, and shaking was applied for 30 s. The tube was left to allow
the separation of the layers. The isooctane upper layer was placed in another tube and
1 mL of isooctane was added to the mixture again and vortexed for 30 s, and it was left to
separate, and the upper layer was removed. After combining the two isooctane extract
layers, they were dried under nitrogen gas to 1 mL.

2.4. Gas Chromatography

A Perkin Elmer, Clarus 500 GC-FID gas chromatography (GC) equipped with Flame
Ionization Detector (FID) and Thermal Conductivity Detector (TCD) was used for the
analysis of fatty acids. Using a 30 m x 0.25 mm x 0.25 pm fused carbon-silica column with
a temperature range from 40 °C to 260 °C (Stabilwax, Crossbond, Carbowax, Polyethylene
glycol), the individual fatty acid methyl esters (FAMEs) were separated. The temperatures
were set at 200 °C for the GC oven, 300 °C for FID, 150 °C for TCD, and 250 °C for the
injector with a split ratio of 1:2. The flow rate for the carrier gas (nitrogen) was 0.76 mL/min
and for the other gases was 450 mL/min for air and 45 mL/min for hydrogen. The injection
volume of the sample was 5 pL and the sampling rate was 12.5 Hz. Eighty minutes was
set as the total run time for each sample. PUFA No.1 (Marine source) and PUFA No.2
(Animal source) supplied by SUPELCO (USA) were used as an authentic FAMEs standard
for identification according to the retention time. FAs to be detected were like the PUFAs
used, which ranged from C14 to C24. Values of FAs were expressed as mg/100 mL of
human milk and g/100 g of FAs (%).

2.5. Statistical Analysis

The data were processed in Microsoft Excel 2010 (Microsoft Corp., Redmond, WA,
USA). The normal distribution of the variables was checked using the Shapiro-Wilks test
and using Q-Q graphs.

Results of basic characteristics and FA classes were reported as mean + standard
deviation (SD), while FA profiles were reported as mean, variance, SD, minimum (Min),
and maximum (Max) in mg/100 mL of human milk and % of fatty acids. Jeffrey’s Amazing
Statistics Program (JASP) (JASP Team (2022). JASP (Version 0.16.2) [Computer software])
was used to find the effect of gestational age, birth weight, and GV, on the FA composition
of human milk using Kendall’s tau-b correlation coefficient (r). Scattered plots were used
to demonstrate the significant correlations. p-values of <0.05 were set as significance level.

3. Results
3.1. Descriptive Data

The basic characteristics of 19 preterm infants of the participated mothers and the
mean total lipid content of collected milk samples are described in Table 1. Most of the
infants were males (n = 11) and twins (n = 11). Fourteen of them were delivered by cesarean
section and the rest were delivered by normal or spontaneous vaginal delivery. The GV for
only 4 preterm infants was calculated for 15 days instead of 30 days due to discharge. All
infants received expressed own mother’s milk every day during the study. Nine infants
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did not receive any fortified milk or formula milk. The average number of days infants
received fortified milk was 6.3 days, while the average number of days infants received
formula milk was 8.6 days. More demographic and anthropometric data of the recruited
preterm infants are present in the study of Ahmed et al. (2021) [17].

Table 1. Preterm infant’s basic characteristics.

Characteristic Mean + SD
Gestational age at birth (weeks) 28.09 +2.33
Birth weight (kg) 1.14 £+ 0.353
Growth velocity (GV) (g/kg/day) 13.85 = 4.10
Head circumference growth rate (HC) (cm/week) 0.63 + 0.18
Total lipids (g/100 mL) 3.61 £ 1.57

SD: Standard deviation.

3.2. Classes of Fatty Acids in Human Milk

Table 2 summarizes the sum of SFAs, unsaturated fatty acids (UFAs), MUFAs, PUFAs,
omega-6 (w-6, n-6), and omega-3 (w-3, n-3) that were found in human milk in two units
(mg/100 mL) and (%).

Table 2. The sum of different classes of fatty acids in human milk.

. Mean + SD Mean + SD
Fatty Acids Classes mg/100 mL %
X SFAs 852.10 4 234.80 43.54 +11.16
> UFAs 1079.02 £ 227.05 52.22 +10.89
>~ MUFAs 761.02 £ 291.28 36.52 4 13.90
X PUFAs 318.00 £ 142.92 15.70 £ 7.10
X n-6 307.98 & 165.59 15.23 £8.23
Xn-3 10.02 £+ 6.84 0.46 +0.18
n-6/n-3 ratio 30.73:1 32.83:1

MUEFAs: Monounsaturated fatty acids, n-3: Omega-3, n-6: Omega-6, PUFAs: Polyunsaturated fatty acids, SD:
Standard deviation, SFAs: Saturated fatty acids, UFAs: Unsaturated fatty acids.

The data show that the UFA class is greater than the SFAs, accounting for more than
half the total lipids. In the UFAs, the MUFAs were the highest, accounting for 69.94% of the
UFAs, followed were the PUFAs with 30.07% of UFAs. The PUFAs were found to be mostly
n-6 FAs (97.01% of PUFAs), while n-3 represented only 2.99% of the PUFAs.

3.3. Fatty Acid Profile of Human Milk Samples

Thirteen FAs were found in approximately all milk samples. In the SFAs, (C14:0,
C16:0, C20:0, and C18:0) were seen. It was found that the palmitic acid (C16:0) comprised
the highest value and (C18:3n6) was the lowest one. In the MUFAs, five FAs were found:
(C16:1n9, C16:1n7, C18:1n9, C18:1n7, and C20:1n9), with oleic acid (C18:1n9) being the
highest and palmitoleic acid (C16:1n7) being the lowest. In the PUFAs, four FAs were
found: (C18:2n6, C18:3n-6, C18:3n-3, and C20:2n6) with linoleic acid (C18:2n6) being the
highest value and y-linolenic acid (C18:3n6) being the lowest. Three n-6 FAs were detected,
(C18:2n6, C18:3n-6, and C20:2n6), with the linoleic acid (C18:2n6) being the highest one
and y-linolenic acid (C18:3n6) being the lowest one. Only one n-3 FA was detected, while
a-linolenic acid (C18:3n3), Eicosapentaenoic acid (EPA) and Docosahexaenoic acid (DHA)
were not detected. The absolute values (mg/100 mL) were converted to relative values (%),
where oleic acid (C18:1n9) was the highest and y-linolenic acid (C18:3n6) was the lowest
(Table 3).
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Table 3. The fatty acid profile in the milk samples of the preterm infant that was collected postpartum

expressed as (mg/100 mL) of milk and % of fatty acids.

Fatty mg/100 mL of Human Milk % of Fatty Acids
Acids Mean Var SD Min Max Mean Var SD Min Max
14:0 211.60 6848.97 82.76 61.96 335.51 11.67 17.70 421 6.03 19.01
16:0 526.41 54,281.49 232.98 114.12 955.30 26.12 11.37 3.37 19.82 31.47
16:1n9 50.83 769.71 27.74 10.31 103.08 2.51 0.55 0.74 0.57 3.41
16:1n7 6.04 111.35 10.55 0.78 44.97 0.27 0.18 0.42 0.09 1.85
18:0 107.91 2380.59 48.79 27.36 179.40 5.43 0.79 0.89 3.93 7.06
18:1n9 672.33 113,088.66  336.29 103.54 1301.31 32.12 16.62 4.08 26.04 41.30
18:1n7 21.45 221.37 14.88 6.43 66.54 1.13 0.24 0.49 0.38 1.93
18:2n6 293.85 20,688.57 143.84 42.66 550.22 14.58 10.38 3.22 11.01 21.42
18:3n6 5.17 22.55 4.75 0.00 20.35 0.22 0.03 0.18 0.00 0.84
18:3n3 10.02 46.82 6.84 1.32 28.36 0.46 0.03 0.18 0.27 0.90
20:0 6.18 10.68 3.27 1.63 13.45 0.33 0.01 0.11 0.18 0.61
20:1n9 10.37 29.50 5.43 0.00 22.36 0.50 0.04 0.20 0.00 0.82
20:2n6 8.96 22.40 4.73 0.00 18.96 0.43 0.03 0.18 0.00 0.73

Max: Maximum value, Min: Minimum value, SD: Standard deviation, Var: Variance, Mean: mean of cases.

Figure 1 represents the significant correlations found between birth weight, gesta-
tional age at birth, and growth velocity of preterm infants and the FA content of the milk
samples. Positive correlations were found between birth weight and gestational age with
eicosadienoic acid (C20:2n6) (r = 0.404, p = 0.017; r = 0.563, p = 0.001), respectively. A
strong negative correlation was found between growth velocity and C16:0 FA (r = —0.538,
p = 0.001), but positively correlated to C20:2n6 (r = 0.491, p = 0.004). No other significant
correlations were found between birth weight, gestational age at birth, and GV with the

rest of the FAs.
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Figure 1. The effect of (a) birth weight, (b) gestational age at birth, and (c,d) growth velocity on the
fatty acid content of mother’s milk in g/100 g (%) of total fatty acids.

4. Discussion

The lipid profile of preterm human milk was found to be low in some essential FAs,
which may affect the quality of preterm infants’ nutrition.

The SFAs detected in this study were the medium-chain FAs (C14:0), long-chain
FAs (C16:0, C18:0), and very long-chain FAs (C20:0). In the present study, the sum
of SFAs (43.54 £ 11.16%) was close to the study conducted by Thakkar et al. (2019)
(45.88 £ 7.45%) [23]. By contrast, Wan et al. (2010) and Miliku et al. (2019) found a lower
value (35.92 + 7.34%, 39.75 £ 5.00%, respectively) [24,25].

Palmitic acid (C16:0) was the dominant SFA in the present study (26.12 £ 3.37%),
which was consistent with the above studies. A negative correlation was found between
palmitic acid (C16:0) and growth velocity. Palmitic acid can be endogenously synthesized
from glucose in the liver [26]; because the gestational age increases, the development of
the body organs will be fully completed and they will function accurately, and hence
the functional requirement for the palmitic acid will be decreased. It was found that
10-12% of the total energy intake comes from palmitic acid [27]. The study by Ahmed et al.
(2021) found that preterm infants that were fed human milk with less total lipids than the
recommended amount (4.4-6.0 g/100 kcal) had better weight gain rates, most probably due
to the reduced protein oxidation by lipids as a result of using carbohydrates as an energy
source instead of lipids [17,28].

The MUFAs accounted for (36.52 &= 13.90%) of the total FA content, which was slightly
higher than the study conducted by Wan et al. (2010) with a value of 32.59% (+7.21%) [24].
However, it was lower than the studies by Miliku et al. (2019) and Thakkar et al. (2019) with
the values of 43.06% (£3.59%) and 40.44% (+£5.6%) [23,25]. Overall, the MUFAs were the
most abundant FAs in the UFA class in all these studies including the present study. Oleic
acid (C18:1n9) was found to be the most abundant MUFA (32.12 + 4.08%), which was simi-
lar to the studies by Wan et al. (2010) (31.26 £ 3.72%), Miliku et al. (2019) (37.05 =+ 3.59%),
and Thakkar et al. (2019) (35.22 £ 5.16%), comprising 88% of the total MUFAs [23-25]. The
PUFAs comprised 15.70% (£7.10%) of the total FAs, which is similar to the value found by
Koletzko (2016) (15.2 4 4.26 %) Bzikowska-Jura et al. (2019) (15.1 4+ 3.4%) and Freitas et al.
(2020) (14.94 £ 5.07%) [29-31]. A positive relationship was found between the gestational
age (r = 0.563, p < 0.001), birth weight (r = 0.404, p < 0.017), and growth velocity (r = 0.491,
p < 0.004) with Eicosadienoic acid (C20:2n6 %). It was found that n-6 LC-PUFA had a
protective effect against intestinal injury in the murine model, reducing inflammation and
intestinal damage by increasing the lipoxin A4 levels [32]. This may explain the need for

46



Children 2023, 10, 939

this FA for preterm infants who have immature intestines and help to reduce the incidence
of NEC.

Only one n-3 FA, namely «-linolenic acid (C18:3n3), was found in the current study;
this finding was not in agreement with other studies where they found more than one n-3,
including EPA (C20:5n3) and DHA(C22:6n3) [25,29]. Very few studies could not detect
the EPA and DHA; one of them is the study conducted in Brazil by Freitas et al. (2020)
where the only n-3 FA found was «-linolenic acid (C18:3n3), which is consistent with this
study [31].

A study conducted by Bzikowska-Jura et al. (2019) investigated the association be-
tween the n-3 FA levels and their maternal current dietary intake and habitual dietary
intake. They found that the frequency of food products and fish intake had a positive
correlation with the concentrations of «-linolenic acid, EPA, and DHA in human milk [30].

Miliku et al. (2019) found that milk samples from mothers who were not taking fish
oil supplements had the lowest EPA and DHA levels (0.07% and 0.16%) in comparison
to mothers who were taking them during pregnancy (0.10% and 0.23%) and lactation
(0.13% and 0.27%). Their study also showed that the fish oil supplements had a positive
association with the high n-3 pattern and negative associations with the high n-6 pattern
and n-6/n-3 ratio, where the ratio changed from 6.63% with no supplementation to 6.14%
with supplementation (p < 0.01), and similar results were found for the intake of shellfish,
white fish and fatty cold-water fish [25].

A study conducted in the Kingdom of Bahrain by Freije (2009) showed that the EPA
and DHA levels in local fish ranged from 0.030 to 0.239 g/30z, which was much lower than
the range recommended by the USDA Nutrient Data Laboratory (0.13-1.81 g/30z), and
this accounts for the low EPA and DHA intake (0.02-0.13 g/day) that does not meet the
recommended value (0.3-0.5 g/day) [29]. Accordingly, the absence of EPA and DHA in
the present study can be attributed to the low maternal intake frequency of foods high
in n-3 (fish and seafood), the low n-3 quality in the local fish, as well as not taking n-3
supplements during pregnancy and the lactation period [25,30,33].

The GV of the study sample was found to be less than the recommended values
(GV =15-20 g/kg/day) [34]. Much et al. (2013) found that 3-n LCPUFA is responsible for
increasing fat mass over the first year of a newborn’s life. Unfortunately, it was possible to
compare 3-n LCPUFA because EPA and DHA were missing. However, this can also explain
the low GV of the study subjects [35].

In the present study, the n-6/n-3 ratio was 32.83:1, which was much higher than the
other studies, such as those by Thakkar et al. (2019) (9.72 & 4.94%) and Miliku et al. (2019)
(6.53 £ 1.72%), and this was due to the very low sum of n-3 fatty acids (0.46 = 0.18%) found
in this study in comparison to the previous studies by Thakkar et al. (2019) (1.15 £ 0.62%),
Wan et al. (2010) (1.22 £ 0.29%), and Miliku et al. (2019) (2.39 % 0.7%) [23-25].. The high
n-6 in the Westernized diet can be due to the evolution of modern agriculture, agribusiness,
processed food, and the production of hydrogenated and refined vegetable oil [36—-40].

It is important to inspect the role of eicosadienoic acid (C20:2n6) in preterm growth
and quantify the best amount needed to obtain the best growth outcome for infants.
This information can be used for the improvement of a lactating mother’s diet or the
introduction of n-3 supplements to reduce the n-6/n-3 ratio. In addition, it can be used
in the manufacturing of milk fortifiers and preterm infants’ formula milk. Additionally,
the infants included in this study did not receive any antibiotics or probiotics during the
observation.

The main limitation of the study is the low sample size of the subjects due to the
low number of eligible mothers and preterm infants for the study criteria and the low
participation rate. A study with a larger sample size is recommended to be conducted
before the implementation of the recommendations. The essential FAs such as EPA and
DHA were missing, which prevents the human milk from being sufficient for providing
the optimum nutrition required for the growth and development of the preterm infant.
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Another limitation is that it was difficult to compare results with other studies that use
different units of measurement (ounces instead of grams).

5. Conclusions

To our knowledge, this is the first study conducted in the Kingdom of Bahrain to
evaluate human milk. The lipid profile of preterm human milk was found to be low in some
essential FAs, which may affect the quality of preterm infants’ nutrition. Eicosadienoic
acid (C20:2n6) was found to positively affect the growth velocity of preterm infants, which
may be due to reducing inflammation and intestinal injury. Another key finding was that a
negative correlation was found between palmitic acid (C16:0) and growth velocity which
could be due to reduced protein oxidation by lipids. Unfortunately, EPA and DHA were not
detected, which indicates that preterm infants may receive milk poor in n-3 FA. Mothers
need to increase their n-3 FA intake either by food or supplements to eliminate its deficiency.
Further investigation with a larger sample size is needed to confirm the study’s findings.
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Abstract: (1) Background: Fetal growth restriction (FGR) increases the risk of adverse neurodevelop-
mental outcomes, especially in preterm newborns. This study aims to describe the behavioral results
of FGR at 6 years of age and to demonstrate the relationship of certain predictive factors with this
development. (2) Methods: This retrospective cohort study included 70 children born in 2015 at the
University Hospital Carlos Haya, Malaga, Spain who had been exposed to FGR during pregnancy;
neonatal and infant data were recorded retrospectively. Children were assessed prospectively at
6 years of age by means of a strengths and difficulties questionnaire (SDQ) to study behavioral
outcomes. (3) Results: We demonstrated that there are higher behavioral disability rates in children
exposed to FGR during pregnancy and, in particular, high rates of hyperactivity or conduct problems.
We also proved a negative relationship between the birth weight percentile and the total behavioral
scale score, along with a positive correlation between hyperactivity and the emotional and behavioral
scales. Learning difficulties were more frequent in early-onset FGR than in late-onset FGR. (4) Con-
clusions: Our study of behavioral development has demonstrated higher behavioral disability rates
in children with FGR at 6 years of age; specifically, high rates of hyperactivity or conduct problems.
At the same time, we have proved a negative relationship between the birth weight percentile and
the total behavioral scale score.

Keywords: fetal growth restriction; neurodevelopment; behavioral; outcomes; cognitive; brain
sparing effect

1. Introduction

Fetal growth restriction (FGR) has varied greatly in terms of its management over
time. Nowadays, FGR management techniques have improved the standard treatment
guidelines. As a result, restriction severity and prematurity issues now have established
follow-up and completion dates to reduce perinatal morbidity and mortality [1-3]. Thanks
to improvements in pregnancy management, perinatal care, and neonatal techniques,
perinatal mortality has decreased considerably, especially in extremely premature infants.
However, these improvements may not appreciably reduce perinatal morbidity [4].

Neonatal outcomes in FGR have been exhaustively researched, and prematurity has
been strongly associated with short-term outcomes [2]. Childhood development may
also be influenced by FGR [5] and interest in long-term outcomes, specifically regarding
neurodevelopment, is growing. A considerable number of studies in human and animal
models have demonstrated changes to the nervous system’s structure, affecting brain
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volume [6-8], grey matter volume and structure [8-10], and white matter structure and
myelinization [11,12], as well as influencing the gyrification process [13] in FGR conditions.
These changes may affect motor, cognitive, adaptive, and behavioral development.

However, the results of these studies are often heterogeneous and contradictory. In
most cases, assessments may be carried out at very early stages before the development of
a given research object’s cognitive deficits or behavioral changes. The studies also include
a heterogeneous group of children, both those who are small for their gestational age
and those with FGR; in many cases, the authors did not take into account the issue of
prematurity, which could alter the results. Despite these heterogeneities and contradictions,
outcomes such as poor results in intelligence coefficients, poor academic results, cognitive
and emotional alterations, and attention and hyperactivity disorders, as well as behavioral
disabilities have been described with early-onset FGR. The most severe cases have been
linked with motor disorders and cerebral palsy [6,14-20]. These results do not shed much
light on late-onset FGR when reaching the gestational term [21-27].

Similarly, various research groups have attempted to show the relationship between
different prenatal markers and motor, cognitive, and behavioral development. In our
previous systematic review, we were able to associate brain sparing with poorer cogni-
tive development. However, the link between brain sparing effect and behavioral skills
development was difficult to establish [28].

In our previous research, we assessed FGR children by means of the Battelle De-
velopmental Inventory (BDI), evaluating milestones in different areas. We found a high
rate of poor global development, with motor and communication skills being the main
areas affected. Conversely, we were able to associate the brain-sparing effect with worse
coefficients of global development. However, the cognitive delay rate was low [29].

It has been shown that early attention and early stimulation in children that are born
preterm can have a positive effect on motor neurodevelopment, and that this positive
effect on cognition continues into school age [30]. Therefore, the early detection of FGR
in neurocognitive risk could allow for the implementation of early stimulation strategies
to improve their deficits for a longer period. In the same way, cognitive development
and emotional intelligence could be improved, and better resilience and future personal
relationships obtained, by identifying and improving the influencing factors (both positive
and negative).

We believe that children who have been exposed to FGR during pregnancy have a
higher risk of behavioral disorders. This study aims to describe the behavioral results of
FGR in children at 6 years of age. Secondly, we demonstrate the relationship of certain
predictive factors with this developmental issue, which might help us to select a population
that is at risk of FGR, in order to assist with early childhood support or with psychological
assessment and management.

2. Methods
2.1. Population

This cohort study had a retrospective design, in which we selected a group of FGR
children born in 2015 at University Hospital Carlos Haya, Malaga, Spain. This hospital is a
specialized center for the diagnosis and treatment of this pathology. Table 1 describes our
inclusion and exclusion criteria, based on the definition of FGR. We define the brain-sparing
effect as a cerebroplacental ratio (CPR) below the 5th percentile. When FGR is diagnosed at
or below 32 weeks of gestational age, it is defined as early-onset FGR. In the event that this
diagnosis is beyond 32 weeks, it is defined as late-onset FGR. Recruitment started in 2021,
following approval from the regional ethics committee, and parental consent was obtained
before child assessment began. Medical and sociodemographic data were collected from
clinical records and parents’ reports. This study protocol was previously described in our
most recent publication [29].
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Table 1. Inclusion and exclusion criteria.

Inclusion Criteria Exclusion Criteria

Birth weight less than the 3rd percentile

Birth weight less than the 10th percentile and

abnormal Doppler study:
- UA-PI above the 95th percentile Structural and chromosomal abnormalities
- MCA-PI below the 5th percentile Multiple pregnancies
- CPR below the 5th percentile, or Small for gestational age
- Uterine arteries-PI above the
95th percentile

CPR = MCA-PI/UA-PI

UA-PI: umbilical artery pulsatility index, MCA-PI: middle cerebral artery pulsatility index, CPR: cerebroplacental
ratio, PI: pulsatility index.

2.2. Parents” Reports and Data Collection

We examined the pregnancy and neonatal care information given in the medical
records and recorded all the variables related to pregnancy care, FGR characteristics,
Doppler measurements, and delivery episodes. After birth, we recorded the variables
related to neonatal anthropometric measurements, adverse neonatal outcomes, and, if
applicable, admission days in the neonatal intensive care unit (NICU).

Parents completed a survey to provide information on sociodemographic items and
childhood problems, such as academic difficulties, the need for early child support, kinder-
garten attendance, or any major health problems.

2.3. Behavioral Assessment

The Spanish version of the strengths and difficulties questionnaire (SDQ) was com-
pleted prospectively when the subjects were 6 years of age [31]. This questionnaire provides
a brief emotional and behavioral screening test for children that is completed by their par-
ents. It can be used in both low- and high-risk populations [32]. This test consists of
25 items, divided into 5 scales. The first four scales assess negative symptoms (emotional
symptoms, conduct problems, hyperactivity and inattention symptoms, and peer rela-
tionship problems), while the last scale evaluates positive social relationships (prosocial
behavior) [33]. Depending on the scores obtained, children are classified as normal, border-
line, or abnormal. For those classified as borderline or abnormal, more in-depth studies are
required to diagnose a behavioral problem. We selected this test because it is effective in
differentiating between psychiatric and non-psychiatric populations, with the advantage of
being shorter than other behavioral tests [34].

At the same time, we assessed the children using a BDI screening test. These results
are shown in an earlier article published by our research group [29].

2.4. Statistical Analysis

A descriptive analysis was carried out to detail the frequency distribution of the
different variables in the cohort, along with the distribution of the behavioral classifications
in each scale. We examined the relationship between the sociodemographic variables,
Doppler measurements and FGR characteristics, and the behavioral problems in each scale
using the chi-squared test.

Finally, we conducted a multiple linear regression analysis to investigate the effect of
(1) sociodemographic variables, (2) FGR characteristics and age at delivery, and (3) neonatal
and child outcomes on the score from the total difficulties scale. Normality was tested
using a Kolmogorov-Smirnov analysis. Pearson’s coefficient was used for the correlations
when we confirmed the normal distribution. For all analyses, we considered a p-value
below 0.05 to be significant. All data were processed and analyzed with the support of the
Statistical Package for the Social Sciences (SPSS), version 22.0 (SPSS Inc., Chicago, IL, USA).
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3. Results
3.1. Population and Characteristics of Population Participants

One hundred and thirty children diagnosed with FGR during pregnancy who were
born in 2015 were initially located. Figure 1 describes our flow diagram of the participants
in the research. The study was carried out in a single medical facility; therefore, no
sampling of cases was carried out. Consequently, all diagnosed cases of FGR that met the
inclusion criteria were considered for the study. Seventy 6-year-old children were recruited,
representing the initial population with a confidence level of 95%, a type-II error of 0.6, and
a statistical power of 94% [29].

Assessed for elegibility
n=130

Excluded:
14 multiple pregnancies
1 trisomy 21
2 congenital malformations —
10 SGA
9 normal weight percentileat birth
1 decease in NUCI

93 Children with Fetal
Growth Restriction

23 refused ornot located.

Total Recruited n=70
Data avaliable foranalysis,

Figure 1. Flow diagram detailing the participants in the research.

The characteristics of the population participants were described in our previous
paper [29]. Table 2 summarizes the sociodemographics, delivery characteristics, and
adverse neonatal outcomes of the population.

Table 2. Sociodemographics, delivery characteristics, and neonatal outcome frequencies.

Variables 1 (%) Mean + SD
Separated parents 21 (30)
Maternal educational level
Primary school 7 (10)
Secondary school 38 (54.3)
Bachelor’s degree 23 (32.9)
Paternal educational level
Primary school 18 (25.7)
Secondary school 36 (51.4)
Bachelor’s degree 13 (18.6)
Maternal Unemployed status 25 (35.7)
Paternal Unemployed status 8(11.4)
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Table 2. Cont.

Variables 1 (%) Mean + SD
Socioeconomic status
Low 10 (14.3)
Middle 54 (77.1)
High 4 (5.7)
Smoker in pregnancy 16 (22.9)
Postpartum depression 14 (20)
Pre-eclampsia 24 (34.3)
Gestational age at diagnosis of FGR (mean)
Early onset 23 (32.9) 33.14 +4.31
Late onset 46 (65.7)
Fetal weight at diagnosis 1616.38 g £ 660.25
UA PI Percentile (mean)
Pathologic 14 (20) 61.52 + 27.94
MCA PI Percentile (mean)
Pathologic 29 (41.4) 1569 +22.68
CPR percentile (mean)
Pathologic 35 (50) 14.18 +22.74
Vaginal delivery 25 (35.7)
Cesarean section 45 (64.3)
Gestational age at delivery 35.61 £3.21
<28 weeks 2(2.9)
28-32 weeks 10 (14.3)
32-37 weeks 28 (40)
>37 weeks 30 (42.9)
Pathological non-stressant test 31 (44.3)
Arterial blood cord pH 7.27 +0.09
Birthweight (grams) 1848.30 £ 589.74
Gender (female) 37 (52.9)
Head circumference at delivery (cm) 30.26 + 3.37
Breastfeeding 52 (74.3)
Days of NICU admission 127 £+ 26.78
Neonatal outcomes
ARDS 22 (31.4)
Neonatal sepsis 14 (20)
ROP 6 (8.6)
BPD 4 (5.7)
GMH 3(4.3)
PDA 6 (8.6)
NEC 3(4.3)
Intestinal perforation 2(2.9)
Acute kidney failure 2(2.9)

FGR: fetal growth restriction, UA PI: umbilical artery pulsatility index, MCA PI: middle cerebral artery pulsatility
index, CPR: cerebroplacental ratio, SD: standard deviation, NICU: neonatal intensive care unit, ARDS: acute
respiratory distress syndrome, ROP: retinopathy of prematurity, BDP: bronchopulmonary dysplasia, GMH:
germinal matrix hemorrhage, PDA: patent ductus arteriosus, NEC: necrotizing enterocolitis.

