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ODbjectives

1. Describe the key forms of brain injury in the preterm infant

2. Understand the impact of the environment and experiences
In the NICU on brain development and outcomes

3. Describe the potential role of modification of the
environment on neurodevelopment outcomes in the preterm
iInfant
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Reinforcing the old causes for
adverse neurodevelopmental
outcomes?

A Brain Injury
A Intraventricular Hemorrhage
A Cerebellar Hemorrhage
A White Matter Injury
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Cerebral Immaturity

- Vascular immaturity / \

- Pressure Passive System _
‘ A \_ ) Metablic/Electrolytes

- Hypoglycemia
- Hypernatremia

Delivery History

- Need for resuscitation
- LowApgarscores

o W, - Metabolic Acidosis
N — L Y,

éardiag / \
- Hypotension (dopamine) [imsinn
- Loy EEIelEs Uil - Chorioamnionitis
- Volume expansion (cord - Sepsis
clamping)
KPDA prophylatic indocid) j \ /
/Resplratorv N\ / \
- HypercarbiaHypocarbia Hematologic
- Hypoxia - Anemia
- Increased Central Venous Pressufe - Thrombocytopenia
- PPV angneumothorax - Coagulation disorders




Informed Vascular Physiological Care

: Decreased Patent ductus .
Myocardial : . Ventilatory
" : intravascular volume arteriosus— . -
dysfunction/immaturity anemia left-right shunt instability
TIME I
4 ‘ Preload }J ‘Afterload l l i
P Hypocapnia
@ :
% — Decreased cardiac output Surfactant
S
Phase | % l
Ischemia = Impaired | Cerebral perfusion =
0-12 hrs | | |cerebral venous > Cerebral ischemia + injured <€
IS drainage germinal matrix
©
: !
(@]
o
% Clinical interventions in first 72 hours:
c_“; Treatment of systemic hypotension—e.g., dopamine, fluid boluses
e Ventilatory changes—fluctuating CO»
g Treatment of PDA—indomethacin
Q
- !
Phase Il = Y
Reperfusion e Cerebral venous congestion Reperfusion injury: TCerebral perfusion
12-72 hrs - Increased intrathoracic pressure Increased systolic and mean arterial blood pressure
Continuing cardiac preload dysfunction Hypercapnia = cerebral vasodilation
' !

Rupture of germinal matrix—IVH




PHVD

Management of Poghemorrhaqgic Ventricular Dilatation in the InfaBbrnPreterm.

EDib M,LimbrickDD Jr, Inder T, Whitelaw A, Kulkarni AV, Warf B, Volpe JJ, de Vries LS.
JPediatr 2020 Jul 30:S00232476(20)30974L.
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When to Intervene?

Posthemorrhagic ventricular dilatatiampact on early neurodevelopmental outcome
SrinivasakumalP,LimbrickD, Munro R, Mercer D, Rao R, Inder T, Mathur A.
Am JPerinatol 2013 Mar;30(3):2014.
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Relationship between head ultrasound measures of ventricular dilatation and neurodevelopmental outcome at 18 to 24 months.
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Randomized Controlled Early versus Late Ventricular Intervention Study in
Posthemorrhagic Ventricular Dilatation: Outcome at 2 Years

Mehmet N. Cizmeci, MD":>*, Floris Groenendaal, MD, PhD"-?, Kian D. Liem, MD, PhD*, Ingrid C. van Haastert, MA, PhD'*?,
Isabel Benavente-Ferndndez, MD, PhD®, Henrica L. M. van Straaten, MD, PhD®, Sylke Steggerda, MD, PhD’,
Bert J. Smit, MD, PhD®, Andrew Whitelaw, MD, FRCPCH”, Peter Woerdeman, MD, PhD'”, Axel Heep, MD”*,
Linda S. de Vries, MD, PhD "%, and the ELVIS study group"

J Pediatr. 2020 Nov;226:28-35.

A This multicenter randomized controlled trial reviewed lumbar punctures initiated
after either a low threshold (ventricular index of >p97 and anterior horn width of
>6 mm) or high threshold (ventricular index of >p97 + 4 mm and anterior horn
width of >10 mm).

Bayley Cognitive Score Bayley Motor Score
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Figure 2. Box plot graphs showing the distribution of the Bayley cognitive and motor scores in relation to the timing of inter-
vention and presence of ventriculoperitoneal shunt.




2 Year Outcome

-126 enrolled (64+62)

-109 Survivors

-99 Had BSID

TM: 2F AYFEyda GSaGSR O23ayAGAGDS

Early Intervention Late Stat
Intervention
Poor Outcome 25/60 (42%) 32/56 (57%) OR=1.9[0.93.6]
(Death,CP or BSID2SD)
Mean Cognitive Score 98 95 NS
Cognitive Score < 70 8% 18% aOR= 2.4[0.78.7]

J Pediatr. 2020 Nov;226:28-35.



When to Intervene?

