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Overview

Brain injury is an important driver in adverse
neurodevelopmental outcomes in infants, and
specifically in preterm infants. The goal of current
research is to identify how to reduce adverse
experiences that negatively influence brain
development.

Terrie Inder, MBChB, MD, discusses the importance
of reducing both traditional and invisible brain injury
in premature infants. Dr. Inder specifically reviews
encephalopathy of prematurity and the drivers to
improve outcomes.
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e Assessing early degeneration in preterm
brains

e Discerning forms of brain injury

e Recognizing potential invisible injuries

e Understanding what drives improved
outcomes in the NICU experience

e Applying methods to reduce pain and stress
from NICU procedures

e Addressing the NICU experience, parenting,
and family environment
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Editor’s Note: This is a transcript of the live presentation from Miami Neonatology on November 12, 2018.

Dr. Terrie Inder: This is a big topic.
In fact, it's my whole career | feel
like I'm going to try and cover! But,
we know why we're here. We care
for many of these very small
people, and we know that they face

challenges as they go home.

Slide 1

It's interesting, as we think whether it's the gut or
the lung; now, | think the most important organ—
the brain. Many of these things are set by the time
the children are discharged from us, as you'll see in
this talk. Our children face a lot of difficulties with
physical clumsiness, educational needs, and,

increasingly, we recognize the behavioral and
mental health issues.

Long Term Outcome for
Very Preterm Infants

4-5% risk of cerebral palsy, with 50% having an increased
clumsiness and reduced physical ability
25-50% of children requiring educational assistance in school

25% developing behavioral problems including ADHD, social
maladjustment at school and anxiety

Slide 2

This is where we started. This little baby, actually, is
my youngest daughter [Slide 3]. This is where | feel
like | started the journey working with Joe Volpe to
try and understand how to prevent these
disabilities.” This was focused around brain injury. If
we could get rid of brain injury, all our children
would grow up and do very well.

How can we define brain injury
in the premature infant?

Perinatal Practices
Steroids, BP, Nutrition

\

ALTERED BRAIN
DEVELOPMENT ?

l Social and environmental factors J

L !

OUTCOME

Slide 3
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What do | mean by brain injury? At the time, that
was predominantly intraventricular hemorrhage
[IVH], and increasingly we recognized white matter
injury. Now, we recognize cerebellar hemorrhage,
as well. But I'm going to focus on those and other
forms of brain injury that we don't recognize as well,
before moving on to focus where | think our field
has taken us, which is brain development.

What are the causes for adverse
neurodevelopmental outcomes?

* Brain Injury
* Intraventricular Hemorrhage
* White Matter Injury

* Cerebellar Hemorrhage

* Brain Development
* Defining the Nature of Altered Brain Development

* Factors driving alterations in Brain Development
+ The Environment and Exposures

Slide 4

Intraventricular Hemorrhage (IVH)

Let's start with IVH. You're all familiar with this. The
common ultrasound grading based on the Papile CT
definitions with grade |, Il, lll, and so-called IV, which
is really a parenchymal stroke.

Grades of IVH

Slide 5

You can see here the grade IV [Slide 6] is not an
extension of the hemorrhage into the brain tissue,
but rather an obstruction of the terminal vein, and
a secondary stroke, venous stroke, in the
parenchyma.

Intraventricular Hemorrhage — Grade IV

Medullary
veins

Foramen
of Monro e
*" Germinal

Terminal matrix

vein

Grade |V intracranial hemorrhage is typically
associated with spastic hemiparesis

Slide 6

We know this condition is common, and over the
last 20 years in our smallest infants we haven't
really made a huge impact in reducing the incidence
of this disorder, which is still occurring in about 25%
of our very preterm infants less than 28 weeks. This
is despite many changes in practice, including
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widespread use of antenatal steroids, which have
been associated with 50% reduction in the risk of
IVH, and changes in our respiratory management.?
We still have a way to go, and I'll come back and
touch on that at the end of this talk.