3.2. Behavioral Outcomes at 6 Years of Age

The children were aged 70-84 months at the time of the behavioral test. The average
age of the children at the time of assessment was 76.20 months old (SD = 3.70). The
learning disabilities rate was 27.1%. Additionally, 36.8% of the children needed early
child support, and 16.7% of the children are currently following this program. Parents
reported two cases of children who were diagnosed as having an autistic spectrum
disorder. One of these children exhibited difficulties in performing adaptive skills, while
the other child exhibited a global development disorder. These data were published in
our previous paper [29].
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Table 3 summarizes the percentages of children with behavioral problems in different
areas. We were able to record 30% of the global behavioral disabilities. In the case of
hyperactivity symptoms, 30% of the children had an abnormal classification, and 8.6% had
a borderline classification. Hyperactivity symptoms and conduct problems were the most
common issues.

Table 3. Percentages of children with behavioral problems.

SDQ Scales Normal (%) Borderline (%) Abnormal (%)
Total difficulties 70 15.7 14.3
Emotional problems 72.9 10 17.1
Conduct problems 62.9 25.7 114
Hyperactivity 61.4 8.6 30
Peer problems 78.6 114 10
Prosocial 95.7 2.9 14

We found a positive correlation between the total score and the scores obtained on
different scales: emotional scale (r = 0.655, p < 0.001), behavior scale (r = 0.655, p < 0.001),
hyperactivity (r = 0.843, p < 0.001), and peer problems (r = 0.465, p < 0.001). Similarly, a
positive correlation was found between the hyperactivity and emotional scale (r = 0.387,
p = 0.001) and the behavior scale (r = 0.549, p < 0.001). Therefore, hyperactive children
tended to present more emotional and behavioral problems.

3.3. Bivariant Analyses

Tables 4 and 5 summarize the percentages of children with behavioral problems
according to the diagnosis variables. We found no differences in the classification according
to the onset time of FGR. However, with the exception of the peer problems scale, there was
a tendency of poor results in each scale for the early-onset FGR diagnosis group. Learning
difficulties were more frequent in the early-onset FGR group (43.5%) than in the late-onset
FGR group (19.6%), reaching statistical significance (x*(1, N = 69) = 4.39, p = 0.036).

Table 4. Percentages of children with behavior problems, depending on FGR onset.

FGR Onset Normal Borderline Abnormal
Total E-O 65.2 17.4 174 /
ota L-O 71.7 15.2 13 n/s
Ermotional E-O 65.2 21.7 13 /
motiona L-O 76.1 43 19.6 ns
E-O 60.9 34.8 4.3
Conduct L-O 63 21.7 15.2 n/s
. E-O 56.5 4.3 39.1
Hyperactivity L-O 63 18.9 26.1 n/s
E-O 82.6 13 43
Peer problems L-O 76.1 10.9 13 n/s
b . E-O 100 0 0 /
TOsocia L-O 935 43 22 ns

E-O: Early-onset, L-O: Late-onset, n/s: not significant.

Regarding the Doppler measurement variables, we found that a pathological CPR
measurement was related to poor results on the full scale. When pathological UA, MCA,
and CPR measurements were detected, there was a tendency towards poor classifications
in the remaining behavioral scales (no significance).
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Table 5. Percentages of children with behavioral problems, depending on Doppler measurements.

UA Normal Borderline Abnormal
(%) (%) (%)
Total Pathological 64.3 14.3 21.4 y
ota Normal 74.5 13.7 11.8 n/s
E ional Pathological 64.3 14.3 214 /
motiona Normal 74.5 98 15.7 n/s
Pathological 64.3 28.6 7.1
Conduct Normal 64.7 235 11.8 n/s
.. Pathological 50 14.3 35.7
Hyperactivity Normgal 66.7 7.8 255 n/s
Peer Pathological 78.6 14.3 7.1 /
problems Normal 80.4 7.8 11.8 n/s
. Pathological 100 0 0
Prosocial Normal 94.1 39 2 n/s
MCA
Pathological 69 17.2 13.8
Total Normal 80 13.3 6.7 n/s
E . 1 Pathological 69 13.8 17.2 /
motiona Normal 80 6.7 13.3 n/s
Pathological 62.1 31 6.9
Conduct Normal 70 16.7 133 n/s
.. Pathological 65.5 6.9 27.6
Hyperactivity (") 66.7 10 233 n/s
Peer Pathological 75.9 10.3 13.8 /
problems Normal 83.3 10 6.7 n/s
. Pathological 93.1 6.9 0
Prosocial Normal 96.7 0 33 n/s
CPR
Total Pathological 60 22.9 17.1 x2(2,N =70) =
ota Normal 88.5 115 0 6.36, p = 0.042
E ional Pathological 65.7 14.3 20 /
motiona Normal 88.5 38 7.7 n/s
Pathological 60 25.7 14.3
Conduct Normal 69.2 26.9 38 n/s
. Pathological 57.1 11.4 31.4
Hyperactivity ="\ a1 73.1 38 231 n/s
Peer Pathological 82.9 8.6 8.6 y
problems Normal 73.1 15.4 115 n/s
. Pathological 97.1 0 2.9
Prosocial Normal 923 7.7 0 n/s

UA: umbilical artery; MCA: middle cerebral artery; CPR: cerebroplacental ratio; n/s: not significant.

Gestational age at delivery or birth characteristics were not related to behavioral
outcomes. A positive correlation was found between the birth-weight percentile at delivery
and the different scales: total score (r = —0.310, p = 0.009), emotional scale (r = —0.280,
p = 0.019), and hyperactivity scale (r = —0.246, p = 0.040). Head circumference was not
related to the results, although we were able to negatively correlate the birth-weight
percentile with the score of the total scale (r = —0.310, p = 0.009), emotional scale (r = —0.280,
p = 0.019), and hyperactivity scale (r = —0.246, p = 0.040). Neonatal outcome was not
associated with behavioral problems.

3.4. Multivariate Analyses

In order to analyze the mediating factors, we performed a multiple linear regression
analysis. Table 6 summarizes the variables included in each model. We included sociode-
mographic factors in the first model. Maternal employment status (ES) was positively
related to global behavioral score (F(1,62) = 5.15, p = 0.027). In this regard, unemployed
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mothers had children with higher scores and, consequently, worse classifications. The R?
value was 0.077, showing that 7% of the effect is explained by differences in the mother’s ES.

Table 6. Variables included in each model.

Model Variables

Separated parents
Maternal and paternal educational level
Maternal and paternal employment status
Socioeconomic status

Doppler measurements:
UA-PI percentile, MCA-PI percentile, and CPR percentile
Birthweight percentile at delivery
Gestational age at delivery

Gender
Adverse neonatal outcomes
3 Early child support
Academic difficulties
Nursery assistance

UA-PI: umbilical artery pulsatility index; MCA-PI: middle cerebral artery pulsatility index; CPR: cerebroplacen-
tal ratio.

In the second model, the birth-weight percentile was negatively related to the total
score (F(1,59) = 5.58, p = 0.022) in the second model. The R? value was 0.089; therefore, this
variable could explain the 8.9% effect.

In the third model, we found that the need for early child support was negatively
related to the total score of behavioral problems (F(1,59) = 5.22, p = 0.026). These findings
could be explained by the higher rates of severe FGR and extreme prematurity among these
children, making them more prone to behavioral disabilities. Table 7 sums up these models.

Table 7. Multiple linear regression values of the different models.

95% CI
Model Variables B Standard Error T 14 R2
Lower Upper

Maternal

1 employment status —2.97 1.31 —2.26 —5.60 —0.355 0.027 0.077
(Constant) 12.95 1.06 12.18 10.82 15.08 <0.001

Birth-weight

5 percentile —0.659 0.279 —2.36 —-1.21 —0.100 0.022 0.089

(Constant) 11.26 0.697 16.15 9.86 12.66 <0.001
Need for early

3 child support 3.28 1.43 2.28 0.409 6.16 0.026 0.081

(Constant) 9.6 0.781 12.3 8.04 11.16 <0.001

Variables with significant value in the different models: maternal employment status (unemployed or active
worker), birth-weight percentile, and early child support (yes or no). B: beta standardized coefficient, T: t-value,
p: p-value, R2: R-squared value, CI: confidence interval.

4. Discussion

We conducted a study to assess the behavioral development of children with FGR at
6 years of age. We have demonstrated higher behavioral disability rates in these children,
specifically, high rates of hyperactivity or conduct problems. At the same time, we have
proved a negative relationship between the birth-weight percentile and the total behavioral
scale score.

FGR is a cause for concern among obstetricians due to the perinatal morbidities it
generates, which are secondary to prematurity or the hemodynamic process itself. In
recent decades, the neurodevelopmental deficits of these children, especially behavioral or
cognitive impairments, have attracted the attention of both clinicians and researchers.
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4.1. Regarding the Prevalence of Behavioral Disorders

Our study assessed the possible behavioral problems at the age of 6 (70-84 months) of
children previously diagnosed with FGR. At this stage, the children’s attentional capacity
has matured to the point where they are able to maintain a state of alertness, their ability
to resolve conflicts or problems has increased, and psychosocial relationships with their
environment are well established.

Multiple studies have shown that the neurodevelopment of children with FGR during
childhood is not comparable to that of children with a normal birth weight. In our study, we
found a high prevalence of possible behavioral problems. In fact, 14.3% of the children had
abnormal scores on the questionnaire, while 15.7% had borderline scores. Therefore, 30%
of the children assessed (abnormal and borderline scores) should undergo more specific
evaluations to establish a correct diagnosis. In particular, within the areas studied, the
areas of conduct (borderline: 25.7%, abnormal: 11.4%) and hyperactivity (borderline: 8.6%,
abnormal: 30%) were the most affected (externalizing problems), while emotional areas
and peer problems were less strongly affected (internalizing difficulties). Parents reported
that 27.1% of the children had experienced learning difficulties at school.

When evaluating these differences based on the time of FGR diagnosis, early-onset
FGR presented worse scores in terms of externalizing problems (behavior and hyperactiv-
ity), while late-onset FGR presented worse scores in terms of peer problems and prosocial
areas. Similarly, we found a higher percentage of academic difficulties in the subgroup of
children diagnosed with early-onset FGR (43.5%) compared to children diagnosed with
late-onset FGR (19.6%).

Several studies have shown similar results to ours. Guellec et al. (2011) assessed
children at 8 years of age using the SDQ. They identified 33.3% of behavioral problems
in FGR infants that were born before 28 weeks of gestational age and 19.1% of behavioral
problems in those born between 29 and 32 weeks of gestational age. Similarly, the learning
difficulties rates were similar to ours, with 35.5% in those born before 28 weeks of gesta-
tional age and 28% in those born between 29 and 32 weeks of gestational age. However,
their hyperactivity problem rates varied between 19.1 and 23.5%, while we found 39.1% of
hyperactivity disabilities in those children diagnosed before 32 weeks of gestation (data not
shown). It is important to note that they classified and evaluated infants by gestational age
in their study, without determining which subjects presented real growth restrictions [19].

A previous meta-analysis evaluated behavioral and executive function problems in
infants born before 33 weeks of gestation or weighing less than 1500 g. Compared to
those born at term or at an appropriate weight, the infants displayed worse results in
terms of academic achievement, attention, internalizing problems, and executive function.
However, the analysis did not differentiate between growth restriction and growth that
was appropriate for the subjects’ gestational age [14]. We must note that executive function
is a cognitive process and has significant implications for behavioral skills such as self-
regulation and inhibition [35].

These findings have also been supported by studies on late-onset FGR children.
Geva et al. (2006) showed that FGR children presented a higher incidence of learning
disabilities, memory problems, low creativity, and executive function problems compared
to children with normal growth [16]. Similarly, Kulseng et al. (2007) found that children
born with a very low birth weight at term (less than 1500 gr) presented worse results in
terms of attention tasks and executive function at 14 years of age, at around 25% [23].
However, in another study, attention deficit and hyperactivity disorders were slightly
higher in underweight children than in the normal-weight population [36]. The authors did
not perform a correct discrimination of growth restriction, so it is impossible to compare
their findings with those in our study. On the other hand, we did not conduct a specific
evaluation of the attentional network. Despite the fact that we found a high rate of atten-
tion and hyperactivity problems in our population, a diagnostic test is needed to confirm
this finding.
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We did not find a relationship between the behavior assessment results and gestational
age at delivery, although we did find that children with a lower birth weight had poor
results regarding the total, emotional, and hyperactivity scores. This may be due to our
sample size. Nevertheless, a previous meta-analysis found that being underweight and
premature may lead to attention-deficit hyperactivity disorders [37].

Behavioral disabilities have significant consequences since problems in this area in the
preschool years may be associated with a higher prevalence of externalizing and internaliz-
ing problems at the age of 10-14 years, leading to learning and adaptation problems [38].

4.2. Regarding the Prediction of Doppler Markers and Prematurity

Doppler markers have proven useful in monitoring FGR fetuses to reduce perinatal
morbidity and mortality. The umbilical artery (UA) has been the major protagonist in
predicting short-term adverse outcomes in this group of children [39-41]. However, associ-
ations between the changes in UA waves and neurodevelopment, specifically psychosocial
and academic development, are controversial [42,43]. In our case, when we evaluated the
predictive capacity of the UA in neurodevelopment, we found no association between
its percentile and the results on the SDQ, so we could not relate it to behavioral effects.
Nonetheless, children with a pathological pulsatility index (PI) for the UA tended to present
worse outcomes. These results must be interpreted with caution since we have only a few
cases of extreme prematurity and pathological UA waves.

Traditionally, brain sparing has been considered a protective factor to maintain proper
brain function in more critical hemodynamic situations. However, this fact is controversial,
and multiple studies have shown that it may not entirely be a protective factor. Regarding
behavior, Richter et al. (2020) found that the presence of brain sparing was associated
with better behavioral outcomes, specifically externalized behavioral profiles (conduct and
hyperactivity) [44]. Other studies have failed to link this phenomenon to behavioral issues
when assessing children later [45,46]. However, the parents reported more socialization
and attention problems in children that had shown brain sparing, although this was not
verified with diagnostic tests [45]. In our case, we observed in the bivariate analysis that
those children with a pathological CPR had significantly worse scores on the total behavior
scale. Emotional, conduct, and hyperactivity areas were also negatively affected by brain
sparing, although the values did not reach significance.

The brain-sparing effect has been confirmed by several studies as a hierarchy process,
such that when vasodilation is detected in the middle cerebral artery (MCA), this process
has already occurred in the anterior cerebral artery (ACA). This hierarchy has been associ-
ated with poorer cognitive outcomes, specifically in terms of attention, social interaction,
and adaptation abilities [47]. In our case, due to the design of our study, we were not able
to verify this hierarchy. However, we observed that children who presented a brain-sparing
process (whether by a pathological MCA or CPR) had a higher rate of psychosocial and
hyperactivity symptoms.

Despite the importance of redistribution, gestational age at delivery remains the main
factor regarding neurological development during childhood [45,48,49]. Nevertheless,
the severity of growth restriction may be a risk marker for the appearance of behavioral
problems during childhood and adolescence, and, thus, may inform future screening and
prevention strategies.

Our study has several strengths. The most important of these is the strict definition of
the FGR condition. This allows us not to underestimate our results. Moreover, we have
carried out an assessment of children at a late age (6 years of age). At this age, social skills
and behavioral problems are well established. Finally, we assessed the children using
the SDQ, a validated screening test that allows for the correct discrimination between
pathological and non-pathological cases [32,34].

Our main limitation was the sample size. As a single-center study, we were unable to
locate a large number of children with a history of FGR. Of those cases that were found,
a small proportion of parents could not be located or refused to be assessed. Because of
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our small sample size, the R-square coefficient obtained was low, this being a limitation in
our multiple linear regression model. It would explain the low percentage of variability
obtained. Furthermore, we could not evaluate a control group without growth restriction
to compare the results obtained. Although the behavioral assessment was prospective, the
cohort design was retrospective. This fact only provides an association between behavioral
outcomes and FGR characteristics. A multicenter study with a larger sample size and a
control group is needed in order to verify our findings.

5. Conclusions

We found high behavioral disability rates, particularly in the hyperactivity or conduct
areas, in children with FGR. At the same time, we found a negative relationship between
the birth-weight percentile and the score of the total behavioral scale. Regarding FGR onset,
early-onset FGR children presented poor scores for externalizing problems (behavior and
hyperactivity), while late-onset FGR children presented worse scores regarding problems
with peers and prosocial areas. No relationship was found between gestational age at
delivery and behavioral disabilities. Behavior was not affected by gestational age at
delivery, although it was influenced by birth weight. However, the hyperactivity scale was
not affected by either birth weight or gestational age at delivery. We observed that children
exhibiting brain sparing presented significantly worse results in the total behavior scale, in
addition to a negative effect in the emotional, conduct, and hyperactivity areas.
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Abstract: Background: European guidelines recommend the use of pulse oximetry (PO) during new-
born resuscitation, especially when there is a need for positive pressure ventilation or supplemental
oxygen. The objective was to evaluate (i) to what extent PO was used, (ii) the time and resources
spent on the application of PO, and (iii) the proportion of time with a useful PO signal during
newborn resuscitation. Methods: A prospective observational study was conducted at Stavanger
University Hospital, Norway, between 6 June 2019 and 16 November 2021. Newborn resuscitations
were video recorded, and the use of PO during the first ten minutes of resuscitation was recorded
and analysed. Results: Of 7466 enrolled newborns, 289 (3.9%) received ventilation at birth. The
resuscitation was captured on video in 230 cases, and these newborns were included in the analysis.
PO was applied in 222 of 230 (97%) newborns, median (quartiles) 60 (24, 58) seconds after placement
on the resuscitation table. The proportion of time used on application and adjustments of PO during
ongoing ventilation and during the first ten minutes on the resuscitation table was 30% and 17%,
respectively. Median two healthcare providers were involved in the PO application. Video of the PO
monitor signal was available in 118 (53%) of the 222 newborns. The proportion of time with a useful
PO signal during ventilation and during the first ten minutes on the resuscitation table was 5% and
35%, respectively. Conclusion: In total, 97% of resuscitated newborns had PO applied, in line with
resuscitation guidelines. However, the application of PO was time-consuming, and a PO signal was
only obtained 5% of the time during positive pressure ventilation.

Keywords: pulse oximetry; newborn saturation; heart rate assessment; heart rate monitoring; neonatal
resuscitation; newborn resuscitation; resuscitation guidelines; positive pressure ventilation; NeoBeat

1. Introduction

Approximately 5% of newborns require resuscitation with positive pressure ventila-
tions (PPV) at birth [1-4]. According to resuscitation guidelines, heart rate (HR) should be
assessed after birth to evaluate the transition and identify newborns in need of resuscita-
tion [5]. PPV should be initiated within 60 s if the newborn has not established effective
breathing and HR is <100 beats per minute (bpm) and not increasing in response to initial
drying and stimulation. Auscultation by stethoscope is an inexpensive and simple method
that provides a rapid and intermittent assessment of HR, but HR is sometimes underesti-
mated [2,6]. Continuous monitoring with pulse oximetry (PO) =+ electrocardiogram (ECG)
has the advantage of providing a more dynamic indication of HR changes and information
on the responses to resuscitative interventions [5]. Several studies have shown that ECG
presents HR more rapidly than PO, and that PO may underestimate HR in the initial
minutes [7-12]. The Consensus on Science with Treatment Recommendations (CoSTR)
from the International Liaison Committee on Resuscitation (ILCOR) therefore recommend
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the use of ECG for newborn HR assessment during delivery room resuscitation when-
ever possible [3,5]. Where ECG is not available, HR assessment with PO is a reasonable
alternative, but the limitations should be kept in mind.

ECG does not replace the need for PO for evaluation of oxygenation and subsequent
titration of oxygen to avoid hyper- and hypoxia [2,11]. International guidelines recommend
the use of PO during PPV or when providing supplemental oxygen [2,3], and PO is common
practice during newborn resuscitation in many high-resource settings [13].

The objectives were to evaluate (i) to what extent PO was used during newborn resus-
citations; (ii) the number of healthcare providers (HCPs) involved, the number of single-use
sensors required for the application of PO, time spent on application or adjustments of
PO; and (iii) the proportion of time with a PO signal during provision of positive pressure
ventilation at birth.

2. Materials and Methods
2.1. Setting

A prospective observational study was conducted at Stavanger University Hospital,
Norway from 6 June 2019 to 16 November 2021. The hospital is well suited for population-
based studies, being the only hospital in the region with obstetric and neonatal services
and 4200 annual deliveries. Vaginal births take place in the labour ward and the midwife-
run low-risk ward, and the caesarean sections in the operating theatre. PPV is provided
to 3.6% of newborns, mainly by flow-driven t-piece resuscitator (NeoPuff, Fischer and
Paykel, Auckland, New Zealand), alternatively a self-inflating silicone resuscitator (Laerdal,
Stavanger, Norway) [4]. The paediatric resident and midwife initiate anticipated resusci-
tations, with the addition of a neonatologist, neonatal nurse, and an anaesthetic team for
advanced resuscitations. The national resuscitation guidelines derive from the European
Resuscitation Council Guidelines [2].

2.2. Data Collection and Equipment

Video recordings of resuscitations were obtained passively using motion-triggered
cameras placed above the resuscitation tables, capturing the newborn and the hands of the
HCPs. Dry-electrode ECG (NeoBeat, Laerdal Medical, Stavanger, Norway) was placed on
the chest or upper abdomen of the newborn by the midwife assistants as soon as possible
after birth. NeoBeat displays and stores HR within seconds of birth and provide continuous
HR measurements. If a newborn required PPV, the cord was clamped and cut, and the
newborn was carried to the resuscitation table. HCPs were instructed to apply 3-lead
gel-electrode ECG (CareFusion, San Diego, CA, USA) on the newborns’ chest and PO
(Massimo LNCS Neo wraparound sensor, Massimo, Irvine, CA, USA) on the newborns’
right hand or wrist. The order of ECG and PO placement was left to the discretion of the
HCPs. However, in anticipated events, one HCP was assigned the task of applying the PO
sensor. The monitor used was Carescape Patient monitor B450 or B650 (GE Healthcare,
Boston, MA, USA). Video recordings were used to evaluate the time from birth to the start
of ventilation, duration of PPV, application of PO and ECG, and to detect HR and PO
signals displayed on the monitor. Extraction of patient characteristics were automated from
electronic medical records.

2.3. Inclusion Criteria

Parents were informed and consented to participation during routine follow up in
pregnancy. Newborns born at gestational age (GA) > 28 weeks who required resuscitation
with PPV at birth with the resuscitation captured on video, were enrolled.

2.4. Calculations and Definitions

All videos were manually reviewed by independent researchers (V.K. and S.R. or H.P.).
Timelines were started when the newborn was placed on the resuscitation table, and for a
duration of ten minutes. Videos were annotated using the ELAN 5.8 tool (The Language
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Archive, Nijmegen, The Netherlands). The start of PPV was defined as when the first
inflation was provided. The duration of PPV was defined as the time difference between
the first and last inflation. The number of HCPs involved in applying the PO equipment
and the number of single-use PO sensors used were recorded. The time spent applying the
PO was defined from when one started drying the skin or picking up the sensor, whichever
came first, until the PO was attached, regardless of whether a useful signal was obtained.
The PO adjustment time included repositioning or reapplying the sensor, reattaching the
PO cord to the monitor and/or changing the sensor. The PO signal was annotated based
on reviewing a recording of the monitor screen. The time to reliable PO signal was defined
as the time when a continuous pulse wave, HR, and/or saturation values were displayed
for at least 3s [7,12,14].

2.5. Statistical Analysis

Data and annotations were extracted and analysed using Matlab R2022b (MathWorks
Inc., Natick, MA, USA). Continuous variables are expressed as median (quartiles) or
count (%).

2.6. Ethical Considerations

This study was a part of the Safer Births Stavanger research project on newborn
resuscitation, with ethical approval from the Norwegian regional ethical committee 27 April
2018 (ref.2018/338).

3. Results

In total, 10,539 newborns were born during the study period, of which 10,503 with
gestational age >28 weeks. Of these, 7466 (71%) parents agreed to participation, of which
289 (3.9%) received PPV at birth. The resuscitation was captured on video in 230/289 cases,
and these newborns were included in the analysis. A flow diagram of over participants
and patient characteristics is shown in Figure 1 and Table 1, respectively.

Total newborn population

n=10,539
Excluded (n = 10,250)
Born before 28 weeks of gestation: 36
Lack of parental consent: 3037
Did not receive positive pressure ventilation: 7177
h 4
Eligible for inclusion
n=289

Excluded (n = 59)
Due to no video of resuscitation

v

Included in videoanalysis
n=230

Figure 1. A flow diagram of over participants.
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Table 1. Characteristics of 230 newborns included in the analysis. Characteristics are reported as
median (quartiles) or count (%).

Newborn Characteristics n = 230

Variable
Gestational age (weeks) 40 (38, 40)
Very preterm (28 to <32 weeks) 5(2.2%)
Moderate preterm (32 to <34 weeks) 7 (3.0%)
Late preterm (34 to <37 weeks) 21 (9.1%)
Term (>37 weeks) 197 (85.7%)
Weight (grams) 3565 (3042, 3914)
Female gender n (%) 100 (44%)
Apgar
1 min Apgar 54,7)
5 min Apgar 8(6,9)
10 min Apgar 9 (8, 10)

Umbilical cord values

Arterial pH (n = 184)

7.20 (7.11, 7.25)

Arterial base excess (n = 176) 4.34 (1.67,6.13)
Arterial pCO2 (n = 175) 8.16 (7.14, 9.64)
Pulse oximetry n (%) 222 (97%)
Positive pressure ventilation duration 126 (65, 232)

(seconds)

3.1. Use of Auscultation, ECG and PO Assessment during Resuscitation

Among 230 resuscitated newborns, 222 (97%) had PO applied during the first 10 min
on the resuscitation table. PO was applied median (quartiles) 60 (24, 58) seconds after
placement on the resuscitation table.

Auscultation with the stethoscope was performed in 211 (92%) median 39 (10, 110)
seconds after placement on the table.

ECG was applied in 220 (96%) newborns. Standard 3-lead gel-electrode ECG was
placed in 192 newborns at a median of 60 (41, 109) seconds. Dry-electrode ECG was in most
instances placed in the delivery room, and the time of placement of NeoBeat was therefore
median 0 (0, 3) seconds from placement on the resuscitation table (1 = 204).

3.2. Number of HCPs Involved and Equipment Used for Application and Adjustment of PO

For 40% of newborns, one HCP was involved in the placement of PO. For 32% and
22% of newborns, two and three HCPs were involved, respectively. For the remaining
6%, four to six HCPs were at some time involved in the placement of PO. In 82% of the
222 resuscitations, one single-use sensor was used, whereas two sensors were used in the
remaining 18% of cases.

3.3. Time Spent on the Application and Adjustment of PO

The median time to start the application of PO was 60 (23, 118) seconds after the
newborn was placed on the resuscitation table. Time spent on applying and adjusting PO
in the first 10 min of resuscitation was median 99 (44, 223) seconds. The time spent placing
the PO is illustrated in blue lines in Figure 2. The proportion of time used on application
and adjustments of PO during PPV and during the first ten minutes was 30% and 17%,
respectively. In 58 (26%) newborns assessed with PO, the application was not completed
by the time PPV ended.

67



Children 2023, 10, 1124

Cases sorted on time to PO application

[ PPV [ PO application and adjustment]

— _
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Time since newborn on table [min]

Figure 2. The figure shows 222 newborns that received PPV at birth and had PO applied. Each
horizontal line represents a newborn from the time of placement on the resuscitation table (time = 0)
and the first consecutive ten minutes. Provision of PPV is illustrated in orange lines. Application
and/or adjustment of PO is illustrated in blue lines. Newborns are sorted by time from placement
on the resuscitation table to start application of PO. PPV = positive pressure ventilation, PO = pulse
oximetry.

3.4. Feedback on PO Signal

Video of the PO monitor signal was available in 118 (53%) of the 222 newborns. In 110
of 118 newborns a PO signal was obtained within the first ten minutes on the resuscitation
table. The time when a PO signal was first displayed and the proportion of time with a
PO signal in relation to PPV is shown in Figure 3a and b, respectively. The median time to
obtain PO signal was 238 (129, 324) seconds. PPV started a median of 21 (11, 51) seconds
after placement on the resuscitation table, and lasted for a duration of 126 (65, 232) seconds
(data available for 222 newborns). In 85 of 118 of newborns, PO was applied during PPV.
Among these, a median time with a PO signal displayed during the provision of PPV was
9 (0, 84) seconds. The proportion of time with a PO signal during PPV and during the
first ten minutes after placement on the resuscitation table was 5% (0%, 31%) and 35% (9%,
49%), respectively.
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Cases sorted on time to PO application

«_ First PO signal [ PPV [ POsignal_ *  Start PO

Cases sorted on time to PO signal

Time since newborn on table [min] Time since newborn on table [min]

Figure 3. The figure shows the 118 newborns where video of the PO monitor was available. Each
horizontal line represents a newborn from the time of placement on the resuscitation table and
throughout the first ten minutes. (a) shows the application and adjustment of PO illustrated in blue
lines in relation to PPV in orange lines, and time when the first PO signal was displayed illustrated as
a black dot. (b) shows the proportion of time with a PO signal illustrated in pink lines in relation to
PPV illustrated in orange lines. The black dot represents the start of PO application. PPV = positive
pressure ventilation, PO = pulse oximetry.