ELVIS Early ELVIS late
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Wh e n tO I nte rve n e?] Pediatr. 2020 Jul 30:50022 -3476(20)30978-1.
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When to intervene In

Green Zong Yellow Zome

Ventricular slze with the following Wentricular stze with the following Vantricular size with the following
« VIS9T percentiie + V107" percentile . VST percentile + denm

B E B
& AHW <6 mm ® BAHW =& mm &for TOD >25 mm & AHW =10 men &for TOD =25 mm
And And or
Absence of the following clisical Absence of the fallowing clinkal Arvy of the follewing clinical critaria
Criteria: eritaria:

» HC growth =2 cm per week +  HE growth >2em per week » M growth >2 cm per week

« Separated sutures + Separated sutunes « Separated sutures

* Bulging fontanelles * Bulging fortanelles +  Bulging fomtanelles
Management: Mamagement: Management:

*  Dbsarvation In NICU + Referral to a regicnal center for v Consider LP 2-3 times

» cl% twice 2 week untll stable for miruresurgical raviaw + MNeurosurgical imtervention

2 weeks then every 1-2 weelos till = Consider LP 2-3 times induding efther temporizing
34 wecks FIA w g5 2-3% a week until stable for measures or VP shunt
» MRl g1 Term Equivident 7 weeks then every 1-2 weaks till PRI at Term Equivalent
I weeks PMA
+ Neurosurgical imtervention when
mo stabilization sccurs
= MRl at Term Equivalent

Cansider oiterations in MES e decrease cevebrol capgenation) or Dappier US (ie increase in Besistie index] o2 adiitiona!
irgfrmmadion That may Suggest immpairmen in oerelngl perfusion and mane wigenl peed for interveniion.

Figure 5. Proposed risk stratification and management of infants with PHVD. HC, head circumference; MRS, near-infrarad
spactroscopy; PMA, postmanstrual age.




Cerebellar hemorrhage

Cerebellar hemorrhage recognized 8% on CUS of preterm infants
and 1520% on routine MRI studies. Smaller CBH (<4mm) are only
detectable on MRI.

Courtesy of Linda De Vries



Cerebellar Hemorrhage

A More common in most immature infants/sickest infants
A Association with opiate use ?vascular autoregulation impaire

A Larger hemorrhage associated with cognitive, language and
behavioral abnormalities



Cerebellar Hemorrhage in Preterm
Infants: A Meta-Analysis on Risk
Factors and Neurodevelopmental
Outcome

Frontiers in Physiology
June 2019:vol 10:800

Eduardo Villamor-Martinez ™, Monica FumagalliZ3', Yaser Ibrahim Alomar?,
Sofia Passera?®, Glacomo Cavallaro?, Fabio Mosca®? and Eduardo Villamor™

CBH and mental developmaental delay (k= )

Study name Daolayed / Total Statistics for sach study Cdds ratio and 95% &1

Odds Lower Upper
CBH-Yes CBH-No ratio  limit limit  p-Valua
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EVERALL 295 421 120 0.047 e

Heterogensity: ¥ = 60%; p = 0.028 oM a1 1 10 100
Hegative association Positive association

with CEH with CBH

FIGURE 5 | Mota-analysis of the association between cerebeliar hemorrhage (CBEH) and risk of delayed mantal development. Cl, confidence interval,

CBH and psychometer developmental delay (k = &)
Study nams Delayed | Total Statistics for each study Odds ratio and 85% C

Odds Lower Upper
CBH-Yes CBH-No ratic  limit limit p-Value
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FIGURE 6 | Mata-analysiz of tho association botwoen canobelar nemorrhage (CBH) and risk of delayed peychomotor development. Cl, confidence intarval



White matter Abnormalities

A Terminology
A White matter cysts

A White matter punctate
lesions

A Loss of white matter
volume

A Diffuse high signal
changes throughout
white matter

A Cystic PVL Non-cystic PVL

Diffuse

Focal
macroscopic)

Volpe JJ Lancet Neurology 2009;8:110-24



White Matter Injuryg visible on MRI
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GRADE 1 GRADE 2 GRADE 3 GRADE 4
Mild Moderate Severe linear scaring  Severe cystic
25-50% 15% 2-5% 2%




White Matter Injury

A Ischemia and Reperfusion Injury

A Similar vulnerability to IVH (common concurrent)
A Inflammatory mediated Injury

A Perinatal sepsis

A Postnatal sepsis

A Necrotizing Enterocolitis



Nursing Intervention Bundle

561 infants <30 weeks gestatigriwo cohorts pre and postintervention

The Nursing Intervention Bundle consisted of:

1. Posture:

A a. Maintaining midline head position.

A b. Incubator tilted 1§30 degrees.

A c. Avoidance of head down position and sudden elevation of the legs.

2. Avoiding rapid intravenous/arterial flushes and rapid arterial blood withdrawal
(<30 s).

The NIB was applied directly after birth starting in the delivery room and was continued during
the first 72 postnatal hours. After 72 hours, all aspects of the NIB were still carried out with the
exception that a prone position was allowed. The head was maintained in the midline when the

infants were positioned in a supine position. )
To cite: de Bijl-Marcus K,

Brouwer Al De Vries LS, ef al.
Arch Dis Child Fetal Neonatal
Ed 2020;105:F419-F424.



Blood volumes and draws

A Preterm 5009

A Blood volume 50nls

A Draw 2.5mls

(5% blood volume)

A Limited autoregulation

A Adult 70 kg
A 5000mls

A Equivalent 250nls
(blood donor pack in
60s)

A Intact autoregulation

»“ 1
‘J».. g

\z .,-é :




Combined outcome
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Figure 2 Percentage of infants who died or developed a new/
progressive severe germinal matrix-intraventricular haemorrhage (GMH-

IVH) or cystic periventricular leukomalacia (c-PVL) (control group vs
nursing intervention bundle group) stratified by gestational age (GA). -







Early developmental intervention programmes provided post
hospital discharge to prevent motor and cognitive impairment in

preterm infants (Review)

Orton J, Doyle LW, Tripathi T, Boyd R, Anderson PJ, Spittle A

Crton J, Doeyle LW, Tripathi T, Bovd R, Anderson PJ, Spittle A
Early developmental intervention pregramimes provided post haspital discharge to prevent motor and cognitive impainment in

Fbmta e infante
v

Cochrone Dotabase of Systemetic Reviews 2024, lssue 2. Art. No.: CD005455,
DOI: 10,1002/ 14651858 COMIE495 pu b3,

Early developmental intervention programmes for preterm infants:
« probably improve cognitive and motor outcomes during infancy (low- certainty evidence)
« at preschool age, intervention is shown to improve cognitive outcomes (high-certainty

evidence) but not motor outcomes
 lack of good-quality evidence for cognitive and motor outcomes at school age (five to less
than 18 years)

Considerable heterogeneity exists between studies due to variations in aspects of the
intervention programmes, the population and outcome measures utilised.