Intraventricular Hemorrhage in the Preterm Infant
Prospective registry of 34,646 infants 22-28 weeks EGA at 26 Neonatal Research
Network centers from 1993-2012

+ Survival increased for infants = 23 weeks (varied by age)

+ Reduction in intracranial hemorrhage for infants 26-28 weeks EGA, but not 22-25 weeks
+ Antenatalsteraidsincreased 24% > 87%
* Intubationdecreased 80% ¥ 65%
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Slide 7

Periventricular Leukomalacia (PVL)

Periventricular leukomalacia, so-called because it's
around the ventricle. White: bad! [Itf] became
increasingly recognized because of MRI, which gave
us a window to identify this type of brain injury and
moved us away from just the form of recognizing
cystic white matter lesions to that of the more
subtle punctate spots and dots, and the loss of
white matter volume.

White Matter Abnormalities

a CysticPVL

Non-cystic PVL

Terminology

Focal
Macroscopic),

* White matter cysts
* White matter punctate lesions
* Loss of white matter volume

« Diffuse high signal changes
throughout white matter

Volpe J). Loncet Neurology. 2009;8:110-24,

Slide 8

The predictors for white matter injury focus around
some of the things we've already heard today,
particularly around infection and inflammation,
although ischemia is still important. But the most
common form of severe white matter injury now, |
see in association with necrotizing enterocolitis
[NEC]. | would say, just as you have heard the
beautiful talk about treating NEC for the bowel,
NEC's biggest effect actually occurs in the white
matter. Any infant who has been exposed or treated
for medical NEC should immediately alert you to
looking more carefully with MRI at the brain.

Predictors for MRl White Matter Injury

*SEPSIS

* Maternal factors
* Fever (p=0.01)
* Sepsis at delivery (p=0.03)
* Chorioamnionitis

* Infant factors
* Ischemia
= IVH (p=0.015)
« PDA ( p=0.001)
* Inotropes (p=0.002)
* Sepsis/NEC during hospital course (p=0.03)

Inder &t al. Padiotrics. 2005 Feb;115(2):286-94.

Slide 9
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These are some of the things you may see in terms
of punctate lesions. You can see here [Slide 10]—
either a single spot or a large spot or multiple
spots—these are believed to be scars, small scars,
in the developing cabling network of the brain.

White Matter Abnormalities

J \
1 < L
Minimal

Moderate

White Matter Injury

Miller 5P, et al. | Pedivtrics. 2005;147:467-74.

Slide 10

Is brain injury the major factor driving adverse
neurodevelopmental outcome?

| said brain injury was important in driving the
adverse neurodevelopmental outcomes that we
see. How do we see that? Let's look at these
common forms of brain injury—white matter injury,
IVH, and cerebellar hemorrhage—and see whether
they are the thing that's really driving our adverse
outcomes.

You can see here [Slide 11], on the top is white
matter injury, graded from the more benign, little
spots, all the way through to the severe cystic form;
IVH with the classical grading; and cerebellar
hemorrhage, which we increasingly recognize now
with MRI, as either focal lesions, in one hemisphere
being small or through to very large, bilateral
hemispheres.

Grade 1

Grade 2

Grade 3

PVL

Slide 11

We did this in 340 premature babies at term
equivalent, looking at an MRI at term.” The first thing
we found was that 220 of those premature babies
didn't have any form of injury at all, which is
wonderful, right?

MDI<70

PDI<70 Cerebral palsy
MNo. (%) %)

No. (%) No. (%)

WH

86.4(17.9) 28(13.5) BI415.3)

21{10.1} 10(4.5

Slide 12

But look at their outcomes 2 years after discharge
from the neonatal intensive care unit. As you can
see there [Slide 12], their MDI [Mental
Developmental Index] or their IQ was 86. Now, you
all know, it should be at least 100, right? That's 14
points below normal. Indeed, nearly 15% of these
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children would have been labeled as intellectually
disabled. If you go right across, 5% of them were
labeled with cerebral palsy. So, if brain injury is the
answer to all of the difficulties our children face,
why were so many of them below what they should
have been and suffering difficulties?

When we put in all the children with injury, you
could see that there was a downward deviation for
worse outcomes with high-grade injury, both for IVH
and white matter lesions. The lower grades, at least
with these crude forms of testing, did not show
deviation. This means, out of those 340 babies, the
small number who had high-grade injuries,
certainly, were more dramatically affected. But for
the rest of the children, it wasn't injury that was
driving their adverse outcome.