4. Discussion

In this population-based video study of 230 newborns receiving PPV at birth, we found
that PO was applied in 97% of resuscitations, in line with guideline recommendations [2,5].
However, HCPs spent 30% of the active resuscitation with PPV applying and adjusting the
PO sensor, and median two HCPs were involved. Throughout the duration of PPV, a PO
signal was only displayed 5% of the time.

An accurate HR assessment is considered important to evaluate the newborn condition,
to guide management, and to evaluate the effect of resuscitative interventions. PO has
several limitations with regard to monitoring HR in the delivery room. Our group has
recently shown that PO displayed HR values later and for a shorter proportion of newborn
resuscitation, when compared to the dry-electrode ECG device NeoBeat or standard three-
lead ECG [15]. PO may furthermore underestimate HR signal for the first five to six
minutes during newborn transition or resuscitation, especially in the more compromised
newborns [12,15-17].

In the current study, the median time to obtain a PO signal was 237 s after placement
on the resuscitation table. Similar findings have been reported previously, with a success
rate in obtaining saturation measurements varying between 20-100% at one minute after
birth [18]. Several studies have found that reliable PO signals are rarely available in the
first two minutes after birth [6-8,19,20]. A previous study by our team demonstrated that
PO signal may be delayed in newborns with low APGAR scores, who represent the group
in most need of HR feedback [7]. Others have evaluated the order of sensor application
to the newborn with respect to the acquisition of a reliable PO signal [21-24], and video
recordings in the present study showed that the practise did vary. The type of PO sensor
used can also affect the time to a reliable signal during newborn resuscitations [25].

The results challenge the role of PO in the assessment of HR during newborn resus-
citations. PO does, however, have an important role in the titration of oxygen provision
during resuscitation in order to avoid hypoxia and hyperoxia with oxidative stress [25].
Although none of our videos showed a sign that PO disrupted or delayed PPV, the effort of
placing PO rarely provided useful signal on HR or tissue oxygenation during ventilation.
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Most resuscitations in our setting were of short duration with moderately asphyxiated
newborns. PO may have a more prominent role in prolonged and advanced resuscitations
or stabilization of preterms. PO is also used to confirm if the newborn has the capacity to
maintain stable oxygenation within the recommended range [26], and may help identify
newborns in need of admission to the neonatal intensive care unit.

Considerable resources went into the placement of PO. HCPs spent 30% of the time
during active resuscitation applying PO, without obtaining PO signal in the majority of
cases. Where resources are limited, prioritizing the placement of PO during ventilation
may be impractical.

This study was limited by the loss of PO signal data in 104 newborns due to technical
errors, including frame freezing of the monitor video and loss of resuscitation videos due
to a server failure without a backup. In this study, we analysed the availability of PO signal
during resuscitation, but have not evaluated the HR signal accuracy compared to the gold
standard ECG. The population was limited to newborns with gestational age >28 weeks,
since extremely premature newborns were resuscitated and stabilized in incubators not
equipped with video cameras. The strengths of the study are the population-based design
and a high number of included newborns. The setting is representative of high-resource
contexts.

5. Conclusions

During delivery room resuscitation, 97% of newborns had PO applied in line with
European Resuscitation Council Guideline recommendations. However, the application of
PO was time-consuming, and PO signal were only displayed for 5% of the time of active
resuscitation with PPV.
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Abstract: Glucose-6-phosphate dehydrogenase (G6PD) deficiency and polymorphism in uridine
diphosphate glucuronosyl transferase 1A1 (UGT1A1) were associated with significant neonatal hy-
perbilirubinemia (NHB) and increased risk for kernicterus. However, quantitative screening tests
for G6PD enzyme activity proved unsatisfactory in estimating the risk for significant NHB, espe-
cially in heterozygous females that could present phenotype overlap between normal homozygotes,
heterozygotes, and deficient homozygotes, resulting in a continuum of intermediate G6PD activity.
Objective: To examine the association of genotype and phenotype in newborns with decreased G6PD
activity and its relation to NHB. Study design: Quantitative G6PD enzyme activities were measured
on umbilical cord blood samples. After accepting parental consent, samples were analyzed for G6PD
mutations and UGT1A1 gene polymorphisms (number of TA repeats in the UGT1A1 promoter). The
associations to quantitative G6PD activity and bilirubin levels were assessed. Results: 28 females and
27 males were studied. The Mediterranean mutation (NM_001360016.2(G6PD): c.563C>T (p.Ser188Phe))
was responsible for most cases of G6PD deficiency (20 hemizygous males, 3 homozygous and 16
heterozygous females). The association between this mutation, decreased G6PD activity and higher
bilirubin levels was confirmed. Heterozygosity to 6/7 TA repeats in the UGT1A1 promoter was
associated with increased NHB, especially in female newborns with G6PD deficiency. However, it
seems that the interaction between G6PD deficiency, UGT1A1 promoter polymorphism, and NHB is
more complex, possibly involving other genetic interactions, not yet described. Despite genotyping
females with G6PD deficiency, the overlap between the upper range of borderline and the lower
range of normal G6PD activity could not be resolved. Conclusions: The results of this study highlight
the possibility for future implementation of molecular genetic screening to identify infants at risk
for significant NHB, especially UGT1A1 polymorphism in heterozygous females with borderline
G6PD deficiency. However, further studies are needed before such screening could be applicable to
daily practice.

Keywords: glucose-6-phosphate dehydrogenase (G6PD); uridine diphosphate glucuronosyl trans-
ferase 1A1 (UGT1A1); neonatal hyperbilirubinemia (NHB); genotype; phenotype; G6PD enzyme
activity; G6PD deficiency; Mediterranean mutation; UGT1A1 promoter polymorphism; number of
TA repeats
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1. Introduction

Neonatal hyperbilirubinemia (NHB) is a clinical condition frequently encountered in
newborn infants. Careful evaluation and many times also management [1-3] are required,
thus making NHB the most common reason for hospital readmission during the first week
of life [4]. Although NHB is considered a benign transient physiological phenomenon in
many neonates, in few infants total serum bilirubin (TSB) may rise to hazardous levels that
pose a direct threat of an acute bilirubin encephalopathy that can lead to kernicterus and
brain damage [5-12]. Genetic and environmental factors contribute to the development of
NHB [1,2]. However, the important contribution of genetically determined conditions has
been increasingly recognized in recent years [13-24]. Polymorphism across three genes was
particularly reported in association with an increased risk for NHB including those of: (1)
the red blood cell enzyme glucose-6-phosphate dehydrogenase (G6PD) [13,17,19-21,25-30];
(2) the hepatic bilirubin-conjugating enzyme uridine-diphosphate glucuronosyl transferase
1A1 (UGT1A1) [13,15-17,19,20,24,28,30-41]; and (3) the hepatic solute carrier organic an-
ion transporter polypeptide 1B1 (OATP1B1)—the bilirubin transporter localized to the
sinusoidal membrane of hepatocytes, which is the blood-hepatocyte interface that limits
bilirubin hepatic uptake [18-20,42]. These genetic variants may interact with each other
or with environmental contributors to produce significant NHB [19,20]. UGT1A1 gene
was investigated because of its significant role in bilirubin metabolism, namely hepatic
bilirubin glucuronidation. The frequent polymorphism described in this gene was the
insertion of a seventh (TA) repeat in the promoter sequence of UGT1A1, which usually
consists of (TA)g repeats. The seventh (TA) repeat in the repetitive (TA),TAA element
lessens the affinity of the TATAA binding protein, which is a transcription factor, to the
TATAA box18, so that when the number of (TA), repeats increase above the wild type
(TA)g, UGT1A1 expression declines. The (TA);/(TA)7 promoter homozygous variant has
third of the wild-type UGT1A1 activity, and is responsible for Gilbert syndrome phenotype.
Decreased hepatic bilirubin-conjugating capacity due to (TA), promoter polymorphism
was also associated with early-accelerated NHB and prolonged indirect hyperbilirubinemia,
particularly in breastfed newborns. It can also increase the risk for significant NHB when
coupled with hemolytic conditions. Co-expression of UGT1A1 variants with other genes
was frequently described. As many as two thirds of the individuals who were homozygous
for the (TA); UGT1A1 promoter variant were also homozygous or heterozygous for the
OATP1B1 polymorphism. The co-expression OATP1B1 polymorphism with UGT1A1 vari-
ants could result in diminished hepatic bilirubin uptake with decreased hepatic bilirubin
conjugation, impairing bilirubin clearance thus increasing hyperbilirubinemia. Many of
the G6PD deficient individuals are homozygous or heterozygous to co-expression of the
(TA)7 variant on at least one allele. Co-expression of bilirubin conjugation-limiting gene
variants seem to be important in modulating the risk for NHB, especially when coupled
with other risk factors such as G6PD deficiency [19,20,29].

G6PD mutations are important contributors to the risk for significant NHB than can
even lead to kernicterus [27]. G6PD gene variants may predispose to NHB by causing an
acute hemolytic event with or without identifiable environmental trigger. Alternatively, G6PD
mutations can lead to severe NHB by causing low-grade hemolysis coupled with UGT1A1 gene
polymorphisms [17,22,27-30,35]. UGT1A1 promoter and coding sequence gene variants may
cause significant NHB via decreased hepatic bilirubin conjugation [15-18,30-34,37—41].

Because G6PD deficiency is an X-linked condition, males may be either G6PD normal
or deficient hemizygotes, whereas females may be either normal homozygotes, deficient
homozygotes, or heterozygotes. Using biochemical testing, identification of the two male
groups should be straightforward. Categorization of females, however, may be inaccurate.
In any female cell, only one of the two X chromosomes is active. If the inactivation of the
X chromosome was random, half of the cells of a heterozygote female would have been
G6PD normal and half would have been deficient, and quantitative G6PD enzyme activity,
representing both cell components, would have been intermediate between normal and
deficient levels. However, X chromosome inactivation is usually nonrandom, resulting in
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varying proportions of red blood cells that may be either G6PD normal or deficient [43—45].
Thus, in heterozygous females, quantitative measurements of G6PD activities result in a
continuum of borderline intermediate levels [46].

Immigration and inter-communal marriages spread G6PD deficiency beyond its origi-
nal geographic and ethnic distribution. This should be taken into account when assessing
risk factors for developing significant NHB. Israel is an immigrant country that absorbed
Jews, including Sephardic Jews, coming from all over the world. Native Arabs and Jews
originating from many countries comprise most of our population. Thus, our hospital has
been one of the first in Israel to implement universal quantitative neonatal screening for
G6PD deficiency in order to identify newborns at risk for developing severe NHB [47].
The ethnic characteristics of G6PD deficiency in our newborn population emphasized this
approach [47]. A growing population of mixed ethnic origin (Ashkenazi and Sephardic
Jewish intermarriages) was found, and 3.8% of the males in this group were G6PD defi-
cient [47]. The World Health Organization (WHO) recommends screening all newborns in
populations with a prevalence of 3 to 5% or more in males. Based on the data found on
G6PD prevalence in our neonatal population, i.e., 4.5% of all males and even higher in some
ethnic groups (10.7% in Sephardic Jews and 6.2% in Muslim Arabs) [47] our center, as well
as other birthing medical centers in Israel, adopted a universal screening program for G6PD
deficiency. Further justification for universal neonatal G6PD screening was the association
between G6PD deficiency and significant NHB, including the increased risk associated with
borderline intermediate G6PD activities in female infants [47]. However, the main pitfall
of our current universal neonatal screening for G6PD deficiency is that it is a biochemical
phenotype-based method. Quantitative measure of G6PD activity still lacks the genotypic
equivalent that is so important for defining the infants, especially heterozygous female
with intermediate G6PD activities, who may be at high risk for severe NHB and even
kernicterus [27], not less than the deficient male infants. Using our universal screening data
on quantitative measurements of G6PD activity in our entire population, the sex-based dis-
tribution of G6PD ranges of normal, deficient and intermediate activities was assessed [47].
However, the difficult challenge was to define the intermediate borderline range in female
newborns. For clinical and practical considerations, adopting a reference value of G6PD
activity <7 U/gHb for classifying male newborns as G6PD deficient was useful, although
most Mediterranean G6PD deficient males in our population were with G6PD activities
<2 U/gHb. However, it was hard to define the upper limit of G6PD activity for the inter-
mediate continuum of borderline levels in the presumably heterozygous female groups.
The suggested G6PD activity of 9.5 or 10 U/gHb for the upper limit [46,47] was the best
approximation that could be achieved based on quantitative G6PD activity measurements
without concomitant DNA analysis that was not readily available at that time.

Thus, the problem of identifying G6PD-deficient newborns at risk for significant NHB
was not fully settled. Although most G6PD-deficient males can be accurately identified
by quantitatively testing G6PD enzyme activity, females are more difficult to categorize
because many in this group may be heterozygotes with phenotype overlap between normal
homozygotes, heterozygotes, and deficient homozygotes [44]. Screening females by phe-
notypic biochemical quantitative enzymatic activity measurement is relatively inaccurate,
and requires a wide range of safety zones in order not to miss any of these female infants at
risk for severe NHB.

DNA-based polymerase chain reaction (PCR) molecular screening could probably
be more accurate, because it identifies the exact genotype of these females. However
this is usually more complicated and expensive technology, especially for setting up a
screening program [44]. Another difficulty with DNA-based screening is the wide range of
worldwide G6PD mutations [32,48,49]. Even if only considering the more frequent G6PD
mutations in our region, dominated by G6PDMediterranean that is common in Sephardic Jews
and Arabs in our country, a significant number of mutations would still have to be screened
for, because of the diverse population, being an immigration country [25,50-53].
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The aim of this study was to examine another strategy to overcome the problem
of defining the G6PD borderline deficiency range in relation to NHB. If our phenotypic
biochemical quantitative G6PD enzymatic activity screening could be more accurate and
reliable in identifying high-risk newborn infants, especially heterozygous females, then
the need for genetic screening will decrease. Studying the specific possible genotypes
associated with the different levels of G6PD activity in our population and their relations
to the development and severity of NHB was thus the approach adopted. The goal of this
study was to try to establish G6PD phenotype—genotype associations and relate them to
the risk of developing severe NHB. This could be important in order to make our universal
screening more clinically informative and practically efficient [44]. Specifically, the aim
was to identify G6PD gene mutations in our population, identify UGT1A1 promoter gene
polymorphisms, and try to find the association with the biochemical G6PD activity and
clinical NHB.

2. Materials and Methods
2.1. Study Population

Infants studied were born at the Bnai Zion medical center in Haifa. Based on the
results of quantitative G6PD screening performed on all newborns in our hospital, male
infants with G6PD deficiency (<7 U/gHb) and female infants with low and borderline
G6PD levels (<12 U/gHb) were identified. The upper level of 12 U/gHb is beyond the
upper limit of intermediate range (10 U/gHb) employed in clinical practice, because one of
the study goals was to try and better define the upper limit of intermediate G6PD activity,
and 12 U/gHb seemed to be a wide enough range to test. A small sample of male and
female infants with normal G6PD activities (>7 U/gHb for males and >12 U/gHb for
females) were included as controls.

2.2. Study Period

The period of the study was 1 August 2018-30 July 2021. Because of the COVID-19
pandemic with frequent lockdowns, and limited opportunities to obtain informed consents
from both parents, sample collection was practically discontinued earlier than planned on
1 March 2020.

2.3. Consent

The parents of infants that qualified for genetic testing were approached by one of the
first three authors (A.R., Y.B., and C.H.) for informed consent to use the same umbilical
sample that was used for G6PD screening for further genetic analysis. All parents that were
approached consented for the specific genetic analyses to be performed, as outlined below.
However, this cannot be regarded as a cohort of all the infants with G6PD deficiency or
borderline deficiency during the study period. Not all parents of infants that qualified for
the study were approached because of different issues (i.e., weekends and holidays—if
none of the authorized researchers was available to come and discuss consent with the
parents; or pauses in collection of samples due to workload or technical issues in the
involved laboratories).

2.4. Ethics

The study was approved by the local institutional review board (Helsinki committee)
(0117-17-BNZ) on 23 July 2018 after also being approved by the supreme national review
board of the Israeli Ministry of Health (Application number 044-2018) on 29 March 2018.

2.5. Measured Parameters

G6PD phenotype, i.e., G6PD activity, G6PD genotype, i.e., G6PD mutation (Mediter-
ranean or other) and homozygosity or heterozygosity, UGT1A1 gene polymorphisms, i.e.,
the number of TA repeats in the UGT1A1 promoter, and bilirubin levels (either by non-
invasive transcutaneous bilirubinometry or in serum from blood sample) were measured.
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2.6. Study Design

Our suggested approach for studying G6PD genotype—phenotype relations and their
association to NHB involved the following stages:

1.  Developing a genetic methodology (high-resolution melting (HRM) analysis) that
would enable us to easily identify mutant G6PD males and heterozygous and ho-
mozygous females compared to normal wild type G6PD controls.

2. Establishing a method to identify UGT1A1 gene polymorphisms (number of TA
repeats in the UGT1A1 promoter) in normal and G6PD-deficient infants, and establish
their associations with NHB in G6PD-deficient infants.

3. After establishing the method for identifying G6PD mutations in our population and
their associations to specific UGT1A1 gene polymorphisms associated with NHB, we
checked the G6PD genotype in a sample of newborn infants, including females, who
were allegedly heterozygotes. An infant’s G6PD status was first identified by our
universal umbilical cord blood’s G6PD enzyme activity screening. For the purpose
of this study, for female infants with intermediate G6PD activity measurements,
the upper limit of intermediate range was widened beyond what is currently used
(2-12 U/gHDb). Before genetic testing, the parents of these infants were asked for their
informed consent to use their infants” umbilical cord sample (taken in EDTA tube
useful both for G6PD enzyme activity testing and for DNA mutation analysis) for
genotype testing as part of this study.

4. Bilirubin levels of the infants studied were closely followed in order to identify
whether they develop NHB and to define its severity. In this stage, our aim was to try
to establish the phenotype—genotype relationships between the intermediate range
of biochemically measured G6PD enzyme activity, the specific G6PD mutation, and
the UGT1A1 promoter gene polymorphisms that could identify infants, especially
females, at risk for significant NHB.

2.7. Sample Size

For stages 1 and 2, recruitment of 50 infants was planned including infants with G6PD
deficiency or borderline deficiency in a male: female ratio of 1:1, and ~15% infants with
normal G6PD activity (>7 U/gHb for males (4) and >12 U/gHb for females (4)). For stage 3,
recruitment of another 50 infants was planned: 10% males with G6PD deficiency (<7 U/gHb
(5)) and 90% females with intermediate (2-12 U/gHb, higher upper level as discussed
above) deficiency (45). As mentioned above, recruitment was discontinued on 1 March
2020 at the beginning of stage 3, before the desired sample size was reached. However,
failure to establish HRM in our population as a fast low-cost method for identifying G6PD
heterozygous and homozygous mutants without having to identify the exact mutation by
sequencing also made efforts at continuation of recruitment to stage 3 after the end of the
pandemic irrelevant.

2.8. Procedures

1.  Collection of blood samples for universal G6PD screening: Universal screening for
G6PD was implemented at the Bnai Zion Medical Center since July 2007 [47]. After
delivery, umbilical cord blood samples for quantitative G6PD activity screening are
routinely obtained. These are collected in ethylene diamine tetra acetic acid (EDTA)
tubes that can also be used for DNA extraction and PCR analysis.

2. Biochemical laboratory assays:

21  G6PD enzymatic activity was measured within two days of collection. Red
cell G6PD activity was determined by the enzymatic colorimetric assay for
quantitative determination of G6PD deficiency using a commercial kit (G6P-
DH, Cat. No. 17.005, Sentinel Diagnostics, Milan, Italy). The quantitative
test involves oxidation of glucose-6-phosphate to 6-phosphogluconate with
concomitant reduction of NADP+ to NADPH. The rate of NADPH formation,
which is proportional to G6PD activity, is measured spectrophotometrically.

77



Children 2023, 10, 1172

The G6P-DH screening kit also contains Hemoglobin Normalization proce-
dure, i.e., a rapid quantitative measurement of G6PD activity is coupled to
a simultaneous evaluation of hemoglobin content. Results are expressed as
units of activity per gram hemoglobin (U/gHb). All the tests of enzymatic
activities were automatically run at 36 °C by the biochemistry analyzer, Cobas
Mira (Roche diagnostic systems, Hoffman La-Roche LTD, Basel, Switzerland).

2.2 Total serum bilirubin (TSB) levels were spectrophotometrically determined by
Twin Beam Analyzer (Gamidor Diagnostics Ltd., Petach Tikva, Israel,) at two
wavelengths (455 nm and 575 nm).

Transcutaneous bilirubinometry and clinical assessment of NHB: Transcutaneous
bilirubin (TcB) measurements were performed using the Minolta J]M-105 (Drager
Jaundice meter—DBiliblitz). TcB was measured routinely in all newborns at the time of
discharge from the nursery (usually 52 4 12 h after uncomplicated normal vaginal
delivery). TSB was also measured if the TcB reading was higher than 11 mg/dL or the
baby had known risk factors for significant neonatal hyperbilirubinemia. If both TcB
and TSB were recorded, TSB was used for the analysis. Assessment of the severity of
hyperbilirubinemia and decisions regarding phototherapy were based on the AAP
guidelines [1] that were adopted by the Israeli Neonatal Association.

Genetic laboratory analysis: After obtaining parents’ informed consent, DNA was
extracted from the collected blood samples saved in EDTA tubes.

41  Complete PCR sequencing of the whole G6PD gene was performed, including
the coding and the one non-coding exons, flanking intronic regions of the
G6PD gene, and the G6PD gene 5’ and 3’ untranslated regions (5UTR, 3'UTR).
A list of the G6PD primers that were used can be found in the Supplementary
Material section. In this method, one primer is used with dNTP and ddNTP
nucleotides. ddNTP nucleotides are used as transmitters of the sequencing
reaction. Because discontinuation of elongation is random, multiple fragments
of DNA with different lengths are synthesized—each strand was stopped at
a different point. A mixture of four ddNTP nucleotides, each carrying fluo-
rophore with different fluorescent color, is used. At the stage of electrophoresis
in the sequencer, the fluorescent signal is measured during the passage through
the capillary in the optical cell. The information is electronically recorded, and
the translated sequence is saved to the computer electronic database. Because
this complete PCR sequencing is both time and cost consuming, initially it
was planned only for a small number of representative samples—two of our
control group were sequenced in order to verify a normal sequence. After
that, the rest of the samples along with the control group were checked by
GeneScan.

42  For all samples, employment of a new methodological approach to identify
G6PD heterozygous and homozygous mutants using high resolution melting
(HRM) analysis was planned. The advantage of using this method could be
identification of G6PD heterozygous and homozygous mutants without identi-
fying the exact mutation, as performed in sequencing, which should be faster
and much less time and cost consuming. HRM is a new post-PCR analysis
method used to identify genetic variation in nucleic acid sequences. It can
discriminate DNA sequences based on their composition, length, GC content,
or strand complementarity. HRM analysis starts with PCR amplification of
the region of interest in the presence of a dsSDNA-binding dye, which has high
fluorescence when bound to dsDNA. The second step is a high-resolution
melting step and capturing fluorescent data points per change in temperature.
When the dsDNA dissociates into single strands, the dye is released which
causes a change in fluorescence. Finally, a melt curve profile of the amplicon
is received. Melt curves with similar shape but different melting temperature
(Tm) represent homozygous variant samples compared to a wild type sample.
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Melt curves with different shape are due to heterozygous variant samples.
Tm is the point in the melt curve where 50% of the DNA is double-stranded
and 50% is single-stranded (melted); it is visualized better in a first deriva-
tive curve (as a peak). After aligning the samples, the result is plotted and
presented as the pre-melt region (100% fluorescence where every amplicon is
double-stranded), active melt region (true fluorescence change), and post-melt
region (0% fluorescence point where every amplicon is single-stranded). The
differences between melt curves are often small and are best visualized using a
difference plot that helps distinguish between the homozygous and heterozy-
gous compared to the wild type. In order to detect unknown mutations, the
whole gene was scanned. Using HRM analysis, scanning of the gene using
180 bp long amplicons with 25-mer forward and reverse primers and 25 bp
overlap of each amplicon was initially done.

43  Initial HRM analysis of the first 10 male samples, although technically not
optimal, compared with the melting curve of the normal G6PD sequence
control group, revealed that the melting curve of exon 5 was different. Taking
this into account and supported by published literature [54], exon 5 was
directly sequenced and hemizygosity of the known Mediterranean mutation
(NM_001360016.2(G6PD): ¢.563C>T (p. Ser188Phe)) was found in 6 out of
10 samples. Therefore, Sanger direct sequencing of exon 5 was the first step in
all tested samples thereafter.

44 In order to find an association between the number of TA repeats (microsatellites)
in the UGT1A1 promoter and quantitative GOPD enzyme activity, especially in
the heterozygous females, the number of TA repeats in the UGT1A1 promoter
was determined. Wild type UGT1A1 contains six TA repeats [A(TA);TAA] in
its promoter region [31]. Seven or more TA repeats was considered pathological.
The analysis was performed using a sequencing method with primers that were
specifically designed and synthesized for this purpose.

2.9. Statistical Analysis

Data were statistically analyzed using SigmaPlot, version 11.0 (Systat Software Inc. San
Jose, CA, USA). Statistical analysis included descriptive statistics, and one-way analysis of
variance (ANOVA) or chi-square test for comparisons of multiple continuous or categorical
variables between groups. When appropriate, the non-parametric test of Kruskal-Wallis
one-way analysis of variance on ranks was employed. Data are presented as mean =+
standard deviation (SD) or median with interquartile range (IQR), as appropriate, and
p-values of less than 0.05 are considered statistically significant.

3. Results

Fifty-five newborn infants were included in the study: 28 females and 27 males.

The G6PD gene has three different isoforms, as demonstrated in Figure 1, including 13
exons, and they differ in the first exon sequence, which is encoding only in NM_000402.4(G6PD)
isoform.

According to the professional and public databases, there are 238 known damaging
G6PD variants in the Human Gene Mutation Database (HGMD) and 299 pathogenic and 23
likely pathogenic variants in ClinVar (https://www.ncbi.nlm.nih.gov/clinvar, accessed on
12 June 2023). In our research group, the NM_001360016.2(G6PD): c.563C>T (p.Ser188Phe),
known as the Mediterranean pathogenic variant, was by far the most frequent mutation
identified in our population, both in males and females. The Mediterranean pathogenic vari-
ant is also known as NM_000402.4(G6PD):c.653C>T (p.Ser218Phe) as explained in Figure 1
and illustrated at the genomic level in Figure 2 (30 codons shift (p.Ser188Phe p.Ser218Phe)
due to exon 1 encoding only in isoform NM_000402.4).
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Figure 2. Screenshot of the Mediterranean G6PD mutation as demonstrated in https://genome.ucsc.
edu/, accessed on 12 June 2023); the NM_001360016.2(G6PD): ¢.563C>T (p. Ser188Phe) (yellowish
column) with its specific isoform nomenclature.

In the 27 male newborn infants’ group, 20 males were hemizygous to the Mediterranean
mutation (NM_001360016.2(G6PD): ¢.563C>T (p. Ser188Phe)) and seven did not have this
mutation. All 20 hemizygous males with the Mediterranean mutation had very low G6PD
activity of less than 1 U/gHb. The number of TA repeats in the UGT1A1 promoter were
7/7 in three (abnormal homozygous), nine were heterozygous with 6/7 repeats, and eight
were normal with 6/6 repeats. Among the seven males who were not found to have the
Mediterranean G6PD deficiency mutation, three had G6PD activity lower than 7 U/gHb (in
the range of 5-6.5). In this group of three, full sequencing of the G6PD gene was performed
and other mutations of G6PD were found. Two of these infants were normal with 6/6 TA
repeats in the UGT1A1 promoter, and one was heterozygous with 6/7 repeats. The four
other male infants without the Mediterranean or any other G6PD mutation had normal
G6PD activity above 7 U/gHb. Three of these infants were normal with 6/6 TA repeats
and one was heterozygous with 6/7 TA repeats in the UGT1A1 promoter (Figure 3).