Cognitive Outcomes at School Age
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Predischarge appears more effective
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Environmental enrichment ameliorates perinatal
brain injury and promotes functional white

matter recovery

Thomas A. Forbes'?5 Evan Z. Goldstein™™, leffrey L Dupree’, Beata lablonska'?, Joseph Scafidin 2
Katrinz L Adams D', Yuka Imamurz?, Kazue Hashimoto-Tori® ' & Vittorio Gallo™#™

CHPF-=LIF-L10n rmcs
|CRP -Eac THA. F

Recovery Type
Intervention Postnatal Day Assessment Cellular Ultrastructural Behavioral
FO P3 P11 P15 P45
None b ¢ : | | I
Hypoxia | | Standard Environment
D P3 P11 Pi5 P25 P45
Early I } | } } | + + —
[ Hypoxa Enriched | Standard
PO P3 P11 P15 P25 P3s P45
Delayed I f +— + ; | + — —
Hypoia | | Standard | Enriched | Standard
PO P3 P11 Pis P25 P35 P45
Late — — } | + — —
| Hyposia Standard Enriched
PO P3 P11 Pi5 P45
Continuous ' — — I + + + + + + +
Hypoxia | Enriched Environment




Serial neuroimaging of brain
growth and development in very ? frontiers | Frontiers in Pediatrics
preterm infants receiving tailored
neuropromotive support in the
NICU. Protocol for a prospective
cohort study

TYPE Study Protoool

PUBLISHED 12 October 2023

oo 10,3389/ fped 20231203579
Carmina Erdei*™, Sara Cherkerzian’, Roberta Pineda® and

Terrie E. Inder™*

SENSE Program Groups
Reference Group Low-Risk Group High-Risk Group

MNeonatal Therapy Standard Care (Standard Care+ “SENSE”) (Standard Care + “SENSE-FPlus®) _
Developmentally sensitive bedside care Meonatal therapy and assessment per reference | Meonatal therapy and assessment per Low-Risk Group, plus the
OT or PT/Motor therapy: Group, phis the following: following:
B3 weeks PMA: total of 1-3 sesdons per week « SEMSE Program delivery with weekly targets | Enhanced therapy involvement based on serial assessments and
« >34 weeks PMA: total of 2-4 sessions per week for sensory experiences from enrollment to | imaging results, as follows:
If known neurclogical injury or neurologic exam TEA « Additional 1-2 skilled OT or PT weekly sessions (totaling
differences, or parent education and support need: « Therapist-guided parent training on reading service delivery to 4-5 days/week)
consider increasing thempy to 2-4 times/week infant’s behavioral cues and contingent « Motor therapy goals targeted based on results of formal
Neurologic assessments: TEgONses neurologic assesgments, foous on areas requinng further
« Brain MRI at TEA if <28 weeks GA at hirth, or >28 = Therapist-led education on positive auditory therapist-guided interventions (e.g. postural contral,

weeks GA and additional risk factors per NICU experiences (facilitating reading, music midline orientation, symmetrical movements, motor

guideine exposures per SENSE goaks for GA) experience)
+ TIMP at TEA by PT/OT in NICU Neurologic assessments; » OUPT increased svailbility to fuclitate day-shift routing
« TIMP at 34 months PMA by OT in outpatient | « Brain MRI every 2 weeks from enrallment care: times with sinflfpazenis (Le. fucilitaion disper changes,

follow-up clinic until TEA handling time])
SLP/Feeding therapy: + Premie-Neuro every 2 weeks with MRI « Increased reading with infant several times a week (optimal:

) . daily)
v 34 weeks PMA: 7—4 fimesfweek research nurse « Enhanced family education with parent instructional videns
, « TIMP at 3~4 months PMA by OT in

: B . outpatient follow-up dinic

Amessment of feeding skilk prgression with FOIS-P _
(31) feeding scale Feeding assessment:
« Amessment of feeding skillk progression
with FOIS-P (31) feeding scale




Factors Associated with Outpatient Therapy Utilization in Extremely Preterm Infants - Ponnapakkam et al

Am | Pednatal 2024:41:458-469.

A: Phyysical Therapy Utilizasion B: Occupational Therapy Utlization
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Fig. 3 for 3l thempy interventions, infants bom at 27 we cks gestation utilized services less frequently than more immature infants. p-Values
repmsent 3 test of global difference £ acrons gestational age weeks in the curmulative rate of service wilization through 12 and 24 months,
respectively, after the adpntment for treatment with £Epo and birth weight Zscom.




Early intervention services vary

Am | Pesnatal 2024:41:458-469.
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What else is happening to the brain of
the preterm infant- alterations in
brain growth and brain development?