MDI MDI<70 PDI PDI€70
Score (SD) No. (%)

Score (SD) No. (%)

Grade 3

Grade 2

Grade 1

WH

Graded

Grade3

Grade2

Grade 1

Graded

Grade3

Grade2

Grade 1

Nainjury

Graded 4

49.3(18.5)
61.2(20.4)
£2.6(13.5)

85.7(20.5)

76.1(22.6)
72.5(5.0)
85.6(15.4)

BE.1(14.1)

B4
75.5(10.6)
8.8(6.7)
#4.3(15.6)

86.4(17.9)

3750
3(60.0)
321.4)

218.2)

4{30.8)
2(100)
16.3)

315.0)

H26.7)

28(13.3)

49.3(18.5)
55.6(29.4)
#5.1{11.5)

86.2(18.3)

723(16.2)
75.5(12.0)
#0.7(118)

90.5(12.4)

B4
77.0(14}
95.3(12.2)
57.4(17.6)

89.4{15.3)

375.0)
4j80.0)
7.1

(9.1}

2308)
150.0)
0

2(10.0)

[}
H20.0)

21(10.1}

4{100)
4{80.0)
3(21.4)

12.1)

6(46.2)
1(50.0)
16.3)

15.0)

o
1(50.0)
1(25.0)
13.3)

10(4.5)

Pre-OL injury ‘

\ ’
Pre-0OL Axonal [afferent/efferant)
dysmaturation degeneration

| l

l Cortical and thalamic
developrment

l Myelination

Slide 14

We know if they are injured, not only will it impair
their capacity to produce myelin, but it may impair
the signaling going up and down to those critical
gray neurons in the thalamus and in the cortex. In
addition, the axon might be injured, the actual
cable. Again, that will have effects, and we can't see
that either.

Slide 13

We have to remember that we only have some
visibility for certain forms of injury. When you look
here in the brain [Slide 14], you can see the cortex,
the computer drivers, the gray matter on the
outside of the brain.® The white matter, where we
have this injury, which is composed of cables and
little cells that wrap around to produce myelin. We
can't see a lot of the types of injury; we can't see
directly those cells that are going to produce the
myelin; and we can't see if they've been injured.

Axonal injury Pre-OL injury ‘
—
Pre-OL Axonal (afferent/efferent) Pre-OL Axonal [afferent/efferent)
i | i dysmaturation degeneration
l Myelination l Cortical and thalamic l Myelination l Cortical and thalamic
development | development
\

Slide 15

More dramatically, we know that there are areas we
don't even look at, at the moment, like the
thalamus, that are injured. Again, there will be
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effects up and down, both into the cortex and down
into other areas of the brain.

L
Thalamic Injury

<N\

Aornal (afferent)
efferent) degereration

Slide 16

In addition, if we look carefully under the
microscope at the brain, there are deep layers in the
cortex that are guiding the cortex's connections and
developments in the so-called subplate that are
present all the way up to 30 weeks. If they are
interfered with, again, we're going to affect the way
the rest of the brain is wired and developed,
particularly the cortex, and the way we think.

SPN
Injury

#wanal [afferentfefferent]
degeneration

~

Pre-OL
dysmaturation

lmelmaﬂnn “ fﬂﬂ:::e jsg;r:r::m.c

Slide 17

Indeed, that's been shown that if you look at this
region in infants who have passed away, there's a
40% reduction in those cells in that region.*

Neuron Deficit in the White Matter and
Subplate in Periventricular Leukomalacia
Hannah C. Kinney, MD,' Robin L. Haynes, PhD,' Gang Xu, MD, PhD,’

Sarah E. Andiman, AB,' Rebecca D. Folkerth, MD,? Lynn A. Slesper, $cD,*
and Joseph J. Volpe, MD*

40% reduction in neuronal density
in subplate with PVL

Slide 18

Finally, the germinal areas of the brain that we used
to believe finished their work by 18 weeks, have now
been shown to be producing critical interneurons,
critical neurons that are traveling out right up to the
time of term. Indeed, if they are injured, then we're
going to affect the signaling within the cortex.

Migrating GABAergic
neuron injury

Cortical development
l {upper cartical layers}

Slide 19
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Again, it's been shown when you look at our babies
that pass away, there's a 70%-80% reduction in
those cell types in that area.”