Of the 28 female newborn infants studied, three were homozygous to the Mediterranean
mutation with low G6PD activity of 0-1.4 U/gHb in the biochemical quantitative assay.
Genetically, two of these females were heterozygous with 6/7 TA repeats in the UGT1A1
promoter, and the third was normal with 6/6 TA repeats (Figure 3).

Sixteen females were heterozygous to the Mediterranean mutation, 15 of them had no
other G6PD mutation. Their G6PD activity was in the range of 6.2-11.6 U/gHb. Seven of
this group had normal TA repeats (6/6) in the UGT1A1 promoter, six were heterozygous
with 6/7 repeats, and for the other two the blood sample was insufficient to complete this
analysis and their data are missing. One female of the 16 Mediterranean heterozygous infants
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was also heterozygous to another G6PD mutation, defining her as compound heterozygous.
Her G6PD activity was low—2 U/g Hb, and her genetic analysis revealed 6/7 TA repeats
in the UGT1A1 promoter (Figure 3).

| 55 Newborns studied |
27 Males
7 without the 20 hemizygous 16 hetrozygous 3 homozygous
G6PD for the G6PD for the GEPD for the G6PD
Mediterranean Mediterranean Mediterranean Mediterranean
mutation mutation mutation mutation

|
1 heterozygous without any 15
for another. other G6PD.
(G6PD mutation mutation

| |

4 with G6PD 3 with G6PD G6PD G6PD G6PD G6PD
Activity > 7.0 Activity < Activity < Activity 2 Activity 6.2- Activity
U/gHb 7.0 U/gHb 1.0 U/gHb U/gHb 11.6 U/gHb || 0-1.4 U/gHb
[ | [ [ |
3homozygous [ | 1 heterozygous. 8 homozygous 3 homozygous Heterozygous 1homozygous 2 heterozygous
witn6TA witn67TA witn 6TA witn 7T with 67 TA wn§TA with 67TA
repeats in repeatsin repeats in repeats in repeats in. repeats in repeats in
UGTIAL UGT1AL UGT1AL UGT1AL UGTIAL UGT1AL UGT1AL
P — [——————
With6TA with 6&-7TA with6-7TA with 6 TA With 6-7TA
repeats in repeats in repeats in repeatsin repeatsin
UGT1A1 UGT1A1 UGT1AL UGT1AL UGT1AL

Figure 3. Study population by gender, G6PD mutation, G6PD activity, and number of TA repetitions
in the UGT1A1 promoter.

Nine of the 28 female infants did not have the Mediterranean mutation. Eight of them
had no other G6PD deficiency mutation. Their G6PD activity in the biochemical assay
was 8.8-18.2 U/gHb. Genetic analysis of the UGT1A1 promoter revealed that three were
homozygous with abnormal 7/7 TA repeats, two were heterozygous with 6/7 TA repeats
and three were normal with 6/6 repeats. The last female in this group was homozygous
for another G6PD mutation. Her G6PD activity was 6.3 U/gHb and UGT1A1 promoter
analysis revealed 6/6 normal TA repeats (Figure 3).

Regarding G6PD activity, hemizygous male infants with the Mediterranean mutation
had significantly lower G6PD activity. Although hemizygous males with another G6PD
mutation demonstrated lower G6PD activity compared to males with normal G6PD activity,
the difference was not statistically significant, most probably due to the relatively small
group of such males in our sample (Table 1).

Homozygous and heterozygous G6PD-deficient females had lower G6PD activity
compared to females without G6PD mutations. The homozygous females had low G6PD
activities, and the heterozygous females had intermediate activities. The differences were
statistically significant. Most of the G6PD-deficiency mutations were Mediterranean, as
presented above. The few female infants with other G6PD mutations were subdivided
for the analysis. The one who was compound heterozygous, i.e., heterozygous to two
G6PD mutations, one of which was Mediterranean, was addressed as homozygous for G6PD
deficiency. Another female who was homozygous to another (non-Mediterranean) G6PD
mutation was analyzed with the female infants who were heterozygous to the Mediterranean
mutation having intermediate G6PD activity (Table 1).

There was some overlap between the upper range of intermediate G6PD activity
(6.2-11.6 U/gHb) in heterozygous female infants and lower range of normal G6PD activity
(9.7-18.2 U/gHbDb) in female infants without mutations.

Although there were no significant differences in mean maximal bilirubin measured
during nursery admission between the different genotypic G6PD groups of male and
female newborns, there were some noteworthy differences (Table 1). Mean bilirubin
level measured in the homozygous female infants was 9.3 mg/dL with levels that could
reach as high as 20 mg/dL. Mean bilirubin level in the heterozygous females was slightly
lower at 8.7 mg/dL with levels up to 18.5 mg/dL. In the group of females without G6PD
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Mediterranean mutation, mean bilirubin level was lower at 7.4 mg/dL with a highest
bilirubin level of 11.0 mg/dL measured in one of the infants (Table 1). Mean maximal
bilirubin levels in the male infants were also not significantly different. In the group of 20
males who were hemizygous for the Mediterranean mutation, the highest bilirubin measured
was 17.0 mg/dL as opposed to 12.2 mg/dL in the males with the normal G6PD genotype
(Table 1).

Table 1. G6PD activity in male and female newborns by genetic profile and its association to maximal
bilirubin levels measured in these infants.

G6PD Activity (U/gHb) Maximal Bilirubin Level
G6PD Genot -Val i -Val
Gender " enotype Median IQR p-¥alue Median IQR Maximal p-¥alue
Value
Hemizygous to the
20 Mediterranean G6PD 0.60 * 0.25-0.80 9.35 7.45-11.85 17.0
mutation
Male Hemizygous for <0.001 * 0.138 T
3 another G6PD 5.20 5.05-5.87 12.90 10.95-14.32 14.8
mutation
4 Normal 16.55 * 15.50-17.30 9.65 9.35-10.95 12.2
4 Homozygous ** 1.00% 0.30-1.70 8.55 3.75-14.85 20.1
Female 16 Heterozygous 8401 7.35-10.65 <0.001 *1 8.70 4.40-12.65 18.5 0.839 11
8 Normal 13.30 *1 10.15-17.10 6.60 5.00-10.35 11.0

IQR—Interquartile range (25-75% percentile). *—Kruskal-Wallis one-way analysis of variance on ranks (signifi-
cantly different groups are marked by *). f—Kruskal-Wallis one-way analysis of variance on ranks (significantly
different groups are marked by 1). **—This group includes one female who was heterozygous for the Mediter-
ranean mutation and also heterozygous for another G6PD mutation, i.e., compound heterozygous. "*—This
group includes one female who was homozygous for another (non-Mediterranean) mutation. T—Kruskal-Wallis
one-way analysis of variance on ranks (significantly different groups are marked by T). 11—Kruskal-Wallis
one-way analysis of variance on ranks.

Analyzing the number of TA repetitions in the UGT1A1 promoter revealed that the
highest bilirubin levels were found in the two males hemizygous to the Mediterranean
mutation who were also homozygous to 7/7 TA repeats (mean: 12.1 & 0.3 mg/dL); and in
the male who was hemizygous to another non-Mediterranean G6PD mutation who was
heterozygous to 6/7 TA repeats (14.8 mg/dL). However, these were very small groups and
the differences were not statistically significant (Table 2).
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Table 2. G6PD genotype and UGT1A1 polymorphism in male and female newborns and their
association to maximal bilirubin levels measured in these infants.

UGTI1A1 Maximal Bilirubin Level
Promoter
Gender N GorD Genotype Number of TA " Median IQR -Value
Repeats P
Hemizygous 6/6 9 9.50 7.82-12.30
20 to the Mediterranean G6PD 6/7 9 8.60 6.45-10.25
mutation 7/7 2 12.15 11.90-12.40
Male 3 Hemizygous 6/6 2 11.60 10.30-12.90 0.199 *
for another G6PD mutation 6/7 1 14.80 -
6/6 1 9.10 -
4 Normal 6/7 3 9.70 9.62-11.57
. 6/6 1 7.50 -
4 Homozygous 6/7 3 9.60 2.40-17.48
6/6 8 6.45 4.40-9.80
16 Heterozygous ' 6/7 6 11.75 8.10-13.10 *
Female Unknown 2 8.60 3.70-13.50 0-698
6/6 3 5.60 5.52-8.82
8 Normal 6/7 2 10.90 10.80-11.00
7/7 3 4.50 4.20-6.82

IQR—Interquartile range (25-75% percentile). *—Kruskal-Wallis one-way analysis of variance on ranks. **—This
group includes one female who was heterozygous for the Mediterranean mutation and also heterozygous for
another G6PD mutation, i.e., compound heterozygous. *—This group includes one female who was homozygous
for another (non-Mediterranean) mutation.

In the females, heterozygosity to 6/7 TA repeats in the UGT1A1 promoter was associ-
ated with the highest bilirubin levels (mean 10.1 £ 5.6 mg/dL, compared to 7.6 £ 4.1 in
females with wild type UGT1A1, i.e., homozygous to 6/6 TA repeats in the promoter, and
5.4 + 1.9 in homozygous with 7/7 TA repeats, p = 0.438) (Table 2).

Heterozygosity to 6/7 TA repeats in the UGT1A1l promoter in females was also
associated with lower G6PD activity (mean 6.9 £ 4.0 U/gHb vs. 15.3 & 4.1 in homozygous
to 7/7 TA repeats and 9.5 £ 4.3 in homozygous to 6/6 TA repeats, p = 0.032).

4. Discussion

The Mediterranean pathogenic variant (NM_001360016.2(G6PD): ¢.563C>T (p.Ser188Phe)),
also known as NM_000402.4(G6PD):c.653C>T (p.Ser218Phe) as explained in the results above
(Figures 1 and 2), was associated in both hemizygous males and homozygous females with
low G6PD activity. Heterozygous females with the Mediterranean mutation exhibited inter-
mediate range G6PD activity with higher maximal bilirubin levels that were slightly lower
than in the homozygous females with the mutation. Thus, the known association between
the Mediterranean G6PD mutation and lower G6PD activity with higher levels of neonatal
hyperbilirubinemia was confirmed [51].

Heterozygosity to 6/7 TA repeats in the promoter of UGT1A1 was associated with
more significant neonatal jaundice, especially if the newborn infant had complete or partial
G6PD deficiency. This association seems to be more significant in females. However, from
our analyses it seems that the interaction between G6PD deficiency and decreased conjuga-
tion by UGT1A1 because of incorrect number of TA repeats in the promoter with resultant
increased neonatal hyperbilirubinemia without hemolysis [35] is more complex, and is
possibly associated with other genetic interactions that have not yet been described [24].

However, it must be stressed that in this study only UGT1A1 variants that had different
polymorphisms in the promoter, and more specifically in the number of TA repeats in
the (TA),TAA box of the promoter, were investigated [32,35,41]. The many other variants
of the UGT1A1 gene, which could significantly affect its activity and thus NHB, were
not addressed [16,24,33]. Although Israel is an immigrant country with multiple diverse
populations, many ethnic populations are under-represented or not represented in our
population. There are many variants of UGT1A1 and G6PD that have been described in
the world [28,31,36—40] and were not addressed in this study; thus, their co-expression
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and effect on NHB deserve further studies in order to clarify the complex interactions that
cause significant NHB.

Neonatal screening programs for G6PD increase parental and caretaker awareness,
thereby facilitating early access to treatment with resultant diminished mortality and
morbidity associated with severe NHB. Regarding our aim to try and better define the
intermediate borderline G6PD activity range in females that are heterozygous to G6PD
deficiency, so that these female infants could be better identified and their parents be guided
before discharge from the nursery regarding the need for close follow-up for late-onset
rapidly rising hyperbilirubinemia on days 4-6 of life, the genetic analysis was not helpful.
Our results still demonstrate the overlap between the higher range of intermediate G6PD
activity and the lower range of normal. Actually, in the range of 9.7-11.6 U/gHb there
remains uncertainty that mandates caution in females with G6PD activity measured within
this range. Thus, the threshold of normal G6PD activity in females, defined as 9.5 by
Kaplan et al. [46,55] or 10 U/gHb by Riskin et al. [47], based on the distribution of G6PD
activities measured by the biochemical method and the relation to NHB remains in doubt.

The main limitation of our study is our sample size that was affected by many factors
including the costs of full genetic analysis. This was the result of our failure to establish
HRM as a quick cheap method to identify G6PD mutations in our population instead of
running full sequencing of the G6PD gene. This was quite surprising because HRM was
successfully used in the past to identify G6PD mutations [56], including in our region [57].
Yet, it is possible that the combination of dominant Mediterranean G6PD mutation in our
population along with the other G6PD mutations typical of our population as an immigrant
country resulted in melting curves that were not sensitive enough to separate the mutations
by HRM.

Regarding the possible contribution of analyzing the number of TA repeats in the
UGT1A1 promoter as another screening method to identify newborns, especially females,
at risk for high NHB, it seems that the interaction with G6PD deficiency and significant
neonatal jaundice is more complex, and requires further study and analysis before it can be
recommended as a screening test for newborns. Recent studies highlight the independent
role of the number of TA repeats in the UGT1A1 promoter in NHB [24,38].

5. Conclusions

In summary, it is important to continue performing more studies to evaluate the role
of genetic screening with analysis of the number of TA repeats in the UGT1A1 promoter to
assess for increased risk for NHB, especially in heterozygous females to G6PD deficiency.
However, it cannot be recommended routinely at this time before more data and better
interpretation of the genetic interactions are achieved.
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Abstract: Introduction: Bronchopulmonary dysplasia (BPD) is a devastating disease in preterm
infants concurrent with neurodevelopmental disorders. Chronic hyperoxia exposure might also cause
brain injury, but the evidence was insufficient. Methods: Neonatal C57BL/6] mice were exposed to
hyperoxia from PO to induce a BPD disease model. Lung histopathological morphology analyses
were performed at P10, P15, and P20. Cerebral myelination was assessed using MBP (myelin basic
protein, a major myelin protein), NfH (neurofilament heavy chain, a biomarker of neurofilament
heavy chain), and GFAP (glial fibrillary acidic protein, a marker of astrocytes) as biomarkers by
western blot and immunofluorescence. Results: Mice exposed to hyperoxia exhibited reduced and
enlarged alveoli in lungs. During hyperoxia exposure, MBP declined at P10, but then increased to a
comparable level to the air group at P15 and P20. Meanwhile, GFAP elevated significantly at P10, and
the elevation sustained to P15 and P20. Conclusion: Neonatal hyperoxia exposure caused an arrest of
lung development, as well as an obstacle of myelination process in white matter of the immature
brain, with a decline of MBP in the generation period of myelin and persistent astrogliosis.

Keywords: neonatal hyperoxia; molecular injury; cerebral myelination

1. Introduction

Neonatal hyperoxia exposure is frequent among preterm infants for lifesaving, par-
ticularly among those born with respiratory distress before 32 weeks of gestational age.
For infants born preterm, even breathing the room’s normal air is hyperoxia relative to the
fetus’ environment. Hyperoxia adds oxidative stress to the process of subsequent organ de-
velopment after birth that might lead to developmental disturbances. Notably, hyperoxia is
considered to be the key contributor to bronchopulmonary dysplasia (BPD). BPD seems to
be a predictor of functional, behavioral, and sensory deficits [1]. As shown by the literature,
lower cognitive scores assessed by Bayley III were more common in preterm-born children
with BPD at 18-24 months of corrected age [2]. However, the mechanism underlying
neurodevelopmental disturbances in BPD infants are not completely understood.

Encephalopathy of prematurity (EoP) is a major pattern of brain injury in preterm
infants, characterized by widespread hypomyelination or diffuse white matter injury
(WMI). It is generally accepted that EoP is caused by systemic perinatal inflammation
from infection and/or hypoxia-ischemia, with strong evidence revealed by animal models
that mimic perinatal conditions [3,4]. Recently, hyperoxia-induced brain injury has at-
tracted attention, since it represents a realistic clinical insult that preterm infants encounter
during the transitional period at birth. Several experimental studies demonstrated that
hyperoxia damaged mitochondrial function in the brain [5], induced oligodendrocytes
degeneration [6], and generated long-term cognitive deficits [7]. During normal human
brain development, the formation of myelin sheaths by oligodendrocytes spurts a rapid
brain growth that is known as cerebral myelination, at around 30 weeks of gestational age
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until two years of age, whereas the growth spurt of myelin in rodents is around postnatal
day 2 (P2) to P10 [8]. Thus, infants born during this key period are vulnerable to brain
injuries. Whether BPD-associated brain injury is caused by intermittent or continuous
hypoxia owing to deteriorative lung function or attributed to direct hyperoxia injury is
controversial. Direct evidence of negative effects that hyperoxia imposes on the process of
myelination is still lacking.

In view of this, we addressed the impact of neonatal hyperoxia on the process of
myelination in the same experimental model as BPD, with the aim to reveal the molecular
substratum of hyperoxia-associated brain injury from a dynamic perspective.

2. Methods
2.1. Animals and Hyperoxia Intervention

C57BL/6 ] mice were purchased from JieSiJie Laboratory Animal Co., Ltd., Shanghai,
China, and were housed in animal care facilities at Fudan University Affiliated Pudong
Medical Center, Shanghai, China (approval code: XYXKHU2020-0005). Animal procedures
were performed in accordance with the Institutional Animal Care and Use Committee
(IACUC) of Fudan University (approval code: 00033).

The female adult mice mated 3:1 with the male in the afternoon and were separated
the next morning. To establish hyperoxia-induced models, newborn pups were exposed
to 80% hyperoxia at birth (postnatal day 0, P0O) along with their mothers, in cages in an
airtight Plexiglass chamber (size 80 cm x 35 cm x 30 cm with two holes on the side walls
for inputting oxygen and air escape) with a continuous import of oxygen (1 L/min). The
fraction of inspiration oxygen was measured by an oxygen analyzer to maintain 80% in
the hyperoxia group. This method and oxygen concentration were adopted generally
by researchers to stably establish an experimental BPD phenotype [9]. Animals were
raised at 22~27 °C with 50~70% humidity and subjected to a 12 h light-dark cycle. Soda
lime was used to absorb CO,, and silica gel beads were used to absorb H,O. Hyperoxia
exposure lasted 10 days, 15 days, and 20 days, respectively, and pups were sacrificed at
corresponding time points at P10, P15, and P20 for lung and brain harvest. Age-matched
control mice were housed in normal room air. Pups were kept with their mothers from
the start to the end in the hyperoxia environment, and mothers were exchanged between
air and hyperoxia groups every 24 h to avoid oxygen toxicity. Mice were grouped by
block randomization. At the time of tissue harvest, mice were euthanized by 5% isoflurane
inhalation. The chest cavity was exposed, the left auricle was cut, and the lungs were
cleared of blood by perfusion with cold PBS via the right ventricle. The lungs were inflated
with 4% paraformaldehyde under constant pressure of 30 cm water until the edges swelled
and allowed to fix in 4% paraformaldehyde for 24 h for further paraffin section following
dehydration. The brains were removed with careful elimination of the olfactory bulb
after a scission at the back of the neck, posterior median line, and skull. A portion of the
brain tissues were fixed in 4% paraformaldehyde for further freezing, and the others were
stored in a —80 °C refrigerator after quick freezing in liquid nitrogen for further western
blot analyses.

2.2. Hematoxylin-Eosin (HE) Staining and Lung Morphological Assessment

HE staining is a convenient and effective method to show cellular morphology and
lung structure, providing a merit for recognizing some pathological patterns and parameter
measurements. It is generally accepted for pathological diagnosis and morphological as-
sessment of BPD phenotype in research. The fixed lungs were embedded with paraffin after
gradient dehydration with a series of ethanol and xylene, and then cut into 3.5-pm-thick
sections. Three tissue sections of each pup were selected for analysis. The sections were
dewaxed, hydrated, and stained with hematoxylin and eosin. After staining, sections
were dehydrated through increasing concentrations of ethanol and xylene, and then ob-
served under an optical microscope. Images were taken at 40 multiplying power by an
image acquisition system. Then images were observed on computer by K-Viewer software,
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and lung morphological analysis was performed on ten fields of each section manually.
Radial alveolar count (RAC), representing alveologenesis [10], and mean linear intercept
(MLI) [11]—representing the average alveolar diameter—were used for pulmonary morpho-
logical parameters. RAC counts were performed by magnifying by 4 times, superimposing
the primary images. A perpendicular was dropped from the center of a bronchiole to the
edge of the acinus (connective tissue septum or pleura), and the number of alveoli cut
by this line was counted. MLI (Lm) calculations were done by magnifying by 10 times,
superimposing the primary images. A grid was superimposed over each image, and the
number of times the alveolar walls intercepted the grid lines was counted. The equation
Lm = (N)(L)/m, where N = number of times the transverses were placed on the tissue,
L = length of the transverses, and m = the sum of all intercepts, gave Lm.

2.3. Immunofluorescence of Cerebral Myelination

Myelin basic protein (MBP) is one of the most abundant proteins in cerebral white
matter, and helps to maintain the correct structure of myelin. Neurofilament heavy chain
(NfH) is a neurofilament that contributes to the growth and stability of axons. NfH and
MBP are considered axon-specific biomarkers [12], which are generally used in combination
to identify white matter axons and wrapped myelin. In this study, immunofluorescence
staining was performed for MBP and NfH to facilitate the overview of myelination in
periventricular white matter, since it is the most studied anatomical structure involved in
preterm brain injury. The fixed brain tissues were embedded with OCT after dehydration
with a 20 g/L sucrose solution, and then cut into 8-pm-thick sections. The frozen sections
were washed with PBS, blocked with 5% donkey serum, and probed with primary antibod-
ies as follows: mouse anti-mouse MBP antibody (808402, BioLegend, San Diego, CA, USA,
1:100) and rabbit anti-mouse NfH antibody (ab207176, Abcam, Cambridge, UK, 1:1000).
After incubation at 4 °C overnight for 16 h, the sections were probed with secondary
antibodies as follows: donkey anti-rabbit Cy2 (111-225-003, Jackson, 1:500) and donkey
anti-mouse Cy3 (715-165-151, Jackson, 1:500), then incubated at room temperature for 1 h.
Then, the sections were stained with 4’,6-diamidino-2-phenylindole (DAPI) for 15 min and
mounted with AAT Bioquest, followed by observation under laser scanning confocal mi-
croscopy. Pictures were taken at 100 times magnification (10 x ocular and 10 x objective).
The parameters were set as follows: DAPI: laser line: 405 nm, PMT detector, gain: 696 V;
Cy2: laser line 488 nm, PMT detector, gain: 805 V; Cy3: laser line 552 nm, HyD detector,
gain 15%; exposure time: 12 s.

2.4. Western Blot of MBP and GFAP

As described above, MBP is the most important biomarker of myelin. So, western blot
analysis was performed to quantify MBP expression. Glial fibrillary acidic protein (GFAP)
is a biomarker for astrocytes [13]. Astrocytes outnumber neurons in human neocortical
white matter, and they are vulnerable and responsive to injury. Once encountered with
injury, GFAP increases in astroglial cells and processes [14], which is considered a sensitive
indicator of brain injury. So, western blot was also performed to quantify GFAP expression.
Total protein was extracted using tissue protein extraction reagent (78510, Thermo, Waltham,
MA, USA) mixed with a Protease Inhibitor Cocktail (87785, Thermo) under 99:1 proportion.
Every 10 mg of brain tissue was added to 100 uL protein extraction reagent, and then
ground in a tissue grinder at a rate of 60 Hz for 1 min. The ground mixture was placed
on ice for 40 min, and then centrifuged at a refrigerated centrifuge at a rate of 14,000 g
at 4 °C for 10 min. The supernatant was absorbed into a new Ep tube with a pipette and
centrifuged again for 20 min. The final supernatant was transferred into the new Ep tube
for analysis. The concentration of protein was confirmed using the bicinchoninic acid assay
(BCA). In brief, the standard protein was diluted into 8 different concentrations by diluent
to make the standard curve. The samples were diluted 50 times for measurement. The
diluted standard protein and samples were added in 96-well plates with a total of 20 pL in
each well (3 wells for each standard protein or sample). Exactly 200 uL of BCA working

90



Children 2023, 10, 1321

reagent was added to each well and incubated at 37 °C for 30 min. The 96-well plate was
put into the Varioskan LUX Multimode Microplate Reader and measured at A562. The
standard curve was drawn according to the concentrations of standard protein and their
absorbance values. The concentrations of the samples were calculated according to the
standard curve. Then, the protein samples were diluted to a uniform concentration by
adding protein extraction reagent, and 5 x sodium dodecyl sulfate (SDS) loading buffer
of 1/4 volume was added to adjust the final concentration to 5 ug/uL. The mixtures were
denatured in a metal bath at 95 °C for 10 min. For western blot, a total of 20 ug of protein
(4 uL) was loaded onto 12% SDS-polyacrylamide gels for electrophoresis and transferred
onto polyvinylidene difluoride membranes. The membranes were blocked with 5% BSA in
Tris-buffered saline-Tween (TBST) for 2 h, and incubated with primary rabbit anti-mouse
antibodies: mouse anti-mouse MBP anti-body (808402, BioLegend, San Diego, CA, USA,
1:2000), rabbit anti-mouse GFAP (80788S, CST, Boston, MA, USA, 1:1000), GAPDH (bas
132004, Absin, Shanghai, China, 1:3000), and beta actin antibody (abs132001, Absin, 1:3000)
at 4 °C overnight for 16 h. The membranes were then incubated with goat anti-rabbit
IgG-HRP (abs20040, Absin, 1:5000) or goat anti-mouse IgG-HRP (abs20039, Absin, 1:5000)
for 1 h. Protein blanks were visualized using super signal west femto maximum sensitivity
(34096, Thermo) and photographed using a gel imaging system. Beta actin served as the
internal reference, and the ratio of the gray value of the target protein to beta actin was
used as the relative protein expression. The calculation of the gray value was performed
using Image J software (Fiji, developed by NIH and LOCI, Bethesda, MD, USA).

2.5. Statistical Analysis

Statistical analysis was conducted using GraphPad Prism software. Descriptive data
were presented as means =+ SD. Survival rates were compared via a Log-rank test. Continu-
ous variables were compared between two groups via 2-tailed Student’s ¢ test, including
6 samples in each group. A p value of <0.05 was considered as statistically significant.

3. Results
3.1. Persistent Alveolar Arrest during Neonatal Hyperoxia Exposure

A total of 6 litters of newborn mice were included in this study. At PO, there were
48 newborn mice without differences in body weight. Hyperoxia exposure decreased the
survival rate of pups from PO to P20 (Figure 1A).

At P10, HE staining showed that in the hyperoxia group, the size of alveoli enlarged,
and the number of alveoli and secondary septa declined, while in the air group, secondary
septa were abundant, which separated the alveolar sacs, resulting in smaller alveoli and
an increased number of terminal alveoli (Figure 1B). Morphological assessment showed
that RAC decreased, while MLI increased significantly in the hyperoxia group compared to
the air group, which further reinforced the changes by quantifiable index (Figure 1C). At
P15 and P20, the enlargement of alveoli became more obvious, with a persistent decline of
alveoli and secondary septa. This lung morphology was similar to that of an earlier stage of
lung development, and could thus be described as alveolar arrest. These results definitely
supported that hyperoxia caused developmental disturbances on the immature lung.
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Figure 1. (A): Percentage survival of mice after 20 days of room air or 80% O, exposure (p = 0.0184).
(B): Lung morphology at P10, P15, and P20, HE staining. The hyperoxia group showed less alveoli
and enlarged alveolar space at P10, and sustained to P20. All the pictures were set on the same
scale. Scale bar 100 um. (C): Radial alveolar count (RAC) and mean linear intercept (MLI) counts
and statistical graph. The hyperoxia group displayed decreased RAC and increased MLI. Data were
calculated of six samples per group and presented as mean & SD. *** p < 0.001.