Brain Dysmaturation in Prematurity

Dysmaturation

Preterm appearance

Increased extra-axial cerebral fluid

Decreased gray matter \X/,—
(volume and cortical thickness) .~ =

and gyrification \//
/1Y

/
Increased ventricular size _’ //

///\

Decreased corpus callosum

——

[

™

Decreased thalamic and
basal ganglia volume

and white-matter volume L\%
|
[

Decreased myelination

Decreased hippocampal (
volume and infolding

Decreased cerebellar
volume

Typical term appearance

Defining the Neurologic Consequences
of Preterm Birth

Terrie E. Inder, M.B., Ch.B., M.D., Joseph J. Volpe, M.D.,
and Peter J. Anderson, Ph.D.

N Engl ] Med 2023;389:441-53.
DOI: 10.1056/NEJMra2303347




Discharge from

Praterm Birth Hospital Childhood
First 10 Days 10 Wasks 40 Weeks 10 Years
- & - &
Brain Injury
MRI-visible  Intraventricular

hemormrhags

- Cerebellar hemormrhage

White-matter injury

MRI-irvisible  Meurons — cortical gray matter, deep nuclear gray
matter {thalamus)

Subplate neuron

Late migrating GABA-ergic neuron

Hippocampal or limbic system

Alterad Development

MRI-visible  Regional temporal or frontal cortical development; deep nuclear gray matter

- Hippecampus, amygdala, and cingulum; cerebellum

MRl-irvisible  Dysraturation in cortex, subplate neurons, caudate, and precligodendroglia

Factors

Immaturity
Ischemia

Secondary dysmaturation from injury
Inflarnmation

Pain or medication exposure — opiates

Erwvironment — light, noise, smell, touch

Distress — reduced nurturing

Parental separation or low nurturing

Rehabilitative therapies

Social context
Parenting and family context

Figure 1. Timeline of Vulnerability or Exposure and Neurclogic Consequences of Preterm Birth.

Shown are the key timing, patterns, and factors determining the neurclogic consequences of preterm birth. GABA
denotes y-aminobutyric acid, and MRI magnetic resonance imaging.

Defining the Neurologic Consequences
of Preterm Birth

Terrie E. Inder, M.B., Ch.B., M.D., Joseph J. Volpe, M.D.,
and Peter J. Anderson, Ph.D.

N Engl ] Med 2023;389:441-53.
DOI: 10.1056/NEJMra2303347
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Mathews et al
Pediatr Res. 2018;

5 83(5):976-981

Total Tissue (excl. CSF) (mL)

1007




Inadequate Nutrition is Common

EUGR —reflects overall inadequate energy intake to meet

metabolic demand

% of Infants
with EUGR
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Summary: Effects of Macronutrient Intake

Macronutrient Time Period Brain Size/Growth Brain Maturation
Energy, Fat
- Total DOL 0-14 ™ growth of total brain, | * global maturation/injury
BG, cerebellum score, T white matter
maturation
- Enteral DOL 0-28 T cerebellum, ™ FA in PLIC (w.m.)
BG/thalami
- Parenteral ? ?
Protein
- Total DOL 0-14 ™ total brain no effect
- Enteral DOL 0-28 I total brain, T white matter

cerebellum, BG/thalami | maturation

- Parenteral ? ?

*BG = basal ganglia; FA = fractional anisotropy

Tan 2008, Strommen 2015, Schneider, 2018, Beauport 2017, Coviello, 2018




Article
Associations of Macronutrient Intake Determined by
Point-of-Care Human Milk Analysis with Brain Development

amﬂng VEI’Y Preterm Infants Children 2022, 9, 969. https:/ /doi.org/10.3390/ children%070969

A 104 very low birthweight infants (mean GA 28 weeks)
A Human milk analysis of maternal milk (1775 sampB&/infant)

A Association of greater protein intake (2g/kg/day mother milk vs
1.1 g/kg/day) with larger brain volumes

Estimated Additional Brain Volume in cc (95% CI) for Infants in Top Quintile (>80th
Percentile) versus All Other Quintiles (<80th Percentile) of Macronutrient Intake.

Ti,t:: uEu::_‘m Eu;t;;::ﬂe':}ra}r Di?:t?e:ay mﬁ_ Hippocampus Cerebellum
360" 222% 1.5* 18.8 0.4 -11
Protein (7.1, 64.8) (6.7, 37.8) (0.1, 2.9) (—10.0, 47.6) (—04,1.1) (—3.6,1.4)
p: ﬂﬂz IL:':[}':HJE p:UEm- IL:':[}]":-' FJ:DEHJ p:ﬂ.ﬂ?
11.7 0.6 0.2 14.1 0.2 -14
Fat (—27.6,51.0) (—19.3,20.6) (—1.8,2.3) (—3.4, 31.6) (—0.56, 1.1) (—3.1,0.2)
187 199 16 146 04 0.9
Carbohydrate (—12.0,49.5) (—0.8,33.3) (—0.1, 3.2) (—6.8, 36.1) (—1.0,17) (—2.8, 4.6)
p: 0.23 IL:':DE‘E p:ﬂﬂﬁ IL:':[}.]T FJ:[}.EI-.E p:ﬂ.'ﬁlz

na= 153* 1.0 220* —0.1 —1.0
Energy (5.5, b6.4) (0.8, 29.9) (—1.0, 3.0) (12.2,33.4) (—1.1, 0.8) (—3.4, 1.5)
p= 0.0z p:ﬂm p:D.SE p-::EI'EI'IZ}'l p:[}&l p:ﬂ—lz




Cortical folding

Term equivalent
(37 weeks)

Term control



Comparison of sulcal depth maps

39 weeks

Deeper Sulci in VPT Deeper Sulci in TC

Zhang, Neil, Inder, van Essen
Neuroimage. 2015 Apr 1;109:469-79



Comparison of sulcal depth maps

7/ years
39 weeks Y

Deeper in TC _ Deeper in VPT

Deeper Sulci in VPT Deeper Sulci in TC

Zhang, Neil, Inder, van Essen
Neuroimage. 2015 Apr 1;109:469-79



They don’t catch up - implications for aging

B Right middle temporal

N
o

N

Thickness (mm)