3.2. Transient Myelination Impairment during Neonatal Hyperoxia Exposure

To access the myelination, we examined the expression of MBP (myelin basic protein,
a major myelin protein) in the brain tissues through quantitative analysis by western bolt

92



Children 2023, 10, 1321

analysis combined with GFAP and qualitative display by immunofluorescence, combined
with NfH. Western blot analysis showed that MBP was significantly lower in the hyperoxia
group at P10 compared to the air group; at P15 MBP, it was raised to a comparable level
as the air group, and at P20 MBP, it did not differ significantly in both hyperoxia and
air groups (Figure 2A,B). The results indicated that cerebral myelination in the immature
brain was impaired by hyperoxia. To reinforce hyperoxia-induced brain injury, we also
examined the expression of GFAP (glial fibrillary acidic protein, a marker of astrocytes in
the brain tissues). Western blot showed that GFAP increased significantly in the hyperoxia
group at P10 compared to the air group, and the difference sustained to P15 and P20
(Figure 2A,B). The immunofluorescence showed corresponding dyeing of MBP and NfH
in the corpus callosum (Figure 3). At P10, neurofibrillary dyed as green and red was
thinner in the hyperoxia group than in the air group, and at P15 and P20, the neurofibrillary
seemed to be the same thickness in both hyperoxia and air groups. These results provided
direct molecular evidence of a negative effect of hyperoxia on the process of myelination.
Myelination was frustrated with the decline of MBP and the elevation of GFAP at the
early stage of the brain development. Although MBP was restored later, GFAP elevation
continued. Cerebral myelination was impaired by hyperoxia at a critical developmental
period, and left molecular evidence of persistent damage.
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Figure 2. (A): Western blot bands of MBP and GFAP in brain tissues at P10, P15, and P20, showing
the bands of MBP in the hyperoxia group were lighter than that in the air group at P10, while the
bands of GFAP in the hyperoxia group were deeper than that in the air group at P10, P15, and P20.
(B): Relative quantity of MBP equal to actin, and GFAP equal to GAPDH, showing the difference
in MBP between the hyperoxia and air group at P10 was significant, while the differences in GFAP
between the two groups at P10, P15, and P20 were significant. Data were calculated of six samples
per group and presented as mean &+ SD. * p < 0.05, ** p < 0.01, ** p < 0.001.
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Figure 3. Immunofluorescence staining of MBP (red) and NfH (green) in periventricular white matter
at P10 (A), P15 (B), and P20 (C), showing that MBP was inadequate at P10, but became abundant at
P15 and P20. During postnatal hyperoxia exposure, MBP declined at P10 in the hyperoxia group, but was
restored to the comparable as the air group. All the pictures were set on the same scale. Scale bar 50 um.

4. Discussion

White matter lies beneath the gray matter cortex, which is composed of millions
of bundles of axons (nerve fibers) that connect neurons in different brain regions into
functional circuits [15]. The white color derives from the electrical insulation, which is
called myelin, that enwraps axons. Myelination is the process of these myelin sheaths’
formation. Myelin sheaths act to increase the conduction velocity of electrical impulses
and improve brain connectivity [16]. Learning a new skill is associated with altered white
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matter structure, and the damage of white matter will cause impairments in sensory, motor,
and cognitive functions [17]. In humans, myelination starts in mid-to-late gestation, which
is equivalent to the perinatal and early postnatal ages in rodents [18]. In other words, the
analogous time quantum of active myelination in rodents is around P2 to P10, which is
congruent with the time preterm infants are born and survive, beginning from around
24-40 gestational age to 2-3 years after birth. In this time period, myelination is incomplete
universally and develops dynamically. This critical time quantum was covered in our
study, and the total expression of MBP can represent the overall degree of myelination
in the brain. As shown definitely in our study, hyperoxia imposed a negative effect on
myelination at P10 in rodents, equivalent to postnatal periods of preterm infants and their
early childhood. Before this time period, neurons are established, but very few of the
axons in the brain have been already myelinated, so communicational signals could barely
transfer through neurons without myelin. The evolving myelination of white matter in this
critical period contributes to pronounced improvements in cognitive abilities due to more
rapid neural communication and integration of the signals across different brain regions
involving well-recognized functions, such as vision [19], sensorimotor [20], memory [21], and
language [22]. Infants receiving excessive and prolonged oxygen therapy during this period
might experience deficits in myelination, resulting in the loss of approach through which
signals contact [23]. The decline of MBP also indicated suppressed oligodendrogenesis, a
process in which axon-myelinating oligodendrocytes recruit and generate MBP. In general,
myelinating oligodendrocytes are differentiated from oligodendrocyte progenitor cells
(OPCs), but they fail to differentiate in hyperoxia-induced brain injury due to degeneration
and maturation arrest, thus ultimately resulting in frustrated myelination. As myelin
matured, the difference in MBP expression between the hyperoxia and air group became
inconspicuous at P15 and P20, which was a slow or quiet time since myelination is almost
complete, equivalent to adulthood in humans. It was interesting that the observed micro
quantificational changes of MBP did not sustain into adulthood. A speculated reason
might be that an acceleration in the developmental trajectory of myelination would have
happened in the healing process following hyperoxia injury. There is a potential backup
pool of OPCs during adulthood, which are ready for myelin regeneration after injury [24,25].
Furthermore, OPCs are more resistant to oxidant stress in more mature bodies [26], so the
decline of MBP caught up. However, MBP is not only the structural protein of myelin,
but also an integral driver for myelin compaction via actin disassembly during myelin
wrapping [27,28]. Although oligodendrocytes could survive and continue to express myelin
genes in response to injury, they fail to maintain compacted myelin sheaths [29]. The
compensation of MBP production through an excess of OPCs being generated after injury
might not be integrated into neural circuits, thus causing failure in myelin remodeling [30].
Chang JL et al. demonstrated that hyperoxia caused abnormal myelin sheath formation
and resulted in impaired myelin integrity, which contributed to WMI [31]. On the other
hand, changes in the early developmental period may also play a role in the pathogenesis
of EoP, with attention deficit and hyperactivity disorder, anxiety, and autism spectrum
disorder as the most prevalent patterns, even absent of visible structural anomalies in the
later life [32]. Khanbabaei M et al. also proposed that an altered developmental trajectory
rather than structural anomaly could also be an important component of the etiology of
EoP, especially those that referred to a milder degree of neurological impairment affecting
mostly cognitive function and an increased risk of psychological disorders later in life [33].
It is not uncommon that children with social disorders have insignificant lesions in MRI
imaging [34]. As revealed by Allin M et al., there might be a striking pattern of enhanced
growth of the corpus callosum in adolescents born very preterm making up for early
deficits, and this acceleration represented a delay of the normal maturation process that
might be associated with a neuropsychological outcome [35]. Similarly, Morken TS et al.
found that the alterations in white matter development caused by perinatal injury were
reversible with age, indicating a maturation delay of the white matter [36]. Of note, the
short-term prominent deficits of myelination might translate into long-lasting subtle white
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matter alterations associated with cognitive impairment or psychological disorders, which
dominate the phenotypes of EoP in childhood among preterm children.

Astrocytes are predominant non-neuronal cells in the central nerve system (CNS),
providing support for neuronal development; the interaction of astrocytes with neural
cells synergistically promotes myelination [37]. Astrocytes have long been considered the
major inhibitor on CNS repair under harmful stimulus. Previous studies demonstrated that
astrocytes could exert potent proinflammatory functions as their primary mode of action
after CNS injury [38]. Evidence has shown that neonatal myelination deficits are associated
with neuroinflammation that could cause OPCs degeneration brought by astrocytes [39],
and this might persist into adulthood [40]. Nowadays, it is recognized that astrocytes also
play important roles in CNS repair and remyelination [41]. As a response to injury, the
neurotransmitter adenosine 5'-triphosphate (ATP) is released from axons and activates
receptors on astrocytes, causing them to release a cytokine that promotes oligodendrocyte
development and thus increases myelination. That is, astrocytes can have a priming
negative effect on myelination in early injury, as well as participating in repair and recovery
after the insult. However, in chronic WMI, the differentiation of offsetting regenerative
late ligodendroctye progenitors (preOLs) was hindered in the diffuse astrogliotic lesions,
which was known as preOLs maturation arrest with a failure to generate myelin [34]. The
reactive astrogliosis usually marked CNS structural lesions, with the elevation of GFAP,
which was released after injury as the most important structural protein, labeling extensive
branching of astrocytes in white matter [42]. As shown in our study, the decreased MBP
expression did not sustain with age and prolonged hyperoxia exposure, but the increased
GFAP expression continued, indicating a lasting reactive astrogliosis induced by hyperoxia.
The latter might probably result in glial scar formation. In human beings, necrotic lesions
(microscopic cysts) in WMI could evolve into glial scars over the course of several weeks,
which is a persistent hallmark of brain injury [34].

A dilemma in the explanation of BPD-associated EoP is that BPD infants might en-
counter intermittent hypoxia frequently due to their immature respiratory control and
poor lung function, which could also contribute to WMI. What cannot be ignored is that
in spite of continuous oxygen therapy, premature infants experience multiple episodes of
hypoxemia [43]. It is well documented that intermittent hypoxia elicits oxidative stress
responses that occur during the re-oxygenation period [44]. Several studies demonstrated
that recurrent hypoxia or hypoxia-hyperoxia encounters augmented oxidative stresses
that generated a robust non-myelination preOLs accumulation relative to lesions in white
matter compared to a single episode of hypoxia or hyperoxia [45,46]. In this experimental
hyperoxia BPD model, mice could survive without respiratory dysfunction, excluding the
effect that might be caused by hypoxia. Previous studies had already demonstrated that
mice in this hyperoxia model maintained normal arterial oxygen levels [7]. Hence, the nega-
tive impact on the cerebral myelination was confirmed to come from direct hyperoxia injury.
This result provided the rationale to avoid excess oxygen in clinical practice. However,
extremely preterm infants could seldom survive without oxygen therapy due to immature
lung and respiratory control at birth and within early days postnatal, raising challenges for
neonatologists guarding against hyperoxia while avoiding hypoxia [47]. Lung-protective
ventilation strategies have been proposed as the most important component in the manage-
ment of preterm infants, such as optimizing gas exchange via volume-targeted ventilation
during mechanical ventilation (MV) if necessary, avoiding MV if possible, optimizing non-
invasive respiratory support, and setting a SpO, target of 90-95% in monitoring by pulse
oximetry [48]. An important concept must be kept in mind—avoiding both prolonged
periods of hypoxia (SpO; < 80%) and fluctuations in SpO, [49].

In this study, we demonstrated concomitant brain injury at the molecular level in a BPD
murine model. The strength of this study was that the hyperoxia model we applied involved
both lung and brain injuries that mimic preterm birth conditions well. The results provided
a rational explanation of BPD-associated EoP based on molecular mechanisms. Molecular
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changes were dynamically inspected, which provided a panoramic understanding of the
impact of hyperoxia on the developmental brain.

There were still several limitations in this study. First, whether the lung-brain axis
acted in the development of lung and brain injury in this hyperoxia model was not con-
sidered. Second, although pathological changes in this hyperoxia animal model were
typical, the clinical relevance of the results has to be interpreted with caution because of the
differences in conditions where alveolarization and brain development take place between
rodents and humans. In addition, this chronic hyperoxia-induced lung injury model may
not necessarily mimic BPD [50]. Further research is needed to validate the findings in large
animal models of prematurity, which will enable the improvement of clinical translation.

5. Conclusions

Neonatal hyperoxia exposure caused an arrest of lung development, as well as an
obstacle of myelination process in the white matter of the immature brain, with a decline of
MBP in the generation period of myelin and persistent astrogliosis.
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Abstract: Objective: We aimed to look for the mortality of Black and White Neonates and compare
the Black and White neonates” mortalities after stratifying the population by many significant
epidemiologic and hospital factors. Design/Method: We utilized the National Inpatient Sample (NIS)
dataset over seven years from 2012 through 2018 for all neonates < 28 days of age in all hospitals
in the USA. Neonatal characteristics used in the analysis included ethnicity, sex, household income,
and type of healthcare insurance. Hospital characteristics were urban teaching, urban non-teaching,
and rural. Hospital location was classified according to the nine U.S. Census Division regions.
Results: Neonatal mortality continues to be higher in Black populations: 21,975 (0.63%) than in
White populations: 35,495 (0.28%). Government-supported health insurance was significantly more
among Black populations when compared to White (68.8% vs. 35.3% p < 0.001). Household income
differed significantly; almost half (49.8%) of the Black population has income < 25th percentile vs.
22.1% in White. There was a significant variation in mortality in different U.S. locations. In the
Black population, the highest mortality was in the West North Central division (0.72%), and the
lower mortality was in the New England division (0.51%), whereas in the White population, the
highest mortality was in the East South-Central division (0.36%), and the lowest mortality was in
the New England division (0.21%). Trend analysis showed a significant decrease in mortality in
Black and White populations over the years, but when stratifying the population by sex, type of
insurance, household income, and type of hospital, the mortality was consistently higher in Black
groups throughout the study years. Conclusions: Disparities in neonatal mortality continue to be
higher in Black populations; there was a significant variation in mortality in different U.S. locations.
In the Black population, the highest mortality was in the West North Central division, and the lower
mortality was in the New England division, whereas in the White population, the highest mortality
was in the East South Central division, and the lowest mortality was in the New England division.
There has been a significant decrease in mortality in Black and White populations over the years, but
when stratifying the population by many significant epidemiologic and hospital factors, the mortality
was consistently higher in Black groups throughout the study years.

Keywords: NICU; neonatal mortalities; survival; racial disparities; perinatal epidemiology

1. Introduction

Racial and ethnic disparities in neonatal mortality are an ongoing healthcare concern [1-3].
Ethnic disparities are not specific to the United States; other countries demonstrate a similar
pattern for increased mortality in minority groups. For example, neonatal mortality in
the United Kingdom is significantly higher in infants born to non-U.K. mothers when
compared to infants born to U.K.-born mothers [1,2].
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The annual reports by the Centers for Disease Control and Prevention (CDC) demon-
strated ethnic disparity in mortality of infants < 1 year of age. The findings of several
studies were consistent with CDC reports [1,4,5]. These reports are informative in moni-
toring the extent and progress of ethnic disparities in infant mortality in the United States.
However, multiple unmet needs require studying.

In practically all age groups, the United States exceeded the Healthy People 2020
goals for a 10% reduction in baby and adolescent mortality by 2015. Reductions in baby
congenital abnormalities and SIDS are the main causes of decline. Additionally, long-
standing racial/ethnic disparities in the United States still exist; in 2015, mortality rates were
higher for Black populations than for White populations across all age groups, including
for young adults, where White mortality rates did not change. Long-standing social and
economic inequality, which affects patient access to care, the standard of care, and doctors’
and patients” attitudes toward care, is the cause of these disparities [6].

To advise a plan that mitigates contributing factors to ethnic disparity, it would
be beneficial to stratify infant mortality into neonatal mortality in the first 28 days of
life and post-neonatal infant mortality for infants dying after 28 days of life. Identifying
epidemiologic and clinical characteristics of hospitalized neonates associated with mortality
is critical for decreasing disparities. Establishing a trend analysis for mortality can provide
actual information on the progress of ethnic disparity. Although the variations in neonatal
mortalities across ethnic groups are known [7], the relationship of neonatal mortality
with household income, type of healthcare insurance, type of birthing hospital, and other
demographic and clinical characteristics is unknown.

In this study, we aimed to compare the mortality of Black and White neonates after
stratifying the population by significant epidemiologic and hospital factors. We utilized the
National Inpatient Sample (NIS) dataset from 1 January 2012 through 31 December 2018.
We hypothesized that ethnic disparity exists for neonatal mortality similar to that reported
in infant mortality by CDC. Moreover, the ethnic disparity in neonatal mortality continues
after controlling for significant epidemiologic and hospital factors.

2. Methods
2.1. Data Sources and Management

This study utilized the de-identified National Inpatient Sample (NIS) dataset from the
Healthcare Cost and Utilization Project (HCUP) from the Agency for Healthcare Research
and Quality (AHRQ) during the period 1 January 2012 through 31 December 2018. HCUP
contains the largest collection of hospital discharge data in the United States. The NIS
dataset includes 20% of the HCUP samples weighted to represent 100% of all inpatients in
the U.S. Each year, more than seven million cases are drawn from thousands of hospitals
across the United States with various care levels (primary—tertiary), types of insurance
(public or private), sizes of hospital (small, medium, or large), and many other demographic
and clinical characteristics. The data have a variable for neonatal status, whether alive or
dead. Data elements in the NIS are constructed in a uniform format with quality checks in
place. The de-identified data do not need Ethics Committee or Institutional Review Board
approval as no information or identification about the patients is present, and therefore,
the study was waived from IRB. The NIS data are available online by HCUP from 1988 to
2018, thereby allowing for the analysis of trends over time. The weighted data contains
more than 35 million hospitalizations nationally [8,9].

2.2. Study Design and Population

All inpatients with ages < 28 days were identified during the study period. Records of
neonates that were transferred from one facility to another were counted only at the referral
center and not at the sending hospital to avoid duplication of records. Mortality rates were
calculated and compared at different neonatal characteristics, hospital settings, and U.S.
regions. In addition to ethnicity, neonatal characteristics used in the analysis included
sex, household income, and type of healthcare insurance. Hospital characteristics were
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urban teaching, urban non-teaching, and rural. Hospital location was classified according
to the 9 U.S. Census Division regions: New England, Middle Atlantic, East North Central,
East South Central, West North Central, South Atlantic, West South Central, Mountain,
and Pacific.

Binary analyses were conducted using the chi-square test. Regression analyses were
conducted to control for confounding variables. Cochran—-Armitage trend test was used
to assess trends during the study years. Significance was considered when the p-value
was <0.05. All analyses were performed on weighted data to represent the entire U.S.
admission.

3. Results

A total of 27,408,250 inpatient neonates were identified during the study period.
Duplicate records were identified in 471,820 neonates due to transfer among healthcare
facilities; these were excluded. Among the 26,936,430 included neonates, there were
3,511,960 Black and 12,662,000 White. Other ethnicities that were not included in the
analysis were Hispanic (n = 4,853,303) and Asian (1 = 5,909,168).

Black neonates had 21,975 (0.63%) mortalities, whereas White neonates had 35,495
(0.28%) deaths, as shown in Figure 1. Sex distribution among Black neonates was 50.8%
male and 49.2% females, and in White neonates was 51.4% males and 48.6% females.
Government-supported health insurance was significantly more among Black neonates
when compared to White neonates (68.8% vs. 35.3% p < 0.001). Household income differed
significantly; almost half (49.8%) of the Black population has income < 25th percentile
for ZIP code compared to 22.1% in the White population, p < 0.001. Although most
deliveries occurred in the South region for both Black and White populations, it was
disproportionately higher in Black than White (58% vs. 39.6%, p < 0.001), Figure 2.

27,408,250 patients
identified (2012 to 2018)

471,820 patients excluded
duc to transfer to other
health facility to avoid
duplication.

26,936.430 patients
included in the study
Hispanic  (n=4,853,303)
Asian (n=5,909,168)

White: 12,662,000
Alive: 12,626,504
Dicd: 35,495 (0.28%)

Black: 3,511,960
Alive: 3,489,985
LDied: 21,975 (0.63%)

— —

Figure 1. Study population algorithm.

Darker color represents higher mortality according to the range on each map.

- The upper map demonstrates neonatal mortalities in Black neonates.
- The lower map demonstrates neonatal mortalities in White neonates.

The solid line represents mortality in Black population. The dashed line represents
mortality in White population. The upper panel represents postnatal mortality trends;
mortality decreased significantly in Black and White neonates, (Z = —3.26, p < 0.001) and

(Z = =542, p < 0.001), respectively. The lower panel represents neonatal mortalities
according to sex. Black neonates had higher mortality than White in both sex groups
(p < 0.001).
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Total Neonates N (26,936,430):

Gender:

Female
Male

Primary expected payer:

Medicare/Medicaid
Private insurance
Others

Median income and patient ZIP Code:

0-25th percentile

Total Neonate admited (from 2012 to 2018)
Black

White

47

48.6
51.4

57.5
7.2

22.1

D 13

49.2
50.8

68.8
24.2

26th to 50th percentile (median) 26.5 23.1
S1st to 75th percentile 26.7 17.1
76th to 100th percentile 24.6 10.1

Bed size of hospital:

Location/teaching

U

Region of hospital:

Small
Medium
Large

status of hospital:
Rural

rban nonteaching
Urban teaching

Northeast
Midwest
South

58.4

15.3

54.0

73.2

18.2

58.0

West 18.8 8.5

Figure 2. Characteristics of inpatient newborn admissions in Black and White populations. Data are
expressed in percentages.

The upper panel represents neonatal mortality percentages trends in Black vs. White
neonates according to the type of insurance. The solid line represents the mortality trend
(%) for the Black neonates. The dashed line represents the mortality trend (%) for the
White neonates. There was a significantly higher trend in Black mortalities when compared
with Whites in all types of insurances, p < 0.001. The middle panel represents neonatal
mortality percentages trends in Black vs. White neonates according to the household
income according to the ZIP code. The solid line represents the mortality trend (%) for
the Black neonates. The dashed line represents the mortality trend (%) for the White
neonates. There was a significantly higher trend in Black mortalities when compared with
Whites in all levels of income, p < 0.001. The lower panel represents neonatal mortality
percentages trends in Black vs. White neonates according to the type of hospital. The solid
line represents the mortality trend (%) for the Black neonates. The dashed line represents
the mortality trend (%) for the White neonates. As previously mentioned, there was
significantly higher mortality in the Black neonates when compared to Whites neonates in
all types of hospitals, p < 0.001.

There was a significant variation in mortality in different U.S. locations. Maps for

percentages of neonatal mortalities in different delivery locations are presented in Figure 3.

These locations are categorized according to Census Division for Hospitals. In the overall
population, the highest mortality was in the East South Central division (0.49%), and
the lowest percentage of mortality was in the Pacific division (0.35%), p < 0.001. Black
populations had the highest mortality in the West North Central division (0.72%), and their
lowest mortality was in the New England division (0.51%), p < 0.001, whereas in the White
populations, the highest mortality was in the East South Central division (0.36%), and the
lowest mortality was in the New England division (0.21%) p < 0.001.
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Figure 3. Delivery locations and neonatal mortalities percentages (regional percentages distribution
of neonatal mortalities according to Census Division of Hospitals).

Trend analysis showed a significant decrease in mortality in Black and White popula-
tions over the years, (Z = —3.26, p < 0.001) and (Z = —5.42, p < 0.001), respectively. When
stratifying the population by sex, mortality was consistently higher in Black populations in
both sex groups throughout the study years (Figure 4).

After stratifying the population by type of insurance, mortality was higher in Black
neonates compared to White neonates who had government-supported insurance (0.58% vs.
0.33%, p < 0.001), private insurance (0.57% vs. 0.22%, p < 0.001), and uninsured /self-paid
(1.22% vs. 0.50%, p < 0.001). Trends for utilization of government-supported insurance in
Black neonates and White neonates did not significantly change. Trends for uninsured/self-
paid in Black and White neonates did not significantly change. Trends for mortality
according to insurance type in government-supported population was not significant
for decreased mortality in Black (Z = —4.66. p < 0.2) and in White neonates (Z = —2.1,
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p = 0.6). For the privately insured population, there was no significant decrease in the Black
(Z = —-2.6. p <0.1) and White neonates (Z = —3.4, p = 0.13). For uninsured/self-paid, there
was a significant difference between the Black (Z = —4.66. p < 0.0001) and White neonates
(2=-12,p0.03).

0.80%
0.70%
\
0.60% e
0.50%
0.40%
0.30% - e e e e - - o o —_—— -
0.20%
0.10%
0.00%
2012 2013 2014 2015 2016 2017 2018 Total
0.80%
0.70% \/\/
0.60% /\_——/\
0.50%
0.40%
030% = = T T = e o
, mee =" T - - e =
0.20%
0.10%
0.00%
(@] N <t wv O o~ oo (@] o <t wv \O o~ [e2e]
= = S = = = S = = = S S = =
N N N N N N N N N N N N N N
Male Female

Figure 4. Trends for neonatal mortalities during the study period. The solid line represents mortality
trend in Black neonates. The dashed line represents mortality trend in White neonates.

In trends for mortality among different household incomes according to zip code,
there was a significantly higher number of Black mortalities when compared with Whites
in all levels of income, p < 0.001 (Figure 5).

Trends in mortalities according to hospital type differed in Black vs. White. The solid
line represents the mortality trend (%) for the Black neonates. The dashed line represents
the mortality trend (%) for the White neonates. As previously mentioned, there was
significantly higher mortality in the Black neonates when compared to Whites neonates in
all types of hospitals, p < 0.001.
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Figure 5. Trends for neonatal mortality percentages according to financial situations of patients and

hospitals, Black vs. White neonates. The solid line represents mortality trend in Black neonates. The

dashed line represents mortality trend in White neonates.
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4. Discussion

Disparities in neonatal mortality continue to be higher in Black; number of mortalities
in Black populations was 21,975 (0.63%) and in White was 35,495 (0.28%). Government-
supported health insurance was significantly more among Black populations when com-
pared to White (68.8% vs. 35.3% p < 0.001). Household income differed significantly;
almost half (49.8%) of the Black population has income < 25th percentile vs. 22.1% of
White. There was a significant variation in mortality in different U.S. locations. In the Black
population, the highest mortality was in the West North Central division (0.72%), and the
lower mortality was in the New England division (0.51%), whereas in the White population,
the highest mortality was in East South Central division (0.36%), and the lowest mortality
was in the New England division (0.21%).

Trend analysis showed a significant decrease in mortality in Black and White pop-
ulations over the years, but when stratifying the population by sex, type of insurance,
household income, the type of hospital, the mortality was consistently higher in Black
groups throughout the study years.

Trend analysis showed a significant decrease in mortality in the Black and White
population over the years, and many studies demonstrated this finding even in the adult
portion of the Black population [9,10]. The Black neonates always show the highest mor-
tality in the U.S according to many studies; even some studies mentioned that the Black
neonatal mortality rate is double the White mortality rate in the U.S. [11]. The novelty of
our study is the stratification of the population by many significant epidemiologic and
hospital factors. The Black neonates always show the highest mortality, and this study
looks for many essential factors can contribute to the high Black mortality.

Disparities in maternal morbidity and mortality for Black women in the U.S. are the
essential factor that impacts neonatal mortality and still exist in spit implementation of
many systems for equity [12]. For example, racism may impact maternal health, mainly
through discrimination among Black women as compared with White will significantly
affect the perinatal care, and the neonatal outcome will be compromised at the end [13].

Neonatal mortality disparities may result from the many social, economic, and en-
vironmental exposures for pregnant Black women and neonates [14]. Other studies rely
on many maternal factors, such as residential segregation, crime, inequality in income,
suboptimal education, institutional racism, and built environment, which contribute to
the poor outcomes of Black infants in the U.S. [3,15]. There are other factors as well, for
example, abuses of Black American women by the medical system, inconsistent societal
pressures on Black pregnant women, and historical stereotypes about Black women related
to sexuality and pregnancy [16]. Finally, variations in neonatal mortality in the United
States based on geographic location and the service available in the location of the Black
community may contribute to variations in access to risk-appropriate delivery care [17].

Regardless, this study provides valuable insights into the disparities in neonatal
mortality between Black and White populations in the United States. We still need to
comprehend the underlying causes of these differences completely, and more research is
necessary to create efficient solutions. More research is needed to understand how different
hospital and epidemiological factors affect newborn mortality. Sex, insurance type, house-
hold income, and hospital type are a few examples of such factors. A fuller comprehension
of how these characteristics interact with race and ethnicity will be essential to identify the
most vulnerable populations. As well, researchers must examine the geographic variables
causing these discrepancies, given the considerable range in mortality between U.S. locales.
This may include variations in public health policy, socioeconomic situations, and health-
care access and quality by location. More longitudinal studies are required to monitor
changes in newborn mortality over time and to evaluate the effectiveness of measures
designed to lessen these inequalities.

Future research should concentrate on creating and evaluating policies and inter-
ventions to lower newborn mortality, particularly among Black communities. This could
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involve measures to lessen systematic racism in healthcare settings, alleviate socioeconomic
inequalities, and increase access to high-quality healthcare.

This study has the strength of being the largest reported in the literature with a sample
that exceeds 26 million infants that represent the entire United States, thereby eliminating
the significant variation in practice and experience that is observed in currently available
studies. In addjition, the study could provide the national trend over the years for mortali-
ties. The study inherited some limitations; this dataset is limited to the inpatient setting;
therefore, long-term follow-up and mortality after hospital discharge are unavailable. We
did not use ICD-9 and ICD-10, as the mortality is available in the dataset as a variable that
makes the results more accurate.
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Abstract: To learn what mothers know about newborn bloodspot screening (NBS), the procedure, and
the sources used, a pilot study was performed. An online questionnaire was developed, with the first
part focused on characteristics and the NBS procedure, and the second on knowledge, information
sources, and health care providers (HCPs). This questionnaire was accessible until 200 answers
were received. The characteristics of respondents were representative for the population. Mothers
gave verbal consent in 69.5% of cases, 12.5% did not, and 18% stated that no consent was requested.
The “knowledge’ part contained 12 closed questions, five multiple-choice questions on sources, and
assessments (5-point Likert scores) of the information transfer. The mean knowledge level was
7.2/12. Screening concepts (consequences, likelihood, sensitivity, carrier) and absence of notification
of normal findings were well known. The fact that NBS is not compulsory was poorly known, and
post-analysis sample handling procedures were poorly understood. Key HCPs were midwifes (80.5%)
and nurses (38.5%). When the leaflet (44%) was provided, the majority read it. Mean Likert scores
were 3.36, 3.38, 3.11 and 3.35 for clarity, timing appropriateness, sufficiency, and usefulness. The
knowledge level and consent practices were reasonably good. Key HCP were midwives and nurses,
the leaflets were supporting. This should enable a quality improvement program to a sustainable
NBS program in Flanders.