Group == Term control == Very preterm

Group mean difference in thickness (mm 0 5 10 15
-0.16 éO?S A

VP<term control ( VP>term control ge (years)
Fig 3. Cortical development at 0, 7 and 13 years in the VIBeS cohort. A. Cross-sectional differences in cortical thickness between the VP and term group. Greater
reductions in cortical thickness at 13 years are seen prominently in the lateral temporal region (arrow). B. Developmental trajectory of cortical thickness of the right middle

temporal region for the VP and term groups demonstrating the widening of the thickness difference over childhood although the pattern of reductions remains similar.




WHAT FACTORS ARE MEDIATING
THE ALTERATIONS IN BRAIN
DEVELOPMENT?

EXPERIENCE
STRESS




Pain and Neonatal Stress

Average daily Neonatal Infant Stressor Scale score

First 14 days (mean = SD) 106 =13

First 28 days (mean X SD) 102 =18

Admission until term equivalent/discharge (mean®=SD) (80112

Average daily number of procedures

First 14 days (mean £ SD) 114

First 28 days (mean = SD) 105

Admission until term equivalent/discharge (meanX=SD) |7X3

Increased stress associated with decreased frontal lobe width,

Abnormal temporal lobe diffusion and neural networks (after adjusting

for confounders of immaturity, length of ventilation, CRIB score, sepsis +).
Smith G. et al Annals of Neurology 2011



Exposure to clinical stressors during NICU admission in preterm
infants

Naomi J. Meesters' - Gerbrich E. van den Bosch' - Marla Luisa Tataranno® - Chris H. P. van den Akker® .

ChristJan van Ganzewinkel® - Judith A. ten Barge" - Frank A. B. A. Schuerman® - Henratte van Zanten® .

Willem P. de Boode” - Marlou M. A. Raets® - Pater H. Dijk® - Joost van Rosmalan'™"" . Marijn J. Vermeulen'? -

Wes Onland®" . Lotte Haverman « Irwin K. M. Relss' - Anton H. van Kaam? - Manon Benders? - Monique van Dijk" -
Sinno H. P. Simons' on behalf of the HIPPO study group

Mean (85% Cl) NeO-stress score

European Joumal of Pediatrics 2025) 184196
hittps/fdol.ong 10,1007/ =0043 1-025-06018-7

A Lower GA

A No antenatal steroids
A Lower 5 min Apgar

A Varied by NICU by 30pt

9 10 11 12 13 14 15 15 17 18 19 20 21 22 23 24 25 X
Poatnatal aga in dayr

v v

1 2 3.4 5.8 7 8

)
L
=3 1

(3

Geslabonal age

e 228 weeks N=M W27
25wesks N=58 42
Dweeks N=&1 .73
2Tweeks N=119 74
2W8weeks N=144 .48




The evolving neurobiology of early-life stress

Matthew T. Bimie' and Tallie Z. Baram' "

1Department of Pediatrics, University of California, Irvine, Irvine, CA, USA
2Department of Anatomy/Neurobiology, University of California, Irvine, Irvine, CA, USA
3Department of Neurology, University of California, Irvine, Irvine, CA, USA
*Correspondence: tallie@uci.edu

https://doi.org/10.1016/).neuron.2025.02.016
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The role of sleep in neonatal neurocritical care and the influence on
long-term outcome

Leonie M. Paciello **, Mirja Quante ", Hendrik Rosewich ***-“7", Renée A. Shellhaas”

SEMIN PERINATOL xxx (xxxx) XXX
Fetus 25-30 Weeks Fetus > 32 Weeks

. “ A Disordered sleep and
reduced quiet sleep Is

' associated with adverse
cognitive and

SWC Duration: 70-30 min

Early Preterm Infant behaVIOraI OUtCOme
h A Marker vs causation is
unknown

SWC Duration: Highly varizble



The Developmental Effects of the
NICU Single Patient Room




Study NICU

A Y single patient rooms
A 168 square feet
A 3 walls; 4 wall is a sliding glass door
A Individualized lighting
A Parents can visit 24 hours a day
A Lounger at the bedside for parents to sleep on

A Y open bay beds _
A Approx 1612 beds in 1100 square feet of spac ' 

A General lighting ! N ‘ .

A Screens can be pulled to bedside for privacy |

A Parents can visit 24 hours a day i

A Sleep rooms available just outside the NIC




Follow up at age 2 years

A 86 infants (83%) returned for developmental follow-
up
A Mean (SD): 27.4 (2.1) months

A Associations between room type and cognitive,

language and motor outcome were explored, while
controlling for:

A CRIB score

A Cerebral injury

A Social risk score
A Family functioning

Alterations in brain structure and neurodevelopmental outcome in preterm infar
hospitalized in different neonatal intensive care unit environments.
Pineda RG, et aRkdiatr 2014 Jan;164(1):520.e2.



https://pubmed.ncbi.nlm.nih.gov/24139564/
https://pubmed.ncbi.nlm.nih.gov/24139564/

Language outcome
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*Linear regression; controlling CRIB, cerebral injury, social risk and family functioning



Hemispheric Asymmetries

Single Patient Room Open Bay

Mean Sulcal Depth

! Difference

Adult
(lateral)




Auditory

A 24 weeks GAall major elements of cochlea present
A 25 weeks GAsystematic response to auditory input

A 26-30 weeks GAhair cells present responding to low
frequencies and transmit to the brainstem

A 30 weeks GA auditory system is mature enough to detect
complex sounds and distinguish between different speech
phonemes to begin language and speech development

A By 35 weeks GA, auditory processing facilitates learning and
memory formation

A Implications for NICU:
A Negative Auditory exposureAlarms, Mechanical noise
A Lack of Positive Auditory exposuréncubator, Human voice
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Auditory Exposure in the Neonatal Intensive Care Unit:
Room Type and Other Predictors

Roberta Pineda, PhD, OTR/L'?, Polly Durant, MSOT', Amit Mathur, MD?, Terrie Inder, MD?, Michael Wallendorf, PhD‘, and
Bradley L. Schlaggar, MD, PhD**%7#

(J Pediatr 2017,;183:56-66).
-
Table 11. Characteristics of the sound environment by room type B
Difference between rooms (h:min)
Room type Mean (femin) £ SD or decibels or number of words
Amourt of ime spant with meaningnu language (in a 16-h period)
Birh (n = 52) Private room 008 + 0:00 002
Open ward 006 + 0:07
30 wk (n = 50) Private room 006 + 0:05 0
Open ward 0:06 + 0:05
34wk (n=48) Private room 017 +0:19 o0
Open ward 016 £ 0:21
Term (n = 44) Private room 035+ 0:25 004
Open ward 0:31+0:23
Amount of ime spant with distant language (In a 16-h period)
Birth {n = 52) Private room 144 £1:27 17
Open ward 127+ 1:31
30 wk (n = 50) Private room 0:36 +0:29 ~-0:56
Opan ward 132+1:27
34 WK (n=48) Private room 057 + 0:46 -014
Open ward 1:11£0:45
Term (n = 44) Private room 035 + 0:57 -0:39
Open ward 114+ 049
Amount of ime spant with electronic sounds (in a 16-h panod)
BIrt (n = 52) Private room 057 £ 1:11 001
Open ward 0:56 + 1:36
30wk (n=50) Private room 050 + 0:58 -107
Open ward 157 £ 201
34wk (n=48) Private room 125+1:33 -159
Open ward 324+423
Term (n = 44) Private room 231+£210 -250
Opean ward 519+ 3:16




THE JOURNAL OF PEDIATRICS * www.jpeds.com ORIGINAL

ARTICLES

Language Exposure for Preterm Infants is Reduced Relative to Fetuses
Brian B. Monson, PhD'~~**, Sophie E. Ambrose, PhD", Carey Gaede, MSN', and Derrick Rollo, DO*

.(J Pediatr 2023;262:113344).
Adult language Electronic sound Airborne noise
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Figure 1. Daily auditory exposures for fetuses (blue) and VPT infants (red). Values for fetuses represent extrauterine exposures.
Each data point represents a daily average for 1 participant. Some pregnant women reported using noise machines to sleep at
night, which contributed to the high noise exposure for some fetuses.




Auditory Exposure in the NICU

A Brigham and Womendés Hospital (BWH)
A Carle Foundation Hospital (UIUC)

A St. Louis Childrends Hospital ( WUSstlhod

= BWH
uluc

®WUSTL
10:48

9:36 9:21
8:24
712 6:43

6:00 5:42

5:09

4:48

Time (HH:MM)

3:36

3:55
3:23 3:24
2:56
2:24 2:16 2:09 -
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Meaningful Language TV/Electronic Noise Noise Silence
Categories




NICU sensory experiences associated with positive outcomes:
an integrative review of evidence from 2015-2020

Roberta Fineda (7', Polly Keliner', Rebecca Guth®, Audrey Gronemeyer® and Joan Smith®
Journal of Perinatology (2023) 43:837-848; hitps://doiorg/10.1038/54 1372-023-01655-y
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Sensory Support: 32 Weeks*

Touch

Give at least 2 hours of

paositive touch each day by

doing one or more of these
things:

= Provide a hand hug.

* Do kangaroo care (skin-
te-skin) for at least |
hour,

* Hold yourbabyina
blanket for 15 minutes at
atime, or longer if your
baby's temperature
remains stable.

* Do massage for up to 15
minutes.

Hearing

Give at least 1 Y2 hours of

positive sound each day by

doing one or more of these
things:

* Read, sing. and/orspeak
to your baby (can be
broken up into 30 minute
periods several times per
day).

* Play soft music or
recorded voice.

“At the sound of a whisper
or quiet conversation.

Smell

Provide at least 3 hours per
day of parent scent or the
smell of breast milk,

Here are some things to do with your baby each day this week
(as long as tolerated)

® © ©

Seeing Movement & Body

* Cycle light to your baby Awareness

with natural light (or
lights on, whenthere is
no natural light) during
the day and dim light or
darkness at night.

» Avoid direct and bright
lights

« Unwrap your baby and
allow stretching and free
movement for at least 2
minutes prior to a diaper
change at least 3 times
perday
Allow your baby to
experience being in at
least Z different positions
for at least 10 minutes
each,
» Rock during holding for
at least 3 minutes.