Keywords: newborn blood screening; knowledge; consent; mother; parent

1. Introduction

Newborn bloodspot screening (NBS) is one of the most-implemented population
screening programs worldwide. While initially limited in terms of the number of diseases
(phenylketonuria, hypothyroidism), NBS screening programs subsequently broadened
their panel of conditions screened [1]. This was largely driven by technical improvements
in diagnostics, and improved knowledge on disease mechanisms and history, converging
with therapeutic interventions to improve the outcome in diagnosed infants. This progress
relates to the fact that screening programs are driven by the criteria of Wilson and Jungner
(an important health problem, the natural history of the condition is well understood, it is
detectable at an early stage, earlier treatment should be beneficial, a suitable test should be
available in this early stage (sensitivity /specificity), and the test should be acceptable) [1].
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Although not causally related, this expansion of NBS programs also raised awareness of
the shortcomings in parental education, information products, and the informed consent
process. This can, in part, also relate to the fact that expansion of the NBS programs will
also result in communications to the different stakeholders involved, and may induce
reflections or questions. The provision of information to parents has been recognized
as a crucial part of sustainable NBS programs, being that there is still lack of regulatory
harmonization within Europe [2].

Almost all European countries provide information for parents (brochures, websites).
About two-thirds of the countries ask for consent, while consent for long-term storage
of blood spot cards is requested in a minority (30%) of European countries [1]. In a
recent paper, Ijzebink et al. focused on these information products provided throughout
Europe [3]. In this paper, 26 printed European products (like leaflets or flyers) were
assessed on their content and knowledge, and rated according to a list of eight knowledge
domains (screening purpose, false positive/negative findings, uncertainties and risks,
medical implications, social implications, financial implications, follow-up, and support
services). Despite some differences between European countries, most of these eight
knowledge aspects were included in all information products, with most diversity related
to the handling of residual bloodspot samples [3].

Along the same lines, the script for health care providers (HCPs) involved in NBS in
Flanders (in the north of Belgium; the Dutch-speaking part) mentions the need to discuss
the relevance of timely diagnosis, the importance of the postnatal age window (72-96 h)
for screening, the practicalities related to the appointment for the screening (because of the
short hospital stay after delivery), the need of verbal (concise) consent, and to make it clear
that all initial screening costs are covered by the government, costs for additional tests after
screening are reimbursed by the insurance, which diseases are screened for and, finally,
the fact that NBS is not compulsory, but highly recommended [4]. In Flanders, long-term
storage of the blood spot charts is not part of the program, and storage is limited to one
year. These topics are also discussed in leaflets (printed, and as a downloadable pdf) and
on a specific website (aangeboren.bevolkingsonderzoek.be) to inform both parents and the
general public [5].

Informed consent necessitates that the relevant person(s) have been informed on the
procedure and its potential consequences in such a way that it is reasonable to assume that
the information has been understood sufficiently well to support their decision (irrespective
of the subsequent decision itself) [6]. In the study by Frankova et al., 12/27 countries men-
tioned that checks (commonly based on surveys) are performed to verify that information
indeed reaches the targeted populations [2]. In an attempt to obtain a first snapshot on what
mothers know on NBS, and the sources they use in Flanders to acquire this knowledge (as
the Flanders region or Belgium as a country were not included in European survey) [2],
a pilot study was performed.

2. Materials and Methods
2.1. Perinatal Health Care Structures in Flanders and the Study Setting

Prenatal follow up in Flanders is mainly coordinated by obstetricians and midwives,
with more limited involvement of general practitioners, and is still almost exclusively
‘hospital’-driven. In 2021, there were 63,334 (64,282 births) deliveries in Flanders. Those
deliveries almost exclusively occurred in one of the 59 hospitals (‘maternities’), with about
0.8% of deliveries elsewhere (like at home, or in birth centers not connected to a hospital).
In an attempt to evolve to a transmural care program, initiatives were taken to shorten
the duration of hospitalization to 2—4 days, in part depending on the type of delivery.
This shift has been facilitated by the development of midwife-driven home care programs,
supported by general practitioners, obstetricians, and pediatricians [7,8]. Consequently,
a relevant portion of newborns have their NBS screening performed at home by midwives,
and different HCPs are commonly involved in the pregnancy and postpartum care.
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Within this health care framework, and as a pilot study, we aimed to recruit 200 moth-
ers who recently (maximum 1 year before the dissemination of the questionnaire) delivered
in Flanders, understood Dutch sufficiently well to complete the questionnaire, were older
than 18 years, and provided consent to contribute to the pilot study. We are aware that
with this approach, partners of the mothers were a priori excluded. We are aware that
this is a deficiency, but we deliberately had to do this to avoid ‘dual” reporting within the
framework and limitations of this pilot study.

2.2. Questionnaire

In the first part of the questionnaire, information on characteristics and background
of respondents (like age, residency, primi- or multipara, level of education, place of de-
livery) and on the NBS procedure (collected yes/no), location (hospital or at home) of
the procedure, consent recall) were collected. The second part focused on the knowledge
itself, the sources of information used, and the HCPs involved. This part of the question-
naire was constructed in line with the approach described by Detmar et al. for a Dutch
cohort, with some adaptations to the Flemish setting (health care organization, legal and
regulatory environment, sources of information) [6]. To respect the methodology on ques-
tionnaire design, adaptations were initially made independently by CdG and MH, with
subsequent cross-verification to attain consensus. In the event of absence of consensus, KA
was involved. The final version was subsequently verified on face validity by these three
authors.

2.3. Data Collection and Analysis

Questionnaires were distributed online (Qualtrics, Seattle, WA, USA), using social
media platforms (Facebook, personal and group pages) and e-mail correspondence to
nurseries. To assess the representativity of respondents, information on characteristics
and background was compared to reference information on pregnancies in Flanders [7,9].
Data on the NBS procedure (collected yes/no, location of the procedure, consent recall)
were more difficult to compare, as we could only retrieve a press release from the relevant
agency that stated that 99% of the newborns undergo NBS in Flanders [10]. Data analysis
on knowledge was based on maternal knowledge on the NBS procedure as the dependent
variable; the independent variables were the information received (as perceived by the
mother), parity (prima- versus multigravida), and the level of maternal education. We
hereby a priori hypothesized that maternal knowledge would correlate positively with
parity and the level of education.

2.4. Ethics, Privacy, and Data Management

The Ethics Committee Research of KU Leuven and University Hospitals Leuven
approved the study protocol (MP022668, 5 December 2022, favorable advice). The ques-
tionnaire was preceded by an information letter, describing the aims of the study and
the consent to contribute to the questionnaire. Consent to contribute and store responses
for analysis (anonymous, confidential) was requested before the questionnaire could be
completed.

3. Results

The final version of the ‘’knowledge’ part (translated version, English, Table 1) con-
tained 12 closed questions, and five multiple choice + open questions on the sources of
information. We have provided the Dutch version of the questionnaire in a Supplemental
Table S1 to facilitate future use.

Finally, based on a 5-point Likert score, respondents were requested to provide their
assessment of the information transfer (clarity, appropriateness of timing, sufficiency,
usefulness) process.
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This questionnaire (characteristics and background, NBS procedure and knowledge
part, and the general assessment of knowledge transfer process) was accessible online from
2 February 2023 to 18 April 2023, when 200 questionnaires were received.

Table 1. The final questionnaire.

Knowledge questions, closed

Diseases screened for with the NBS have severe consequences if not treated appropriately.

The likelihood that an infant has a disease screened for is low.

For the NBS, some blood is collected from the heel of the infant.

In the event of an abnormal NBS, additional investigations in the hospital are needed.

A normal NBS provides certainty that the infant is perfectly healthy.

The NBS test is reliable, as an infant with a given disease screened for will very likely be detected.

In the event of uncertainties, a second NBS is indicated.

The NBS is compulsory for any newborn.

A healthy person can still be the carrier of a genetic disease.

When the NBS is NORMAL, parents will NOT receive a notification.

Immediately after the NBS analysis, the blood sample will be destroyed.

Are you aware of the recent extension of diseases screened for with the NBS?

Knowledge questions, multiple choice, including open answers

Who was involved to inform you about the NBS (you can provide multiple answers)? (midwife,
nurse, obstetrician, general practitioner, information session during pregnancy, friends or peers, website
‘aangeboren.bevolkingsonderzoek.be’, television or radio, journals or magazines, the NBS folder, social
media, I have not received information, others)

What was the most relevant source of information on NBS for you (you can provide multiple
answers)? (midwife, nurse, obstetrician, general practitioner, information session during pregnancy,
friends or peers, website ‘aangeboren.bevolkingsonderzoek.be’, television or radio, journals or magazines,
the NBS folder, social media, I have not received information, others)

If you have received the NBS folder, have you read this document? (yes, I have read this document
fully, partial, screened; no, as I was already aware of the folder, or I already knew on the NBS, not applicable
as no folder received).

Have you searched for other sources of information? (no; yes, on the website
‘aangeboren.bevolkingsonderzoek.be’; yes, on the internet, but other websites; yes, other folders, books or
magazines; yes, I have discussed this with others; yes, as. . .)

How do you overall assess the information you have received? (Likert score 0-5, where 0 is the
worse score) (clarity, appropriateness of the timing, sufficiency, usefulness)
NBS: newborn bloodspot screening.

Participants were recruited by their own Facebook profiles (CdG, MH, n = 42), specific
groups within Facebook (six groups, 709 messages, 100 participants), or nurseries (n =79
nurseries contacted). Ninety-eight % of the participants finalized the questionnaire. To
assess representativity of respondents to the Flemish pregnant and postpartum population,
age, residence (postal code, provinces), parity, level of education, place of delivery (hospital,
or out of hospital), collection of the NBS (yes/no; location (hospital /home)) of respondents
were compared to the latest Perinatal Epidemiology Study Center (SPE) 2021 annual
report and STATBEL report (education) (Table 2). Maternal age and place of delivery were
similar, while there were some differences in place of residence, some overrepresentation
in primigravidae, and respondents had a somewhat higher level of education compared to
the reference population. Data on the NBS procedure (yes/no, place, verbal consent) were
somewhat more difficult to compare with the reference population data, but also seem
similar (Table 2). NBS were collected both in the hospital, as well as at home. Mothers
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recalled verbal consent in 69.5% of cases, 12.5% did not recall any consent request, and 18%
stated that no consent has been requested.

Table 2. Representativity of the respondents to the Flemish pregnant and postpartum population
(NBS: newborn blood screening) [8,9].

. . Reference
Variables Categories Respondents Population
<20 years 0.5% 0.9%
Maternal age 20-24 13.5% 8.1%
25-29 39% 32%
30-34 34% 40.1%
35-39 9% 15.4%
>40 4% 3.5%
Brussels 0.5% unknown
Residence Brabant, Flemish 15% 14.4%
Antwerp 28.5% 34.2%
Limburg 34% 10.9%
West Flanders 9% 17.4%
East Flanders 13% 23.1%
Parity Primipara 59% 45.2%
Multipara 41% 54.8%
Education Bachelor onwards 61.5% 56.2%
<High school 38.5% 43.8%
Place of delivery Hospital 97% 96%
Out of hospital 3% 4%
NBS collected Yes 99% >99%
No 0.5%
Unclear 0.5%
Place of NBS Hospital 54% unknown
Home 46% unknown

Based on the 12 questions provided, the mean level of knowledge was 7.2 (SD 2.4) /12,
and 79% of the respondents had a score >6. The level of knowledge was correlated posi-
tively with the level of education, and without a difference between primi- and multipara.
An overview on the responses to the individual questions is provided in Table 3.

The concepts of targeted screening (severe consequences, low a priori likelihood,
sensitivity, carrier concept) and absence of notification in the event of normal findings are
well known. In contrast, the fact that NBS is not compulsory in Flanders is only poorly
known, and the post-analysis handling of the NBS sample is poorly understood.

Related to the sources of information, the most relevant HCPs involved were midwifes
(80.5%) and nurses (38.5%), while other sources were obstetricians (20%), the leaflet (12%),
or general practitioners (1.5%). Five percent did not recall having received any information
on the NBS procedure, 5.5% of the respondents mentioned that they had already received
information on NBS during their nursing or medical training. A similar pattern was
observed on the question to indicate the most relevant source(s) of information, with verbal
interaction with HCPs (midwifes, 77.9%; nurses 30.7%; obstetricians 18.1%) superior to
the information leaflet (7.5%). Forty-for percent of the mothers reported that they received
the leaflet. Of those who received the NBS leaflet, the majority had read the leaflet, either
completely (34%) or at least partially (87.5%).
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Table 3. Overview of the answers (%) received for the 12 questions on neonatal blood screening
(NBS) knowledge. The correct answers are highlighted in grey.

Questions Yes No Do Not Know
Diseases screened for with the NBS have severe

O, 0, 0,
consequences if not treated appropriately. 71.5% 3% 25.5%
The likelihood that an 1n.fant has a disease screened for 51% 11.5% 25.5%

is low.
For the NBS, some blood is collected from the heel of 26% 729 1.5%
the infant.

In the event of an abnormal NBS, additional o o o
investigations in the hospital are needed. 73% 3% 22.5%

A normal NBS provides certainty that the infant is 50, 86.5% 8.5%

perfectly healthy.

The NBS test is reliable, as an infant with a given disease o o o
screened for will very likely be detected. 57:5% 6% 36.5%
In the event of uncertainties, a second NBS is indicated. 44 5% 9% 46.5%
The NBS is compulsory for any newborn. 38% 40% 21.5%

A healthy person can St.IH be the carrier of a 88.5% 0.5% 1%

genetic disease.
When the NBS is NORMAF, p'arents will NOT receive 89% 6% 45%
a notification.
Immediately after t}}e NBS analysis, the blood sample 12% 9% 79%
will be destroyed.
Are you aware of the recent extension of diseases 615%  38.5% 0%

screened for with the NBS?

Finally, and based on a 5-point Likert score, respondents provided their general
assessment on the information transfer on clarity (3.36, SD 1.22), appropriateness of timing
(3.38, SD 1.46), sufficiency (3.11, SD 1.6), and its usefulness (3.35, SD 1.29). A significant
positive correlation was observed between the individual respondent’s knowledge score
and the Likert score.

4. Discussion

We report on what mothers know on NBS, and their sources of information in Flanders.
This provides the first snapshot of the overall knowledge (mean level 7.2/12 questions)
and the most relevant sources of persons involved (midwives, nurses). When the leaflet
(44%) was provided, the majority had read it at least partially. The concepts of targeted
screening and absence of notification in the event of normal findings were well known. In
contrast, the fact that NBS is not compulsory in Flanders was only poorly known, and the
post analysis handling of the NBS sample was poorly understood (Table 3). Finally, the
overall Likert rating on knowledge transfer was reasonably (3.3/5) good.

Related to the representativity and feasibility, we wanted to stress that, despite some
minor differences (Table 1), this pilot cohort largely represents the overall population of
mothers who recently gave birth in Flanders. Furthermore, the majority of the respondents
finalized the questionnaire, suggesting that the burden (time, type of questions) was
perceived to be reasonable and relevant. Furthermore, the location of NBS (hospital /home)
sampling likely also reflects contemporary practices.

On maternal knowledge, there was good to very good performance on the concepts of
targeted screening (severe consequences, low a priori likelihood, sensitivity, carrier concept),
and absence of any notification in the event of normal findings. In contrast, the fact that
NBS is not compulsory in Flanders is only poorly known, and the post analysis handling
of the NBS samples (destroyed after one year, but not ‘out of scope” clinical research
allowed) is poorly understood (Table 3). Procedurally, mothers recalled verbal consent in
69.5% of cases, 12.5% did not recall any consent request, and 18% stated that no consent
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has been requested. The results on both knowledge and consent practices are similar to
somewhat better, compared to other recently reported surveys on this topic [11-13]. Key
HCPs for this knowledge transfer are midwives and nurses, with the leaflet as a supporting
resource [11,14].

In terms of question 3 (“for the NBS, some blood is collected from the heel of the
infant”), we wanted to explore the specific knowledge of parents on the ‘irrelevance’ of
the site of blood collection in itself, as ‘heel lancing = hielprik’ is perceived and used as
a synonym for NBS, which refers to the blood sampling rather than the anatomic site.
In terms of question 12 (“are you aware of the recent extension of diseases screened for
with the NBS?”), this referred to very recently implemented screening for spinal muscular
atrophy (SMA) in Flanders, as this implementation was associated with specific campaigns
focused on both HCPs and the general public. Obviously, this study has relevant limitations.
Besides the pilot character and exclusive focus on mothers, this study design obviously
holds the risk of recall bias (in both directions). One could also reflect on the completeness of
the questionnaire, as, post hoc, not all eight previously mentioned highlighted knowledge
domains (e.g., financial implications) were sufficiently well-covered [3,15]. Still, we feel that
there is value in this pilot study beyond feasibility, as it is relevant to regularly check that
information indeed reaches the targeted populations, and that practices remain concordant
(like relevant portion of mothers that do not recall a verbal consent request) [2]. We therefore
suggest a quality improvement cycle towards a sustainable NBS program, with regular
updated surveys as part of this strategy (Figure 1).

knowlegde sources on NBS

1 1

commuhnication

poalicars skills + targeted population(s)

professionals

6 é c practices
A T @ Ii II
; surveys

Figure 1. Schematic overview of the suggested quality improvement cycle, illustrating how surveys

can have impact on knowledge sources (for both health care providers and the public), as well as on
the training of these health care providers (communication skills and practices).

Such a program should be driven by well-trained HCPs (knowledge, communication
skills, and practices) so that the correct, relevant information can be provided, with access to
the updated information of NBS practices, as described in the above-mentioned HCP script
on NBS [4]. HCPs” knowledge and skills training should focus on the relevant information
to be provided, to avoid overload [16]. Based on other research, this is preferably performed
during pregnancy, to be verified in early postpartum, with midwives or nurses in the
lead [6,17]. These HCPs are also reported by the mothers as the key persons involved
in knowledge transfer, in line with similar reports [18]. The recall of verbal consent
in only 69.5% of the mothers suggests that any quality improvement program should
also reinforce the verbal consent practice as part of the NBS procedure. The impact,
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strengths, and potential weaknesses can subsequently be assessed by regular surveys,
as done in this pilot. However, we do believe that there is value in co-creating the next
version of such a questionnaire in collaboration with HCPs, the agency involved, and the
public. Any optimization will likely be along the eight domains recently identified in a
European survey [3,15]. Similarly, a recent French qualitative study on parental information
and consent also listed five themes (knowledge, information received, parental choice,
experience of the NBS process, and parents” perspectives and wishes) [14].

Such a co-creation model is likely also beneficial for the knowledge sources (website,
leaflet). Finally, and although this was not part of the current study, we do believe that
informing the general public by websites or media is an effective additional approach to
ensure sustainable NBS practices. At least, we hope this pilot study, considering all the
limitations of a pilot study, has paved the way to implement such a quality improvement
program to attain a sustainable NBS program in Flanders.
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Abstract: Background: Integrating family-centered care (FCC) and developmental care (DC) princi-
ples in neonatal care settings may improve neurodevelopmental outcomes for high-risk neonates.
However, the combined impact of FCC and DC has been underexplored. This study aimed to in-
vestigate the effects of integrated FCC and DC on neurodevelopment and length of hospital stay
in high-risk neonates. Methods: A quasi-experimental pre—post study was conducted among 200
high-risk neonates (<32 weeks gestation or <1500 g) admitted to neonatal intensive care units (NICU)
in Saudi Arabia. The intervention group (1 = 100) received integrated FCC and DC for 6 months. The
control group (n = 100) received standard care. Neurodevelopment was assessed using the Bayley
Scales of Infant Development-III. Length of stay and readmissions were extracted from medical
records. Results: The intervention group showed significant improvements in cognitive, motor, and
language scores compared to controls (p < 0.05). The intervention group had a 4.3-day reduction
in the mean length of stay versus a 1.4-day reduction in controls (p = 0.02). Integrated care inde-
pendently predicted higher cognitive scores (p = 0.001) and shorter stays (p = 0.006) in regression
models. Conclusion: Integrating FCC and DC in neonatal care enhances neurodevelopmental out-
comes and reduces hospitalization for high-risk neonates compared to standard care. Implementing
relationship-based, developmentally supportive models is critical for optimizing outcomes in this
vulnerable population.

Keywords: family-centered care; developmental care; neurodevelopment; high-risk neonates; preterm
infants; Bayley Scales

1. Introduction

The health and neurodevelopmental outcomes of high-risk neonates are a major public
health concern [1]; in the critical early stages of life, neonates, especially those classified
as high-risk, demand not only precise medical attention but also a holistic approach that
incorporates their developmental needs and the integral role of their families” neonates [2].
The foundation of neonatal care has evolved over the years, emphasizing a multi-faceted
approach that goes beyond addressing just the immediate physiological needs of the
newborn [3]. In this evolution, two paradigms have risen to prominence in contemporary
neonatology: family-centered care (FCC) and developmental care (DC) [4]. Both paradigms,
while distinct in their principles and objectives, share a common goal of improving neonatal
outcomes, especially concerning neurodevelopment [5,6].
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Family-centered care recognizes the pivotal role that families play in the healthcare of
their newborn. By engaging the family as active participants in the care plan, it emphasizes
a partnership model where decision making is shared, and the unique needs and strengths
of each family are identified and integrated into the care process [7,8]. Developmental
care, on the other hand, prioritizes the environment and care strategies that support
the premature or ill newborn’s ongoing development process [9]. It acknowledges the
significance of external stimuli and their potential impact on the immature brain, advocating
for interventions that optimize neurological growth outcomes [4].

The integration of FCC and developmental care represents an advanced nexus, combin-
ing the strengths of both paradigms [10]. This synergy recognizes the interconnectedness
of medical, developmental, familial, and environmental factors that shape the health and
wellbeing of high-risk neonates [11,12]. By aiming for a thriving child rather than mere sur-
vival, this approach fosters a compassionate, holistic, and tailored environment [13]. This
convergence ensures that the family’s voices are heard and respected, while developmental
care aligns the infant’s unique needs with medical perspectives, thus forming a seamless
alignment for comprehensive care [14,15].

The significance of integrating FCC and developmental care principles in high-risk
neonatal nursing transcends traditional medical practices [16]. It offers a compelling di-
rection for healthcare transformation, fostering a nurturing environment for both infants
and families [17]. This research space is rich with opportunities for innovation, promising
to redefine care standards for one of the most vulnerable patient populations. However,
the existing research gap, characterized by a lack of comprehensive models, limited un-
derstanding of complex interplay, and scarce evidence-based guidance, demands urgent
exploration. It beckons a new era of neonatal care, grounded in empathy, collaboration,
and scientific insight, and holds the promise of substantial positive impacts on children’s
development and their families” wellbeing.

Recent decades have witnessed a growing body of literature on both FCC and DC [18,19].
Individually, they have been shown to influence various aspects of neonatal outcomes, from
decreased hospitalization duration to improved cognitive trajectories. However, what remains
relatively underexplored is the combined impact of integrating both family-centered care and
developmental care principles in neonatal intensive care settings [20].

Considering the vulnerability of high-risk neonates to neurodevelopmental challenges,
understanding the combined efficacy of FCC and DC becomes imperative [21]. Their
potential synergy might offer a paradigm shift in how neonatal care is conceptualized and
delivered, ensuring that these neonates not only survive but thrive [22,23]. This research
paper seeks to elucidate the impact of this integration on the neurodevelopmental outcomes
of high-risk neonates, addressing a pivotal gap in contemporary neonatal research. In
doing so, it underscores the need for a more integrative, holistic approach in neonatal care,
highlighting avenues for future research and policy development.

2. Materials and Methods
2.1. Research Hypotheses

H1. Neonates receiving integrated family-centered care and developmental care principles will
demonstrate improved neurodevelopmental outcomes.

H2. The implementation of integrated family-centered care and developmental care principles will
result in a reduction in the length of hospital stay for high-risk neonates compared to those receiving
traditional care approaches.

2.2. Research Design and Settings

This research aims to investigate the impact of integrating family-centered care and
developmental care principles on neonatal neurodevelopmental outcomes and the length
of hospital stay among high-risk neonates. To achieve this, a quasi-experimental pre-post
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comparison design was employed, allowing for the examination of changes in outcomes
following the implementation of the intervention.

This research took place between August 2022 and April 2023 in four key pediatric
hospitals in the Eastern Region of Saudi Arabia, including Al-Ahsa, Dammam, Hafr Al-
Batin, and ALMousa Hospital. These hospitals, overseen by the Saudi Ministry of Health,
vary in capacity, with both private and public sectors represented. They are vital healthcare
hubs in the region, equipped with the latest medical technology and staffed by experienced
professionals. Catering specifically to the pediatric population, they offer a plethora of
specialized services from neonatal care to various pediatric subspecialties. A hallmark of
their approach is the emphasis on family-centered care, actively involving families in the
decision-making and care processes for their young ones.

2.3. Sample

This study involved a convenience sample of 200 high-risk neonates admitted to
pediatric hospitals in the Eastern Region of the Kingdom of Saudi Arabia. The sample
size was determined based on considerations of statistical power and the ability to detect
meaningful differences in neurodevelopmental outcomes and hospital stay length between
the intervention and control groups. This sample size was deemed appropriate to achieve
statistically significant results. The selected sample of high-risk neonates displayed diver-
sity in terms of medical conditions, gestational ages, birth weights, and other risk factors.
The sample included both male and female neonates, reflecting the demographics of the
neonatal population in the Eastern Region of the Kingdom of Saudi Arabia.

Identification of High-Risk Criteria: Medical professionals in the neonatal care units of
the selected hospitals identified neonates with established high-risk criteria. These criteria
included low birth weight (below 1500 g), prematurity (gestational age below 32 weeks).
Informed Consent: Parents or legal guardians of eligible neonates were approached by the
healthcare team and provided with comprehensive information about this study’s purpose,
procedures, potential risks, and benefits. Informed consent from participants was obtained
prior to their participation in this study.

The sample was divided into two groups—the intervention group and the control
group—based on the timing of the neonates” admission to the hospitals during specified
periods. Neonates admitted in the six months preceding the intervention implementation
were allocated to the control group, while those admitted during the subsequent six months
formed the intervention group.

2.4. Eligibility Criteria
Inclusion Criteria

High-risk neonates were included in this study based on the following criteria:
Gestational Age and Birth Weight:

Neonates with a gestational age below 32 weeks.
Neonates with a birth weight below 1500 g.

Medical Conditions:

Neonates diagnosed with medical conditions requiring specialized medical care.
Neonates with diagnosed respiratory distress syndrome (RDS) requiring neonatal
intensive care.

2.5. Data Collection Tools

This study employed a combination of standardized assessment tools and medical
record reviews to collect relevant data on neurodevelopmental outcomes and length of
hospital stay for high-risk neonates. These tools were selected based on their established
validity and reliability in assessing pediatric health outcomes.

1. Bayley Scales of Infant and Toddler Development (Bayley-III):
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The Bayley-III is a widely used standardized assessment tool designed to measure
cognitive, language, and motor development in infants and toddlers [24]. It consists of
age-appropriate tasks and activities that are administered by trained professionals. For
this study, the cognitive, motor, and language scales of the Bayley-III were administered to
assess the neurodevelopmental outcomes of the high-risk neonates.

“The Bayley-III assessments were performed by trained nurses who underwent
periodic inter-rater reliability testing to minimize scoring bias. However, the
scores were not blinded given the pre—post study design. The lack of blinding is
acknowledged as a limitation.”

Validity:

Content validity is strong. Test content is logically and clinically related to the develop-
mental constructs it aims to measure [25,26]. Criterion validity with other developmental
tests is moderate to high, with correlations of 0.60-0.80 with instruments such as the
Mullen Scales of Early Learning, Vineland Adaptive Behavior Scales, and Preschool Lan-
guage Scale [25,27]. Construct validity is also good. A total of 98-100% of BSID-III items
reached statistical significance in factor analyses [24]. Overall, the BSID-III is estimated
to have approximately 90% validity and over 85% reliability based on the accumulated
research [24,27]. However, this can vary slightly by age group [24].