SENSE: Copyright 2017, by Washington Uneversity in St Louis, Missouri ang 2022, by University of Southern Caldornia an Los Angeles. California, All rights reserved




Room Type vs Parent presence

The importance of parent presence and involvement in the single-family
room and open-bay NICU

It is remarkable how the perception of an optimal environ-
ment for preterm infants has evolved smee Dr. Julius Hess
opened the first premature unit at Sarah Morris Hospital m
Chicago in 1914 {1). With the introduction of the incubator
and gavage feedmng, Dr. Martn Couney first introduced care
of the preterm to the public in an exhibit at the 1939 New
York Words Fair where visitors paid a fee to view preterm
infants in incubators. Wet nurses provided breast milk, and
infants were separated from their mothers. In 1960,

RESEARCH e rat ure, conwpe
®

Sk
e

COMMENT
Turns out not where but who you're with that really matters

Temie Bleanor iInder’

Pediatric Research (H020) £8:533-534; httpsfdoilorgM 0103 8541 390-02:0-1040-1




ORIGINAL ARTICLE
Parental presence and holding in the neonatal intensive care unit

and associations with early neurobehavior

LC Reynolds', MM Duncan', GC Smith”, A Mathur’, J Neit™*, T Inder™* and RG Pineda™ Journal of Perinamlogy (2013) 33, 636-641
0 2013 Mature America, inc. Al Sghts neseresd 074080346/ 3

WAL InstLer eucorm ) p

Table 2. Descriptives of independant variables: patterms of visitation and holding
Mirdmanm Macbmanm Slon i Meefin Iniergquartile range
Hourd vidited wesks 1-2° 050 18750 26X 2940 1700 11.10-2860
Hours visited wesks 34 1.00 14150 2126 24.60 1350 8.40-20.80
Hiours visited weeks 54erm” 1.50 101.00 2015 2081 1350 9.30-2250
Hourd visited birth-term® 1.80 104.07 2133 2088 1350 10.10-23.60
Days visied wesks 1-2° 1.00 7.00 568 125 6.00 5.00-6.80
Days visied wesks 3-4° 1.00 700 i 1) 1.64 500 3.50-7.00
Diays visited wesls Sterm® 1.00 700 508 157 540 420650
Days visited birth-gom® 133 700 5 135 533 4.30-6.40
Diarys cudd led wesks 1-7 Q.00 650 1.60 1.67 100 0.00-2.60
Darys anddled weeks 3-4° Q.00 550 212 1.75 150 0.50-3.50
Diarys cudd led wesks S-term” Q.00 700 193 1.68 267 1.60-3.90
Diarys cundid bed biirth-tenm” 000 591 15 147 200 120-3.10
Skirvto-skin days wesks 1-2° Q.00 Gid (54 127 050 0.00-1.50
Skinvto-skin days wesks 3-8 Q.00 A0 110 138 050 0.00-1.50
Skirvto-skin days wesks S4em” Q.00 557 2 1.13 021 0.00-1.00
Skinvto-skin days birth-term™ Q.00 418 iy 094 030 0.10-0.90
Diary of life of first hadd® 000 00 1030 1214 500 2.00-1550




Infants response to parents




Inpatient Skin-to-skin Care Predicts 12-Month Neurodevelopmental
Outcomes in Very Preterm Infants

Molly F. Lazarus, BA'#, Virginia A. Marchman, PhD"-*, Edith Brignoni-Pérez, PhD"-, Sarah Dubner, MD’,
Heidi M. Feldman, MD, PhD’, Melissa Scala, MD®, and Katherine E. Travis, PhD"”

J Pediatrics 2024; 274:114190

Total subjects n=181, mean GA 28 weeks, LOS 79 days
Over their entire stay, infantseceived average 18 minutes/day of skaiskin care.
Families engaged in skio-skin care less than 2 instances/ week (M = 0.25, SD = 0.2

Infants from higher SES families experienced moretskakincare per day (M = 23.18,
SD =17.57), vs low SES families (M =11.12, SD = 12.71) (t =5.34 P < .001).

Families who visited more frequently tended to perform skorskin care for more
minutes/day.

Skinto-skin rate uniquely predicted 1&onth neurodevelopmental scores after GA,
SES, health acuity, and family visitation, with 4&hskin rate accounting for
approximately 6% unique variance.

A A 1% increase in skin-8kin care was associated with 0-p8int increase in 1:2month
scores.Thus, on average, a 2@inute increase in the amount of average daily skio-
skin care was associated with a 10:09int increase in scores on iZnonth
neurodevelopmental assessments, more than twhbirds of an SD increase

T o o o To I
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Time to first SSC by gestational week

Sweden population
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A 1 January 2020 - October 2021
A 1483 EPT and VPT infants el ~— i
A 22-31 weeks ‘; Time to rst SSC in EPT infents
A GA 22-24 weeks median 100 hours
(4 days) time for first skin to skin
A GA 28-32 weeks >75% in first 24
A
A
A

First 7 days average 3 hours/day —
NICU stay average 6 hrs/day % Time to st SSC in VPT infants
Aimed to increase the early skin to
skin AND the length of time skin to
skin in coming year

T T T T T T T T T T T T T T T T
0 24 48 72 96 120 144 168 192 216 240 264 288 312 336 360
Hours after birth
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The NICU:.
A Window of Opportunity?

The post acute NICU recovery period is a window of opportunity to
therapeutically optimize infant development AND support maternal
wellbeing/ family adaptation to enhance long term outcomes




Implications for NICU

Pa re n tS MOTHERS FATHERS
. . . Anxiety 51% 26%
NICU parents are at particularly high risk
for feelings of loneliness Depression  31% 19%
Stress 41% 22%

NICU parents have significantly higher
rates of stress, depression, anxiety, and

PTSD as compared with controls
Garg et al., 2023; Kouri et al., 2023; Shetty et al., 2013



Dad’s Mental Health

* Increased risk of developing mental

health challenges as compared with
fathers of healthy infants

* Up to one-third of NICU dads
experience depressive, anxiety, stress,
and posttraumatic stress symptoms

* While mothers’ depressive symptoms
tend to improve over the course of the
NICU stay, fathers’ depressive
symptoms do not

Garfield et al., 2021; Lefkowitz et al., 2019; Mackley et al., 2010




Approach to
Care

STAFF AND LEADERSHIP EDUCATION

Provwicer wellleing Prowvice Fosmal

Training Warkshops
TIER 2:
FAMILY AND STAFF CONSULTATIONS

Family engagement skills

Diszeminate
Educatianal
Materials

Trauma-informed
care

Ermbed in KICU
Rounds

Staff Consultations Famiy Consultations Staff cohesion

Manthly Bedside ar by phone, 10-60 min

feflective
[IOCessas

Families receive 1-3 consults, facusing on:
Psychoeducation and suppart

» Traumainformed raunds
+ Review trauma-infarmed care principles in .
context of actual cases + Brief coping skills
*  Pravide coping skills and support to staff + Communication with medical team
+ Helpreframe patient behayviar through # Linkage ta sarvices {lactation, OT)
"
-
*

trauma lens Developmental guidance

As needed Enhancing social support

. Reinfarcing positive parent-child interactions
+ Support sessions
v Debriefing following death or
catastraphic event

# [Extra support for
challenging cases

TIER1:
INDIVIDUAL, COUPLE, AND GROUP THERAPY

+ Mood symptoms * Parenting values & skills
+ Trauma + Parant-child attunement
+ Emotianal regulation + Mutual joy

+ Social support + Family problem-salving

Infant

UCLA Family Development Program Model of Care as presented in:
Morris et al., 2025 oral plenary given at the Gravens High Risk Newborns Conference




Impact of KMC on Maternal Mental Health

A Reduction in depression
In the intervention
(KMC) group was
moderate: SMD=-0.38
(-0.68t0-0.08; 95%  ——== VY ——
Cl; 1 2=86%; P=0.013), .. .
but not in 3 studies on == 8 tmanim  un
EP N DS Subtotal (I-squared = 69.4%, p = 0.020) < -0.18 (-0.40, 0.05) 51.33

A Trend toward lower e o smanan o

Herizichi. 2017 —_— -2.46 (-3.14.-1.79) 85

.
anxiety and parent —
Subtotal (l-squared = 89 7%, p = 0.000) - -0.60 {-1.34, 0.13)
Stress Overall (l-squared = 86.4%, p = 0.000) <> -0.38 (-0.69, -0.08)
]
NOTE: Weights are dom effects analysis

-3.14
Figure 2. Meta-analysis of the included studies. Notes. SMD, standard mean difierence. Results from individual studies were standardized and quality-weighted.

Anwar et al Annals of Medicine & Surgery

2023: Apr 12:85(6):2841-2848.



The Impact of the Environment

.

Neurodevelopmental
Outcome

/ﬂ\_\/—\u

Curr Opin Pediatr 2015, 27:254-260



The Neonatal Exposome& 9 | NI € f J

A Constructs of Volume (how much) AND of unpredictability

A Procedural stress and Pain

A How is pain assessed systematically?

A How are procedures balanced in justification?
A Environmental Stress

A Sound, light, alarms,
A Psychological Stress

A Deprivation and family separation



Improving outcomes for preterm infants: Mitigating stress exposure

Marliese Dion Nist

, Nicole Cistone

, Rita H. Pickler

SEMIN PERINATOL xxx (xxxx) xxx

Table 1
NICU" stressors and strategies to mitigate effects.
Stressor Mitigation Strategies  Specific Interventions Considerations for Implementation
Routine nursing ~ Cue-based care ¢ Aszess behavioral state prior to caregiving ¢ Training for nurses to interpret infant cues
care ¢ Avoid awakening infants for routine care s Effects of workflows and staffing patterns on flexibility in nursing care
¢ Pace and deliver care based on infant engagement and ¢ Regular interdisciplinary reviews of best practices and unit policies
stress cues
Developmental care e Eliminate or delay unnecessary caregiving activities ¢ Evaluation of each infant's daily stress burden and the necessity of
» Nonpharmacological and pharmacological pain specific procedures
management s Availability of resources and staff to appropriately manage pain
¢ Swaddling, positioning, touch following care to promote ~ # Staffing ratios
sleep and recovery
Parental Couplet care + Maternal postpartum care in the NICU ¢ Cross-training for nurses
Separation + Neonatal care in the postpartum unit ¢ Unit design to accommodate mothers and infants with space for
¢ Combined departments unrestricted access to both patients
¢ Simulation and emergency planning
¢ Phased transition to couplet care
Parent-infant ¢ Parent participation in caregiving activities ¢ Education for parents
interaction + Skin-to-skin contact ¢ Staffing ratios to allow for nurse facilitation of skin-to-skin contact

¢ Revisions to NICU protocols

¢ Education for nurses to promote flexibility in care delivery

¢ Comfort of NICU facilities for parents

o Staff attitudes regarding parent presence and participation in
caregiving




Aljawad et ol BMC Pedialics (2025) 25:291
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Family-centered care in neonatal ety

and pediatric critical care units: a scoping
review of interventions, barriers, and facilitators

Bayan Aliawad ', Shaima Ali Miraj', Furgan Alameri®® and Husam Alzayer®

Barriers to Family-Centered Care

Institutional

Emotional Stress Barriers

Training MNeeds Provider's Mindset

<

Enviranmental ' Cultural Barriers
Consiraints

Communication
Challenges

Facilitators of Family-Centered Care

Continuous Enhanced

Feedback Q Environment
Adaptable ':?YC' Empowerment
Interventions D?E? (@ﬁ and Training
0=
Parental ii m Supportive

Invalvement Infrastruciure

Collaborative
Communication