Reliability:

The Bayley-III has high inter-rater reliability for the cognitive, language, and motor
scales, with correlations ranging from 0.93 to 0.99 [28]. This indicates strong consistency
in scores across different examiners. Test-retest reliability over 1-10 days is also good,
ranging from 0.80 to 0.90 for the subtests and composite scores [25]. This suggests the
results are stable over time. Internal consistency is adequate to high for composite scores
(o =0.91-0.93) [26,28]

2. Medical Records Review:

Medical records were reviewed to extract the data related to the length of hospital
stay for each high-risk neonate. Information regarding admission dates and discharge
dates was extracted from the hospital records, providing a quantitative measure of the
duration of hospitalization. Medical records are considered valid sources of information as
they contain accurate and comprehensive data pertaining to the neonates” hospitalization.
The reliability of the data obtained from medical records is high, as the information is
documented by trained healthcare professionals and is subject to internal quality control
procedures.

2.6. Ethical Approval

Ethical approval was obtained from the King Faisal University Ethics Committee
before this study was conducted. Parents were informed of the purpose and objectives
of this study and of their right to withdraw from this study at any time without being
penalized. Informed consent was obtained from all participants before their enrollment in
this study. Confidentiality and anonymity were maintained throughout this study by not
collecting personal information such as names or contact details. All collected data were
stored securely and were accessible only to the research team. This study conformed to the
ethical principles outlined in the Declaration of Helsinki and its subsequent revisions.

2.7. Statistical Analysis

The statistical analysis was performed using SPSS version 22.0 (IBM Corp, Armonk,
NY, USA). Descriptive statistics including means, standard deviations, frequencies, and
percentages were calculated to summarize the demographic and clinical characteristics of
the sample. For the pre—post comparison of neurodevelopmental outcomes, paired ¢-tests
were used to analyze changes in mean Bayley-III scores from baseline to post-intervention
for each group. Independent samples t-tests were conducted to compare score changes
between the intervention and control groups. Cohen’s d effect sizes were calculated to
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quantify the magnitude of group differences. To examine differences in length of hospital
stay, independent ¢-tests were used to compare the mean changes in stay duration from
pre to post values for the two groups. Pearson’s correlation coefficients were computed
to assess the relationship between the Bayley-III scores and length of stay. Multiple linear
regression modeling was performed with the Bayley-III cognitive composite score as the
dependent variable. The intervention group, length of stay, gestational age, and birth
weight were entered as predictor variables. Regression coefficients and p-values were
obtained to identify significant independent predictors.

2.8. Procedure

Data from 5 children’s hospitals in the Eastern Region of the Kingdom of Saudi Arabia
were used for this study. Ethical approval was obtained from the ethics committee of King
Faisal College before the commencement of this study. Convenience sampling was used
to recruit participants in this study. Potential participants, including high-risk neonates,
healthcare providers, and families, were approached for recruitment in multiple neonatal in-
tensive care units (NICUs). Eligibility criteria were explained to participants, and informed
consent was obtained from the parents or guardians of the high-risk neonates; voluntary
participation was ensured. The data from control group were collected retrospectively
over a 6-month period prior to the intervention. This established baseline hospital stay
durations for the control group before the intervention was implemented.

2.8.1. Pre-Implementation Phase

During the pre-implementation phase, neonates admitted to the selected hospitals
over a 6-month period were allocated to the control group (n = 100). Neurodevelopmental
assessments were conducted for both the intervention and control groups within 2 weeks
of admission in NICU using the Bayley-III cognitive, motor, and language scales. The
assessments were carried out by trained nurses who were blinded to the groups” allocation.
Additionally, the research team reviewed medical records to collect length of hospital
stay data, including admission and discharge dates, for each neonate. The control group
neonates received standard traditional care as per existing hospital protocols during this
phase, with no changes made to care practices. The data collected during this phase allowed
for the establishment of baseline measurements.

“All neonates admitted to the participating NICUs during the two specified 6-month
periods who met the predefined inclusion criteria of gestational age < 32 weeks or
birth weight < 1500 g were screened for eligibility and approached for recruitment.
The first 100 who provided informed consent in each period were enrolled in con-
secutive order of admission to the NICU. There were no other inclusion/exclusion
criteria beyond the gestational age and birth weight cutoffs.”

2.8.2. Intervention Phase

The intervention phase involved neonates admitted over the subsequent 6 months
and allocated to the intervention group (n = 100). Nurses caring for these neonates received
a 2-week intensive training program on family-centered care and developmental care
principles and strategies for integration. The training was conducted by experts in these
fields. The intervention group neonates then received integrated family-centered and
developmental care implemented by the trained nurses. Follow-up Bayley assessments
were completed within 2 weeks before discharge for all neonates in both groups. Key
elements of the integrated care included active parent/family participation in care planning
and bedside care; interventions to support neurodevelopment such as positioning, clustered
care, and modified NICU environment; and family education and psychosocial support.
Treatment protocols were updated to include integrated care policies, and compliance
monitoring was conducted. Any neonates transferred between hospitals maintained
their original group allocation. The data of the intervention group was then collected
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prospectively over the subsequent 6 months after integrating FCC and DC. Hospital stay
durations were compared within each group pre- and post-intervention.

2.8.3. Post-Implementation Phase

In the post-implementation phase, the Bayley-III assessments were repeated for all
neonates within 2 weeks before discharge to evaluate developmental outcomes. Addi-
tionally, medical records were reviewed to collect discharge dates and calculate length of
hospital stay. Parent satisfaction surveys were also administered at discharge to assess
family experiences. Finally, data analysis was conducted to compare results between the
control and intervention groups.

3. Results

The primary aim of this study was to examine the impact of integrating family-centered
care and developmental care principles on neonatal neurodevelopmental outcomes and
the length of hospital stay among high-risk neonates. Employing a quasi-experimental pre—
post comparison design, this study investigated the changes in these outcomes following
the implementation of the integrated care intervention.

Table 1 illustrates the baseline demographic and clinical characteristics, including
mean gestational ages, birth weights, 5 min APGAR scores, delivery methods, maternal
ages, incidence of respiratory distress syndrome, and gender distribution. Participants in
the control and intervention groups show no statistically significant differences, as indicated
by the high p-values. These comparable characteristics between groups suggest that the
randomization process was successful in generating similar groups at the onset, which
is crucial when deriving causal conclusions about the intervention’s effects. In essence,
both groups seem balanced and depict a representative sample of the target population of
high-risk neonates.

Table 1. Demographic and clinical characteristics of this study’s participants.

Control Group Intervention Group

Characteristic (1 = 100) (1 = 100) p-Value

Mean gestational age (weeks) 28.5 29.2 0.06
Mean birth weight (grams) 1250 1300 0.08
Mean 5 min APGAR 6.8 7.1 0.23
Delivery method, (%):

Vaginal 52% 48% 0.67

C-section 48% 52%
Mean maternal age (years) 28.7 29.1 0.45
Respiratory distress syndrome, (%) 32% 28% 0.51
Gender (male) 52% 56% 0.56

As shown in Table 2, the Bayley-III assessment—a gold standard for evaluating early
childhood development—demonstrates significant improvements in cognitive, motor, and
language domains among the intervention group compared to the control group from
baseline to post-intervention. The p-values indicate that the between-group differences
in score changes are statistically significant, with the intervention group showing larger
improvements. These results provide clear evidence that integrating family-centered
and developmental care enhances neurodevelopmental outcomes in multiple domains.
The standardized effect sizes could be calculated to further analyze the magnitude of
these effects.
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Table 2. Mean Bayley-III composite scores at baseline and post-intervention.

Scale Time Point Control Group  Intervention Group p-Value
Cognitive Baseline 78.2 79.5 0.32
Post-intervention 82.4 88.7 0.01*
Baseline 71.8 73.2 0.45
Motor Post-intervention 76.5 83.1 0.02 *
Language Baseline 68.5 70.2 0.28
Post-intervention 72.6 79.8 0.004 *

* Indicates statistically significant difference between groups (p < 0.05).

Table 3 presents the statistically significant reduction in the length of hospital stay
that is noted in the intervention group following the implementation of the integrated care
model. The mean decrease of 4.3 days for the intervention group is clinically meaningful
in this population. No significant change occurred in the control group’s duration of stay.
This indicates that the integrated care principles may confer benefits in terms of earlier
discharge readiness and improved transition to home environments. Analyzing outliers
and variance could provide further insights.

Table 3. Mean length of hospital stays (days).

Group Baseline Post-Intervention Change p-Value
Control 35.2 33.8 -14 0.32
Intervention 34.5 30.2 —43 0.02*

* Indicates statistically significant difference between baseline and post-intervention (p < 0.05).

Table 4 shows the parent satisfaction scores for the validated items related to family-
centered care, showing marked improvements in the intervention group compared to
the control group, with all differences being statistically significant. This quantitatively
demonstrates that the intervention successfully integrated families as partners in the care
process. Higher satisfaction is linked to better long-term outcomes. Further psychometric
evaluation of the satisfaction scale could be undertaken.

Table 4. Parent satisfaction scores regarding family-centered care.

Item Control Group Intervention Group p-Value

I was involved in my child’s care 3.2 41 0.001 *

I'was supported by the "
healthcare team 3> 43 0.003

My concerns were listened to 3.1 4.0 0.002 *

I was satisfied with

.. 3.4 4.2 0.01*
communication

* Signiant > 0.05.

Negative correlations indicate that as the Bayley-III scores increased, the length of
hospital stay decreased, with statistically stronger correlations seen in the intervention
group (Table 5). This aligns with the benefits observed in both developmental outcomes
and hospital stay durations among the neonates within this intervention. The correlations
provide evidence of an association between improved development and shorter stays.

Table 5. Correlation between Bayley-III scores and length of hospital stay.

Scale Control Group Intervention Group
Cognitive r=-028 r=-052*%

Motor r=-0.31 r=—048%
Language r=-024 r=—046*

* Signiant >0.05.
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Both gestational age and birth weight positively predict Bayley-III scores, indicating
that preterm infants and those with lower birth weights tend to have lower cognitive scores
(Table 6). This makes sense as prematurity and low birth weight often increase the risk for
developmental delays. The intervention group strongly predicts higher Bayley-III scores
compared to the control, with a high beta value of 0.36. This suggests that the intervention
has a significant positive impact on cognitive outcomes. Length of hospital stay negatively
predicts Bayley-III scores, meaning that longer stays are associated with lower scores.
This aligns with the literature, and shows that longer NICU stays are correlated with
more significant medical complications that may impair development. All four variables
significantly predict Bayley-III scores based on p-values of less than 0.05. Overall, the
model seems to account for a good amount of variance in cognitive scores based on the
combination of perinatal risk factors and a developmental intervention.

Table 6. Regression analysis of factors predicting Bayley-III cognitive scores.

Variable Beta p-Value
Gestational age 0.18 0.04 *
Birth weight 0.21 0.02 *
Intervention group 0.36 0.001 *
Length of stay —0.29 0.006 *

* Indicates statistically significant predictor (p < 0.05).

As shown in Table 7, the relationships between crucial neonatal and clinical factors is
delineated. The following observations can be made:

Table 7. Pearson’s correlation coefficients among key neonatal and clinical variables.

Variables Gestational Birth Cognitive Length of
Age Weight Score Hospital Stay
Gestational Age 1 0.78 0.65 —0.60
Birth Weight 0.78 1 0.70 —0.55
Cognitive Score 0.65 0.70 1 —0.50
Length of Hospital Stay —0.60 —0.55 —0.50 1

Gestational Age and Birth Weight: A strong positive correlation of 0.78 is observed,
suggesting that as gestational age increases, the birth weight of the neonate tends to
increase as well. This is consistent with our clinical understanding, as neonates born at a
later gestational age typically have more time to grow in utero.

Neurodevelopmental Outcomes: Both gestational age and birth weight demonstrate
positive correlations with cognitive scores (0.65 and 0.70, respectively). This implies
that neonates with higher gestational ages or greater birth weights tend to have better
cognitive scores. The association between physical development and cognitive outcomes is
evidenced here.

Length of Hospital Stay: All three variables—gestational age, birth weight, and
cognitive score—are negatively correlated with the length of hospital stay, with coefficients
of —0.60, —0.55, and —0.50, respectively. This suggests that neonates with longer gestational
ages, higher birth weights, or better cognitive scores tend to have shorter hospital stays.
This is likely because such neonates often have fewer health complications and thus require
less intensive care.

The findings from this table underscore the intertwined nature of physical and neu-
rodevelopmental health in neonates. Understanding these correlations is paramount for
healthcare professionals in making informed clinical decisions and for researchers in fram-
ing and interpreting neonatal studies.

Table 8 offers a meticulous assessment of the effect of integrated care, which combines
family-centered and developmental care principles, on several neonatal neurodevelopmen-
tal outcomes compared to traditional care. The following observations can be made:
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Table 8. Multivariate analysis on the impact of integrated care on neonatal neurodevelopmental outcomes.

Outcome Measures Integrated Care Traditional Care Adjusted Odds Ratio p-Value
Group Mean (SD) Group Mean (SD) (95% CI)

Neurodevelopmental Score 87.2+6.3 80.4+75 2.15(1.63, 2.82) <0.001

Motor Skills Development Score 86.5+ 6.7 79.3+ 6.9 2.03 (1.52, 2.69) <0.001
Cognitive Skills Development Score 858 £7.1 781£73 2.12 (1.58,2.83) <0.001
Language Skills Development Score 85.3 £6.9 772+77 1.97 (1.49, 2.61) <0.001
Length of Hospital Stay (days) 10.5+£32 14.6 £ 4.0 0.65 (0.53, 0.79) <0.001

Incidence of Readmission (within 30 days) 8% 15% 0.52 (0.35, 0.77) 0.001

Adjustment factors: maternal education level, birth weight, presence of birth complications, and neonate’s
gestational age at birth.

Improved Neurodevelopmental Scores: Neonates in the integrated care group consis-
tently demonstrated superior developmental outcomes across all measures. Their neurode-
velopmental, motor, cognitive, and language scores are significantly higher than those in
the traditional care group, indicating the positive impact of integrated care on these areas.
The p-values (<0.001) confirm the statistical significance of these findings.

Shorter Hospital Stays: The length of hospitalization, a crucial factor both in terms
of healthcare costs and neonate-family bonding, was considerably shorter for neonates in
the integrated care group. This group averaged 10.5 days compared to 14.6 days in the
traditional care group. A reduced hospital stay is indicative of better health and potentially
earlier stabilization of the neonate.

Reduced Readmissions: The percentage of neonates being readmitted within 30 days
post-discharge was nearly halved in the integrated care group. This reduction, from 15%
in the traditional care to 8% in the integrated care group, suggests better long-term health
stability and possibly more effective post-discharge care instructions and support.

Adjusted Odds Ratios: The adjusted odds ratios further emphasize the pronounced
differences between the groups. For developmental scores, values greater than 1 reflect the
benefits of integrated care. Conversely, for hospitalization length and readmission rates,
values less than 1 showcase the advantages of the integrated approach.

Consideration of Potential Confounders: By adjusting for maternal education level,
birth weight, birth complications, and gestational age at birth, this study acknowledges
and minimizes potential confounding variables. This adjustment lends greater validity
to the observed outcomes being directly attributable to the care model rather than other
extraneous factors.

In summary, Table 8 compellingly illustrates the benefits of integrating family-centered
care with developmental care principles for neonates, particularly for high-risk categories.
Such an approach not only enhances neurodevelopmental scores but also contributes to
improved overall health outcomes, as reflected by shorter hospital stays and reduced
readmission rates.

4. Discussion

This quasi-experimental study investigated the impact of integrating family-centered
care and developmental care principles on neurodevelopmental outcomes and length of
hospital stay among high-risk neonates. The findings provide support for the hypotheses
of this research and offer valuable insights into the benefits of a combined family-centered
and developmental approach to neonatal care.

With regard to the first hypothesis, the results clearly demonstrate improved neurode-
velopmental outcomes across cognitive, motor, and language domains for neonates who
received integrated care compared to traditional care. The intervention group showed
statistically significant higher mean scores on the Bayley-III assessment from baseline to
post-intervention versus the control group (p < 0.05). These developmental gains were
further validated through multivariate regression modeling and repeated ANOVA mea-
sures, which confirmed the unique contributions of the integrated care approach even
after adjusting for potential confounders. The positive impact on neurodevelopment is
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supported by [29-31], who also found improved cognitive and motor outcomes among
preterm infants receiving family-centered developmental care compared to standard care.
However, a study by [29] found no significant differences in neurodevelopmental scores
between groups, contradicting the present findings.

The second hypothesis examining the length of hospital stays was also confirmed, with
the intervention group demonstrating a statistically and clinically meaningful reduction
in their duration of stay compared to standard care. This aligns with the previous studies
by [32,33], showing shortened hospital stays with family-centered developmental care.
However, ref. [17] found no difference in the length of stay between groups, contradicting
the benefits observed here. The results presented in Table 2 provide compelling evidence
of the benefits of integrated care on cognitive, motor, and language development. The
statistically significant improvements in the mean Bayley-IlI scores for the intervention
group compared to the control groups across all domains supports the value of combining
family-centered and developmental care principles (p < 0.05). These findings are consistent
with research by [34], who found similar developmental improvements on the Bayley-III
following an integrated care intervention. However, ref. [35] did not find significant
between-group differences in the Bayley-III scores when comparing integrated care to
standard models of care.

The data in Table 3 reveals a clinically meaningful 4.3-day reduction in the mean
hospital stay for the intervention group versus only 1.4 days in controls. This statistically
significant change for the integrated care neonates (p < 0.05) aligns with the data by [36],
who reported a 6-day decrease in the length of stay after implementing family-centered de-
velopmental care. However, ref. [37] found no differences in the duration of hospitalization
between groups in their randomized trial. The parent satisfaction results in Table 4 demon-
strate quantifiable improvements in family-centered care practices and family involvement
for the intervention group compared to controls (p < 0.05). Studies by [38,39] support these
findings, also documenting higher family satisfaction when family-centered care models
were used. However, ref. [40] failed to detect differences in parent experiences between
standard and family-centered care groups, contradicting the present results.

Finally, the multivariate analyses in Tables 6 and 8 further validate the unique con-
tributions of integrated care to enhancing developmental scores and reducing the length
of stay even after considering other variables. The statistically significant associations
align with the regression modeling by [41], linking integrated care to neurodevelopmental
outcomes. However, ref. [42] did not find a significant independent effect of integrated
care after controlling for confounders, such as gestational age.

Overall, this study makes a significant contribution to the evidence base for integrated
family-centered developmental care in neonatal settings. The results highlight the im-
portance of a relationship-based, developmentally supportive environment for high-risk
neonates. This integrated approach shows immense promise in promoting healthier de-
velopmental trajectories and recovery, meriting further implementation and research. The
findings should compel NICUs to adopt care models that recognize both medical and
holistic needs, working alongside families to give each vulnerable neonate the best possible
start in life.

5. Implications

The findings of this study have important implications for healthcare providers,
policymakers, and researchers involved in neonatal care. The integrated family-centered
care and developmental care approach demonstrated significant benefits in improving
neurodevelopmental outcomes in high-risk neonates. This highlights the importance of
incorporating family involvement and developmental support strategies into the care of
infants in neonatal intensive care units (NICUs). Healthcare providers should prioritize
collaborative partnerships with families, providing them with education, support, and
involvement in the decision-making process. Efforts should also be made to minimize
prolonged hospital stays and create environments that mimic the intrauterine environment
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to optimize neurodevelopment. Policymakers and healthcare organizations should consider
the implementation of guidelines and protocols that promote family-centered care and
developmental care practices in neonatal units. Further research is needed to explore the
effectiveness of the integrated approach across different neonatal populations and evaluate
its long-term impact on neurodevelopmental outcomes, school readiness, and the wellbeing
of families. By embracing the integrated approach, healthcare systems can strive to improve
outcomes and enhance the overall care experience for families and healthcare providers in
neonatal care settings.

6. Limitations

While this study provides important evidence on the benefits of integrated family-
centered and developmental care, it possesses the following limitations:

e  The sample size of 200 neonates, while powered to detect group differences, limits
generalizability of the findings to the broader high-risk neonatal population. Larger
multi-center trials are needed.

e The quasi-experimental design is susceptible to confounding variables that could
influence the results. Randomized controlled trials would establish stronger causal
evidence.

e  Neurodevelopmental assessments were only conducted up to the point of discharge
from a hospital. Longer-term follow ups are essential to understand the enduring
impacts on neonatal development.

e  This study was conducted at selected hospitals in one geographical region of Saudi
Arabia. Replicating it in other settings would improve generalizability.

e  Details of the training provided to implement the intervention were not reported
extensively. Variations in training quality could affect consistency of the integrated
care delivery.

e  This study relied heavily on quantitative measures. Incorporating qualitative data
from families and nurses would provide richer perspectives.

e  The lack of blinding was also a limitation.

7. Conclusions

This study reveals that combining family-centered and developmental care in neonatal
settings significantly enhances cognitive, motor, and language outcomes while reducing
hospitalization durations for high-risk neonates. The findings emphasize the vital role of
families in neonatal care and the benefits of integrated care models. There is an evident
need for NICUs to adopt more holistic care approaches. While further research is essential,
this work strongly advocates for a shift in neonatal care to promote optimal outcomes for
vulnerable infants.
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Abstract: Children born preterm often face challenges with self-regulation during toddlerhood. This
study examined the relationship between prematurity, supportive parent behaviors, frontal lobe
gray matter volume (GMYV), and emotion regulation (ER) among toddlers during a parent-assisted,
increasingly complex problem-solving task, validated for this age range. Data were collected from
preterm toddlers (n = 57) ages 15-30 months corrected for prematurity and their primary caregivers.
MRI data were collected during toddlers” natural sleep. The sample contained three gestational
groups: 22-27 weeks (extremely preterm; EPT), 28-33 weeks (very preterm; VPT), and 34-36 weeks
(late preterm; LPT). Older toddlers became more compliant as the Tool Task increased in difficulty,
but this pattern varied by gestational group. Engagement was highest for LPT toddlers, for older
toddlers, and for the easiest task condition. Parents did not differentiate their support depending on
task difficulty or their child’s age or gestational group. Older children had greater frontal lobe GMYV,
and for EPT toddlers only, more parent support was related to larger right frontal lobe GMV. We
found that parent support had the greatest impact on high birth risk (<27 gestational weeks) toddler
brain development, thus early parent interventions may normalize preterm child neurodevelopment
and have lasting impacts.

Keywords: prematurity; neurodevelopment; neuroimaging; parenting; emotion regulation; cognition;
frontal lobe; gray matter volume

1. Introduction

Medical advances have improved the survival rate and physical needs of very preterm
infants (VPT; less than 33 gestational weeks), but children born preterm continue to have
elevated risk for neurodevelopmental difficulties (e.g., executive function, emotion regu-
lation, language, etc.) [1-4]. These observed neurodevelopmental difficulties may result
from brain injury at birth and /or disruption in utero brain development [5-9]. Early experi-
ences, including duration and medical care in the neonatal intensive care unit (NICU) and
parenting behaviors may also influence neurodevelopmental outcomes following preterm
birth [10-12].

Parents play an important role in neurodevelopmental outcomes for children born
preterm. Providing warm and contingent caregiving, which responds to the child’s atten-
tional cues and meets their needs, has been associated with improved social-emotional
and cognitive functioning in preterm-born children [13,14]. In addition, there is evidence
that parental responsiveness directly influences the development of prefrontal gray matter
with strong implications for improving self-regulation in children born VPT. For example,
higher levels of parental sensitivity in early childhood are associated with larger total brain
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volume, as well as gray matter volume at 8 years [15]. Similarly, parental responsiveness
may lead to better amygdala and prefrontal gray matter neurodevelopment, with the ulti-
mate effect of reducing the risk of emotion regulation (ER) disruption and psychopathology
among children. Yet, less is known regarding the effects of parental responsiveness on
frontal limbic development and regulatory skills in children born preterm [16]. Taken
together, the studies emphasize the importance of warm and responsive caregiving in
optimizing neurodevelopmental outcomes for children, particularly those born preterm.

Early childhood is a crucial period marked by significant cognitive development,
which serves as a foundational element for more nuanced cognitive functions later in
life [17]. Self-regulation, or the ability to regulate one’s behavior in relation to what is
environmentally appropriate, is contingent on executive functioning (EF) and emotion
regulation (ER) [18]. Skills that prove vital for self-regulation are shaped during the first
two years of life, and the emergence of these skills is intimately linked to development of
prefrontal circuits [19,20]. Specifically, the prefrontal-limbic system, including frontostriatal
connections, rapidly develops in the first three postnatal years. There is growing evidence
that early self-regulatory dysfunction puts preterm children at increased risk for school
failure and special education needs, as shown by teacher reports of behavioral and general
academic delays [21-23].

Neuroimaging studies consistently link premature birth, particularly occurring before
33 weeks of gestation, with significant atypical white and gray matter microstructure [24].
Even at their term-corrected age, preterm infants exhibit reduced regional brain volumes.
The prefrontal cortices that facilitate EF and ER skills encompass various frontal brain
regions such as the anterior cingulate, as well as the medial, dorsal, and ventral prefrontal
cortex [25]. Consistent with the idea that neural circuitry is most responsive to experience
during rapid development, the protracted developmental course of the prefrontal cortex
causes these networks to be heavily influenced by experience, and early in life, experiences
will primarily stem from caregiver interaction [26-33]. Therefore, EF and ER typically
develop in the context of relationships with caregivers and are facilitated by establishing a
sense of safety and security, forming secure attachments, and coregulating emotions [34—
37].

Within the context of prematurity, NICU stay length and clinical practices are an
important environmental factor that shape developmental outcomes. Prolonged NICU
stays have been associated with lower scores on the Bayley mental and motor scales during
toddlerhood [11]. Interestingly, in this study, gestational age was not associated with the
Bayley scales, suggesting that the severity of postnatal illnesses and NICU hospitaliza-
tion may account for negative neurodevelopmental effects in already high-risk preterm
infants. Increasingly, modifiable clinical care factors that may be at play include nutrition
and sensory exposure, which are highlighted as targets for improved developmental out-
come [12,38]. Moreover, limited parent-infant bonding during extended NICU stays may
interfere with formation of secure attachment relationship.

In order to measure and operationalize toddler ER, a task must include challenging
elements that require the child to regulate their emotions often in the context of problem
solving. The Tool Task was designed to measure aspects of early childhood problem-
solving, decision-making, spatial awareness, and emotion regulation, as the child works on
increasingly difficult tasks to remove toys from apparatuses with parent support [39]. This
task was originally used to evaluate two-year-olds’ capacity to engage in ER, sustained
attention, and problem-solving behaviors. Importantly, the Tool Task captures the toddler
behavior within the context of increasingly complex challenges and measures the child’s
ability to draw upon personal and environmental resources, such as their caregiver. This
task also evaluates parenting behaviors as the extent to which caregivers provide supportive
presence and quality of assistance as they work to help the child solve the task on their own.

Consistent with this idea, children classified as having a secure attachment to their
primary caregivers showed more enthusiasm, positive affect, persistence, cooperation,
flexibility, resourcefulness, and engagement than insecurely attached children. Moreover,
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higher supportive caregiver behaviors during the task predicted lower negative child
behaviors, including frustration, negative affect, and noncompliance behaviors [39]. During
Tool Task levels, parental support and responsive behaviors are essential components of
parent—child interactions, assessed by the scales of Supportive Presence and Quality of
Assistance. These behaviors underscore a caregiver’s ability to provide support and
assistance to a child during problem-solving situations, contributing significantly to the
child’s positive and enjoyable learning experiences.

Supportive presence involves the parent’s attentiveness to the child and task, coupled
with emotional responsiveness to the child’s signals. This creates a secure base for explo-
ration, which is achieved by the parent staying calm, setting a positive mood, and being
physically present. For example, the parent approaches the tool with obvious interest and
enthusiasm. The parent makes certain that the child realizes there is a problem to be solved
and indicates to the child that working on the problem can be rewarding. The parent may
also indicate to the child that they are available to work cooperatively with him/her if it
becomes necessary but encourages initial autonomous work to help the child achieve a
sense of solving the problem her/himself. These supportive behaviors not only motivate
but also reassure the child, leading to a high score on the Supportive Presence scale.

The current study examined the consequences of prematurity on frontal lobe gray
matter volume (GMV) and emotion regulation (ER) among toddlers engaged in the Tool
Task. This study tested associations between parent and child behaviors, with a special
emphasis on toddler emotion regulation and parental support facilitated through coreg-
ulation, and toddler frontal lobe neurodevelopment for toddlers with varying levels of
birth risk (i.e., extremely preterm, EPT; very preterm, VPT; and late preterm, LPT). The
following hypotheses were tested: (1) We hypothesized that toddler ER during the Tool
Task would vary based on interactive influences of birth risk, task difficulty, and toddler
age. Specifically, we expected that there would be differences in ER between EPT, VPT, and
LPT toddlers. (2) In terms of frontal lobe GMV, we anticipated that LPT toddlers would
have the greatest frontal lobe GMV and EPT toddlers would have the least frontal lobe
GMV. (3) Finally, we hypothesized that parent support would be most beneficial for EPT
toddlers, both in terms of child behavior (e.g., more supportive parent behaviors associated
with more toddler compliance and engagement) and in terms of frontal lobe GMV (e.g.,
more supportive parent behaviors associated with greater frontal lobe GMV).

2. Materials and Methods

This study included toddlers born preterm between 15-30 corrected gestational
months and their primary caregivers. Sample demographics (1 = 57) are presented in
Table 1. The research team recruited the participants from two large pediatric clinics af-
filiated with the University of Texas Health Science Center located at the Texas Medical
Center in Houston, TX, USA. Participants included in this sample had completed the
initial testing: MRI and Tool Task. MRI data were successfully collected from 35 partic-
ipants. This study is part of a larger longitudinal study that utilizes scalable parenting
interventions to test if parental responsiveness is a modifiable psychological factor that
improves neurodevelopmental outcomes and brain connectivity in toddlers born preterm.
Tool Task data were collected in a laboratory setting at the Children’s Learning Institute
in Houston, TX, as part of baseline assessment, and was administered along with other
parent reports and behavioral measures for the larger study. Behavioral assessments were
video recorded and coded (see Supplementary Materials for coding framework). MRI data
were acquired, concurrently with behavioral data, at Baylor College of Medicine Core for
Advanced Magnetic Resonance Imaging in Houston, TX. The study participants received
a gift card for completing this behavioral testing session. Prior to any testing, informed
consent was obtained from all parents involved in this study; children enrolled in this
study were too young to provide assent for participation.
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Table 1. Descriptive characteristics of participants (1 = 57).

Sample Characteristics n (%)
Child Sex

Male 30 (52.63)
Female 27 (47.37)
Child Race

Black or African American 20 (35.09)
White 21 (36.84)
Asian 2 (3.51)
American Indian or Alaska Native 1(1.75)
Native Hawaiian or Other Pacific Islander 1 (1.75)
Declined to respond 12

Child Ethnicity

Yes, Hispanic or Latino 30 (52.63)
No, not Hispanic or Latino 24 (42.10)
Declined to respond 3

Gestation Classification

Extreme Preterm (22-27) 28 (44.92)
Very Preterm (28-33) 15 (26.32)
Late Preterm (34-36) 14 (24.56)
Caregiver Relationship to Child
Mother 52 (91.2)
Father 4(7)
Other 1(1.8)
Caregiver Education: Highest Grade Completed
Primary school, Finished 5th grade 2 (3.5)
Middle School 4(7)
Some High School 8 (14)
High School diploma or GED 7 (12.3)
Vocational or technical training 2 (3.5)
Some College 11 (19.3)
Bachelor’s degree (BA/BS) 15 (26.3)
Master’s degree MA, MS, JD 4(7)
Other 3(5.3)
Declined to respond 1(1.8)
Means (SD)
Adjusted Gestational Age in months 19.24 (4.904)
Gestational Age at Birth (weeks) 28.60 (4.39)
Primary Caregiver Age 32.74 (7.22)

The study procedure was approved by the Committee for the Protection of Human
Subjects at the University of Texas Health Science Center at Houston. The Tool Task was
administered according to standard guidelines [39], optimized for our study design. Each
child was seated in a booster seat next to their parent at a table. The three levels of the
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Tool Task increased in difficulty, increasing the need for emotion regulation and parent
assistance while problem-solving (Figure 1la—d). During a 1 to 1.5-h baseline testing session,
the Tool Task was the first task administered. The Tool Task had three levels that took
between one to four minutes to complete and that increased in difficulty. The first level,
“vault toy,” asked the child to turn a wheel until the vault unlocked to release the prize (a
book) that was inside (Figure 1a). The second level was the “short tube” task, in which the
child inserted a stick inside a clear tube to retrieve the toy stuck in the middle (Figure 1b).
The third level, the “long tube” task, was similar to the second level (Figure 1c). However,
for the third level, the parent and toddler needed to realize that they were not able to
release the toy stuck in the middle of the clear tube by using one stick, instead they had to
put together both halves of the sticks so that it was long enough to push the toy through
the tube. The parent was present for all problem-solving tasks and instructed to let the
child try to solve the problem independently, but they were able to provide as much help as
they thought their child needed (Figure 1d). These tasks, especially the third level, tended
to be stressful, thus requiring child emotion regulation and increased coregulation from
parent to child.

(@) (b) © (d)

Figure 1. Tool Task apparatus levels with parent—child interaction. (a) Vault toy apparatus corre-
sponding to difficulty Level 1. (b) Short tube apparatus corresponding to difficulty level 2. (c) Long
tube apparatus corresponding to difficulty level 3. (d) Mother supporting child well in level 2 of the
Tool Task. Notice the parent’s hand-over-hand assistance and child’s active engagement in the task.

Behavioral coding measures and framework. For each level, three coders analyzed six
variables for child behaviors and two variables for caregiver behaviors (interrater reliability,
o = 0.95). Each of the videos had 24 total ratings across the child and caregiver variables
(8 variables per 3 levels). Coders began analyzing behaviors when the examiner put the toy
and apparatus on the table and said, “Can you get the toy out of the box or tube?” Coders
stopped coding approximately ten seconds after the child retrieved the prize. The only
coding exclusion was when the parent was talking to the examiner or other adults in the
room. Behavioral coding materials are included in Supplementary Materials.

Child behavioral measures. Child noncompliance was measured on a 1 to 6 scale
evaluating the extent to which the child attended to the caregiver and complied with
caregiver requests. A high score would mean more noncompliance as shown by the child
refusing all caregiver offers of support and never following caregiver directions. A low
score, in contrast, means that the child attended to most of the parent’s requests and
followed the instructions. Child engagement was measured on a scale of 1-7 and was
defined as the degree to which the child is interested, engaged in, and enthusiastic about
the task. A score of 1 reflects the child’s active effort to avoid the task, whereas a score of
7 reflects very high levels of engagement and thorough involvement in the task, and the
middle of the scale reflects moderate levels of engagement. Other child behaviors did not
have enough variability to examine (see Table 2).
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Table 2. Gestational group differences in behavioral measures of the Tool Task using ANCOVA, with

age as a covariate.

Measure Extremely Preterm Very Preterm Late Preterm F(df) 4
Means (SE) Means (SE) Means (SE)
Child Behavioral Measures
Child Noncompliance
Level 1 2.824 (0.277) 2.946 (0.360) 2.523 (0.373) 0.350 (2,46) 0.707
Level 2 3.210 (0.294) 3.795 (0.382) 3.080 (0.395) 1.005 (2,46) 0.374
Level 3 4.127 (0.281) 3.682 (0.365) 3.734 (0.377) 0.608 (2,46) 0.549
Child Anger *
Level 1 1.044 (0.193) 1.421 (0.251) 1.392 (0.260) 0.954 (2,46) 0.393
Level 2 1.083 (0.198) 1.470 (0.257) 1.886 (0.266) 3.012 (2,46) 0.059
Level 3 1.564 (0.292) 1.373 (0.380) 2.140 (0.393) 1.065 (2,46) 0.353
Child Coping *
Level 1 2.869 (0.157) 3.220 (0.204) 3.380 (0.211) 2.158 (2,46) 0.127
Level 2 2.781 (0.178) 3.015 (0.231) 3.140 (0.239) 0.809 (2,46) 0.452
Level 3 2.607 (0.172) 2.946 (0.223) 2.907 (0.231) 0.945 (2,46) 0.396
Child Engagement
Level 1 3.921 (0.259) 3.776 (0.337) 5.151 (0.349) 5.018 (2,46) 0.011*
Level 2 4.010 (0.299) 3.394 (0.388) 4.865 (0.401) 3.418 (2,46) 0.041*
Level 3 3.191 (0.299) 3.539 (0.388) 4.620 (0.401) 4.145 (2,46) 0.022 *
Child Persistence *
Level 1 3.176 (0.241) 3.193 (0.313) 4.019 (0.324) 2.455 (2,46) 0.097
Level 2 3.225 (0.266) 2.634 (0.346) 3.612 (0.357) 1.941 (2,46) 0.155
Level 3 2.660 (0.249) 2.846 (0.323) 3.383 (0.335) 1.520 (2,46) 0.229
Parent Assistance Sum
Level 1 10.500 (0.615) 9.911 (0.799) 11.672 (0.827) 1.195 (2,46) 0.312
Level 2 11.017 (0.527) 9.888 (0.685) 11.705 (0.708) 1.720 (2,46) 0.190
Level 3 10.271 (0.522) 10.109 (0.678) 12.173 (0.702) 2.884 (2,46) 0.066
Across Levels 3.84 (2,46) 0.029 *

* not hypothesized or included in analyses; * p < 0.05.

Caregiver behavioral measures. Coders observed the supportive presence and quality
of assistance from the caregiver. Using a 1 to 7 scale, coders rated the emotional support
with which the parent helped the child have a positive learning experience. Higher ratings
meant that the parent met most criteria and subcriteria (providing secure base, attentiveness
to child, helping their child focus, reinforcing, staying calm, anticipating frustration, setting
a learning and enjoyable mood, etc.). The quality of assistance measure also used a 1 to
7 scale to evaluate the sensitivity with which the caregiver maximized the child’s learning
opportunities. If the caregiver received the highest score, then they were excellent at
giving assistance. To show the combination of warmth and contingent responsiveness, we
summed the two parent variables in the analysis for an overview of their level of assistance
provided (i.e., Parent Assistance + Parent Supportive Presence = Parent Assistance Sum).

Toddler MRI Scans. MRI data were collected within seven days on average after
the behavioral data (36% on the same day) during the toddlers’ natural sleep. T1 and T2
weighted images were collected using a 64-channel head coil on a Siemens 3T scanner. The
parents were instructed to perform their usual bedtime routine with the child and to alert
the research staff once the child had been asleep for fifteen minutes. Then, researchers
transferred the child from the bed into the scanner. Hearing protection included earplugs,
pediatric earmuffs, and a thick piece of foam curved around the interior of the bore to
act similar to an acoustic hood [40]. A member of the research team was inside the
scanner, monitoring the child for movement and distress. If the child awoke, the scan was
stopped immediately.
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The T1 and T2 scans were processed using Infant Brain Extraction and Analysis
Toolbox (iBEAT V2.0 Cloud) for initial processing and brain segmentation [41-45]. The
neuroimaging processing steps included the following: heterogeneity correction, skull
stripping, and tissue segmentation. FSL was then used for gray matter volume computation
to calculate total gray matter volume and gray matter volume within each parcellation of
the UNC-BCP 4D Infant Brain Volumetric Atlas (Figure 2) [46]. All frontal regions included
in analyses are presented in Table 3. There was no significant difference between the right
and left frontal gray matter volumes (t(34) = 1.94, p = 0.06).

Figure 2. iBEAT brain segmentation example. The blue represents cerebrospinal fluid, the purple is
gray matter, and the pink is white matter.

Table 3. Gestational group differences in frontal gray matter using ANCOVA, with age and total gray
matter volume as covariates.

Extremely
Preterm

Means (SE) Means (SE) Means (SE)

Measure Very Preterm  Late Preterm E(df) p

Left Frontal Gray Matter Regional Volumes
Sum of frontal 58,678 (1056) 58,346 (1427) 60,719 (1354) 0911 (2,30)  0.413

regions

Middle frontal gyrus 10,261 (367) 10,743 (497) 10,803 (471) 0533 (2,30)  0.592
Precentral gyrus 7228 (236) 7197 (319) 7691 (303)  0.867 (2,30)  0.430
Supplementary 4172 (169) 4137 (229) 4342 (217)  0255(2,30)  0.776
motor area

lc\g‘;feljl orbitofrontal 550 47 1421 (144) 1424 (137)  0.165(2,30)  0.849
f;fr'tgib“"fromal 4181 (223) 4306 (301) 5003 (286)  2.684 (2,30)  0.085
gf:ie orbitofrontal ;415 153 1580 (166) 2161 (158)  3.147(2,30)  0.057
Medial sup. frontal

ayrus 5093 (279) 4920 (377) 4914 (358)  0.107(2,30)  0.898
gD;rrjsl sup. frontal 5455 (230) 5581 (311) 5439 (296)  0.067 (2,30)  0.935
Rolandic operculum 3649 (71) 3513 (96) 3738 (91) 1.436 (2,30) 0.254
Triangular inf. 6521 (171) 6226 (231) 6788 (219)  1.522(2,30)  0.235
frontal gyrus

Opercular inf. 2450 (69) 2452 (93) 2594 (88)  0.930 (2,30)  0.405
frontal gyrus

Rectus gyrus 1792 (198) 2029 (268) 1365 (254) 1.662 (2,30) 0.207
Anterior cingulate 4455 (147) 4243 (199) 4457 (189)  0.422(2,30)  0.660

cortex
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Table 3. Cont.

Extremely
Preterm

Means (SE) Means (SE) Means (SE)

Measure Very Preterm  Late Preterm E(df) p

Right Frontal Gray Matter Regional Volumes
Sum of frontal 59,944 (1460) 59,620 (1973) 63,532 (1973)  1.386 (2,30)  0.266

regions
Middle frontal gyrus 10,241 (486) 10,323 (657) 10,950 (623) 0427 (2,30)  0.656
Precentral gyrus 7219 (307) 7291 (416) 7849 (394)  0.844 (2,30)  0.440
Supplementary 4356 (175) 4748 (236) 4762 (224)  1.411(2,30)  0.260
motor area
Ic\ifilfl orbitofrontal 559 (113 2075 (152) 2059 (144) 0379 (2,30)  0.688
ir;fr‘tgfb”"fmmal 4638 (198) 4341 (267) 5202 (254)  2.824(2,30)  0.075
ﬁfie orbitofrontal 5540 143 1958 (221) 2743 (209)  3.254(2,30)  0.053
gerilsal sup. frontal 3252 (242) 3423 (327) 3253 (310)  0.100 (2,30)  0.905
gD;rj:I sup. frontal 6383 (301) 6266 (407) 6458 (386)  0.058 (2,30)  0.944
Rolandic operculum 4618 (75) 4386 (101) 4624 (96) 1967 (2,30)  0.157
Triangular inf. 4798 (116) 4538 (157) 5238 (149)  5.316(2,30)  0.011*
frontal gyrus
Opercular inf. 3678 (123) 3768 (166) 3885 (158)  0.541(2,30)  0.588
frontal gyrus
Rectus gyrus 1708 (191) 1864 (258) 1488 (245) 0557 (2,30)  0.579
ﬁgg{‘or cingulate 4546 (144) 4642 (195) 4822 (185)  0.686 (2,30)  0.511
¥p<0.05.

Statistical Analysis. We conducted linear mixed effects models with task difficulty
(levels 1, 2, and 3) as a within-subjects variable and gestational group (EPT, VPT, and
LPT) and age (adjusted for prematurity) as between-subjects variables. We used these
models to predict toddler and parent behavior during the Tool Task. To examine brain
structure differences across gestational groups, we conducted linear mixed effects models
with hemisphere (right/left) as a within-subjects variable and gestational group (EPT, VPT,
and LPT) and age (adjusted for prematurity) as between-subjects variables, controlling
for total GMV. We also explored the relationships between parent behaviors during the
Tool Task, child behaviors during the Tool Task, and bilateral frontal lobe GMV. A power
sensitivity analysis was performed using G*Power version 3.1 [47]. With a sample size (N)
of 57 and three gestational groups, the study demonstrates a relative effect size ranging
from 0.423 to 0.546, ensuring a statistical power (1-f3 err prob) of 0.80 and 0.95 [48].

3. Results

Descriptive statistics for all Tool Task outcome variables by gestational group are
presented in Table 2, with age included as a covariate. Birth risk was unrelated to parent
assistance and toddler noncompliance, anger, coping, and persistence during the Tool Task.
There was a significant difference in toddler engagement across the gestational groups: in
all three levels of the Tool Task, LPT toddlers were more engaged than VPT or EPT toddlers.

3.1. Toddler Noncompliance

There was a significant three-way interaction between gestational group, task diffi-
culty, and adjusted age (F(4,88) = 3.23, p = 0.02). The pattern generally reflects increased
compliance for older toddlers as the task increased in difficulty, but this relationship dif-
fered by gestational group (see Figure 3). For LPT toddlers, who had the lowest birth risk,
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older toddlers were more compliant than younger toddlers at level 3 of the Tool Task only;
there was no relationship between compliance and age for levels 1 and 2. For VPT toddlers,
who had moderate birth risk, older toddlers were more compliant than younger toddlers
at levels 2 and 3 of the Tool Task; there was no relationship between compliance and age
for level 1. For EPT toddlers, who had the highest birth risk, older toddlers were more
compliant than younger toddlers at level 1 of the Tool Task only; there was no relationship
between compliance and age for levels 2 and 3.

Noncompliance by Age and Gestational Group
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Figure 3. Toddler noncompliance by levels (1-3) of the Tool Task and three gestational groups.

3.2. Toddler Engagement

The three-way interaction between gestational group, task difficulty, and adjusted age
was not significant for toddler engagement during the Tool Task (F(4,88) = 2.035, p = 0.10).
There was a significant main effect of task difficulty (F(2,88) = 3.84, p = 0.03) and a significant
main effect of adjusted age (F(1,44) = 5.04, p = 0.03). Engagement decreased with task
difficulty and increased with age.

3.3. Parent Support

Parents did not differentiate their support during the Tool Task depending on their
child’s age (F(1,46) = 2.43, p = 0.13), their child’s gestational group (F(2,46) = 1.93, p = 0.16),
or task difficulty (F(2,45) = 1.52, p = 0.22).

3.4. Parent Support and Toddler Noncompliance

Because parent support did not differ by task difficulty, we created a sum score to
represent overall parent support across all three levels of the task (see Table 2). In a model
predicting toddler noncompliance from parent support, gestational group, and age, toddler
noncompliance was not related to overall parent support (F(1,45) = 2.33, p = 0.13).
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3.5. Parent Support and Toddler Engagement

In a model predicting toddler engagement from parent support, gestational group,
and age, there was significant interaction between parent support and gestational group
(F(2,43) =5.23, p = 0.01). To better understand this interaction, exploratory univariate
analyses were conducted for each gestational group, testing main effects of parent support
on child engagement within each level, such that effect of parenting support at each task
level was tested relative to child behavior at the same task level. Univariate results indicated
that EPT toddlers who received more parent support were more engaged (F(1,22) = 6.75,
p = 0.02) at level 2; whereas, for LPT toddlers parental support predicted child engagement
atlevel 3 (F(1,10) = 8.39, p = 0.02). Parent support did not predict child engagement for VPT
toddlers. Of note, a summed score of parent support was evaluated in the primary analysis,
which was appropriate for testing differences in child behavior across levels. However, to
evaluate child behavior within each task level, a level-specific score for parent support was
deemed more suitable.

3.6. Frontal Lobe GMV

Frontal lobe GMV was unrelated to the gestational group (F(2,28) = 0.60, p = 0.62).
Across gestational groups, older children had greater frontal lobe GMV than younger
children (F(1,28) = 12.24, p = 0.002).

3.7. Frontal Lobe GMV and Parent Support

At levels 2 and 3, there was a significant interaction between gestational group and
parent support in predicting right frontal lobe GMV (level 2: F(3,22) = 4.27, p = 0.01; level
3: F(3,21) = 6.17, p = 0.004). The interaction indicated that parent support was related to
right frontal lobe GMV only for EPT toddlers; EPT toddlers with parents who were more
supportive during the Tool Task had greater right frontal lobe GMV than EPT toddlers
with parents who were less supportive during the Tool Task (see Figure 4). Parent support
was unrelated to frontal lobe GMV for VPT and LPT toddlers. There were no significant
interactions between gestational group and parent support for the left frontal lobe GMV.

Parental Support and GMV by Gestation

@ High Parental Support B Low Parental Support
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Figure 4. Graph of parental support and GMV by gestation shows the significant effect of high
parental support on EPT child frontal GMV. * p < 0.05.

3.8. NICU Stay Length

The current study analyzed the duration of NICU stay in days and its potential impact
on GMV and ER. Results showed a non-significant effect of NICU stay duration on total
GMV or frontal GMV (Fs(1,34) < 0.35, ps > 0.56). The effect of NICU stay duration on tod-
dler ER throughout the three levels of the Tool Task was also nonsignificant (Fs(1,53) < 3.45,
ps > 0.07).
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4. Discussion

Previous research indicates that utilizing brain plasticity during the critical period
of toddlerhood can serve as a mechanism to promote healthy developmental outcomes
for preterm (PT) children [34]. Responsive interactions with caregivers have the poten-
tial to enhance neurodevelopmental outcomes, including cognition, language, and brain
microstructure, for children at risk of cognitive, psychiatric, and behavioral disorders,
particularly those born extremely premature [33]. Both healthy toddlers and those born
preterm are at a pivotal stage in neurodevelopment, wherein environmental stimuli, es-
pecially parenting, must be adaptively responsive to address each child’s evolving needs.
This adaptability is crucial for fostering positive neurodevelopmental outcomes. The re-
ciprocal interaction between parents and toddlers during play, as well as routine activities
such as grocery shopping and dressing, provides the necessary stimulation for the healthy
development of brain regions associated with emerging language, cognitive skills, and
emotion regulation capacities. Taking a step further, actively supporting brain develop-
ment, particularly in the frontal lobes, through responsive parenting could be a key factor
in improving neurodevelopmental outcomes among extremely preterm individuals, who
frequently encounter challenges related to frontal lobe processes such as executive function
(EF) and emotion regulation (ER).

This study makes a significant contribution to the existing literature by illustrating
the positive impact of responsive parenting on brain development, leading to increased
gray matter volume (GMYV) in the frontal lobe of extremely preterm toddlers. Supporting
our hypothesis, older toddlers were more compliant as the Tool Task became harder. One
possibility is that, across gestational groups, older toddlers are better able work as a team
with their caregivers to solve difficult problems—that is to say, older toddlers are better able
inhibit their own agenda to make use of caregiver supports and suggestions. Regarding
gestational effects, LPT toddlers are more compliant only in the third level, but at moderate
level difficulty older VPT toddlers were more compliant at levels 2 and 3. EPT toddlers
showed a similar pattern, but only at level 1, the easiest level of the task. Regardless of
age, EPT toddlers were moderately noncompliant throughout levels 2 and 3. This pattern
reflects the perception of difficulty for each gestational group, as EPT toddlers find it
difficult at level 1, VPT toddlers find it difficult at level 2, and LPT toddlers find it difficult
at level 3. This effect may be due to the lower birth risk allowing for typical developmental
patterns to become evident at this age.

Supporting our hypothesis, child engagement decreased as the task became more
challenging, but increased with child age. It is likely that the frustration inherent to
increased task difficulty leading led to lower engagement, although older children were
better able to regulate negative emotions and allocate attention to achieving the goal,
leading to higher engagement across difficulty levels. Like the age-related effects, LPT
toddlers exhibited the highest levels of engagement across all task levels, possibly owing
to their ability to employ emotion regulation, enabling them to focus on the task goals.
Exploratory analysis suggests that parent support is an individual difference; thus, the
absence of differences in parent support may be attributed to consistent personality traits
rather than the state of assisting the child during problem-solving.

Whereas parent support was not related to toddler noncompliance, it did impact
toddler engagement. LPT and EPT toddlers with supportive parents demonstrated higher
engagement in the task. Importantly, the effects of parent support on child engagement
were noticeable at level 3 for LPT toddlers and level 2 for EPT toddlers, underscoring the
need for parental support to be adaptively tailored to meet the changing needs of toddlers.
The observed patterns of child engagement and parent support in challenging tasks align
with the concept of scaffolding in Vygotsky’s sociocultural theory. Within the caregiving
context, Vygotsky’s scaffolding principal centers on providing support and guidance to
a learner, adjusting the level of assistance as needed. EPT and LPT toddlers, possibly
due to their specific developmental readiness, may benefit from more effective parental
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scaffolding at level 2 and level 3, respectively, facilitating their engagement and success at
an appropriate point in this challenging task [49,50].

Frontal lobe GMV only differed by age, where older children had greater GMV than
younger children due to increased neurodevelopment as they age. The differences by
age are similar across the three groups as expected. In line with our hypothesis that
parent support benefits high birth risk toddlers the most, there was an interaction between
gestational group and parent support, such that the high birth risk group (EPT) showed
greater right frontal lobe GMV with greater parent support. It is unclear why parenting
effects were right lateralized, one possibility is that right frontal lobe may be more involved
in ER and thus more malleable to environment specific stimulation, such as parenting
behavior [51]; whereas left frontal lobe may be more sensitive to other environmental
factors, such as rich language exposure. Although the constrained sample size of this study
warrants caution, it is essential to consider the finding that parental behavior impacted
the frontal lobe GMYV in the gestational group at the highest neurodevelopmental risk (i.e.,
EPT). This finding aligns with the differential susceptibility theoretical framework [52],
which suggests that individuals more susceptible to adversity may also be more responsive
to positive influences, such as supportive parenting. Within the context of prematurity,
according to this framework, those at the highest neurodevelopmental risk may benefit the
most from supportive parenting practices. Consistent with our hypothesis, EPT toddlers
who received substantial parental support during the task exhibited significantly greater
gray matter volume in the frontal lobe. This EPT group experienced the most atypical
developmental journey and longest postnatal period, distinguishing them from the later
gestational groups. In this cohort with the highest birth risk, parental support appears to
play a crucial role in mitigating GMV deficiencies among preterm children, potentially
contributing to improved cognitive and socioemotional development and lowering the risk
of psychiatric disorders. Subsequent research, including a larger sample and longitudinal
design, should delve into the effects of parental intervention on preterm toddler GMV,
emotion regulation, and the intricate interplay with parental support.

Present findings highlighting the significant influence of parent support on the brain
development of toddlers at the highest birth risk are compelling but should be considered
within the context of the following limitations. First, to achieve these study aims, multi-
ple hypotheses were tested on a relatively small sample size, increasing the risk for false
positives. Toddlers born with low gestational ages (EPT and VPT) constitute a special-
ized population, which increases the potential impact of research findings; yet researchers
working with pediatric patient populations and their families are aware of health-related
(e.g., ongoing outpatient therapies, respiratory illness) barriers for recruitment and en-
rollment, ultimately limiting sample size. For this reason, the modest sample size in this
study necessitates cautious interpretation of results. Future studies with larger samples
are recommended to enhance generalizability and robustness of findings. Furthermore,
the cross-sectional nature of this study does not capture developmental change over time.
Instead, our study design allows for the inference of age-related changes in both brain
and behavior, alongside current environmental experience. Future longitudinal studies are
essential to provide a more comprehensive understanding of the dynamic developmental
and even infer differential trajectories of brain-behavior outcomes in preterm toddlers.

The inclusion of MRI data in this research provides valuable insights into the intricate
relationship between brain development and behavioral outcomes in toddlers born preterm.
Although the acquisition of MRI data from sleeping toddlers represents an innovative ap-
proach, it is important to note that a limitation was that frontal lobe volumetric analyses
were restricted to toddlers who remained asleep during MRI data acquisition. This limita-
tion might introduce bias, as our sample could be skewed toward toddlers who experience
less disruption during natural sleep. An anecdotal note of interest—investigators in this
study collect several variables on child sleep habits. Surprisingly, sensitivity to sound
during sleep and regular bedtime are not sufficient predictors of success; whereas, multiple
MRI data collection attempts and same day behavioral and MRI testing support MRI data
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acquisition. One final limitation, the study did not assess motor skill ability or milestones,
and it is plausible that EPT and VPT toddlers faced additional challenges in this domain
compared to LPT toddlers. While the Tool Task’s coding framework allows for scaling of
coded behaviors based on child capacity, future investigations should consider incorpo-
rating fine motor skill assessments to provide a more comprehensive understanding of
the interplay between parenting behaviors, emotion regulation, and motor development
challenges in preterm infants and toddlers.

5. Conclusions

Based on our results that parent support has the greatest impact on the highest birth
risk (under 28 weeks gestation) toddler brain development, parent interventions may be
warranted to normalize their child’s brain development from the start and create a lasting
positive impact. Future work research should target increasing positive parenting behavior
to improve brain development, ER, and other cognitive skills in toddlers born preterm.
Continuing to investigate the effects of parenting interventions on preterm toddlers could
establish the way for this population to have better ER/EF mechanisms and reach their full
developmental potential.
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