Vol W, K. 10
Cotaber 01|
pp BRI-SE

1 gt Esp Nearol
Capyright© 2011 by fhe Anericun Assosion of Nkt e

ORIGINAL ARTICLE

Late Development of the GABAergic System in the Human
Cerebral Cortex and White Matter
Geng Xu, MD, PhD), Kevin G. Broadbeli, PD, Robin L. Haynes, PhD, Rebecea D. Folkerth, MD,

Natalia S. Borenstein, MS, Richard A. Belliveau, BA, Felicia L. Trachtenberg, PhD,
Joseph ). Volpe, MD, and Hannzh C. Kinney, MD

Migrating GABAergic neurons increase
in cerebral white matter from 20 to 40 wks
and peak at term
70 — 80% reduction with PVL

Slide 20

All of these areas are vulnerable to injury.

- - B —_—
| Pre-OL injury J | Axanal Injury |
N ‘/\\_ | gy
Pre-OL Axanal [afferent/efferent) Fre-OL Axonal [afferant fefferent) Secondary
dysmaturation degeneration i Joge: Dy
l Mipelination | || Corticaland thalamic le“na[im Cortical and thalamic
development develapment
C T ] D [ sen ) E [ migrating GaBAerg
Thalamic Injury Injury neuron injury
Axonal (afferent) Axonal (afferent/efferent) I
efferent) degeneration degenerstion
/ / l GABAsrglcneurans
Pre-OL Pre-OL
dysmaturaticn dysmaturation
lM"’""a“” Cortical l Thalamic l Myslination Cortical and thalamic Cortical development
development develepment develepment (upper cortical layers)
Slide 21

Indeed, when we think about brain injury, often, we
only talk about IVH. But, there's a lot more
widespread, invisible, brain injury going on in our
babies during these early days and weeks of life,
that are currently invisible by our imaging
techniques, that have dramatic effects on
development, both downstream and upstream, as

the rest of the brain is developing, affecting the way
we wire and signal at critical stages.

Summary of Brain Injury

*Traditional Forms of Brain Injury
* IVH, PVL, CBH

*Widespread (invisible) Brain Injury
+ Axons, Thalamus, Subplate, Migrating GABAergic

*Down- and Up-Stream effects of Brain Injury
+ Deafferentation resulting in neuronal death
* Alterations in cell fates/development
« Impaired signaling at critical stages in development

Slide 22

Can we define the nature of alterations in brain
development—the role of advanced imaging?

| really want to move on... there is definitely an
element of this injury that's invisible to us; but, can
we start to understand what might be visible to us
and what might be driving any alterations and brain
development? To do that, we've had the privilege of
being able to image babies in the neonatal intensive
care unit repeatedly throughout their development.
This is one infant imaged 3 times [Slide 23], and you
can see the dramatic change in brain development.
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Cortical Folding in the NICU

Term
(38 weeks)

25 weeks 30 weeks

Slide 23

In fact, here's another baby imaged 4 times [Slide
24], and we can take the brain tissue types. You can
see here now in the darker blue, the cortex, the gray
matter, the light blue, the cabling, the gray matter in
the thalamus, and basal ganglia in yellow, and the
cerebellum in purple.

28 weeks

31 weeks

34 weeks

39 weeks

Slide 24

We can also look by mapping the surface of the
brain. We can see the dramatic change in the brain
from the 25-week infant through to term equivalent,
how complex the folding is. Just as it has already
been pointed out today, we can look at a healthy

term baby and see how all the foundations for the
adult brain are already in place by term equivalent.

Cortical folding

25 week

Term equivalent
(37 weeks)

Term control

Slide 25

We can take these types of images and say, so what
are the differences if you're born prematurely
compared to being born at term? Let's take a nice
healthy term brain, and let's look at its surface. Let's
take the first 5 premature babies who went home
from St. Louis Children's Hospital and map them
and see where the differences lie. | think when you
see these 5 brains, none of these 5 brains had IVH
or PVL [periventricular leukomalacia]. They all had
pretty okay kind of neonatal courses. But, when you
look at these brains, you can see that there's regions
in the brain that haven't developed in the way they
should have, right? In particular, you can see around
the temporal lobe, these areas here, that are too
smooth or very underdeveloped.

10
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Surface reconstructions from Images
obtained at term equivalent

Slide 26

To try and define this more carefully, we took 54
prematurely born babies with no brain injury at
term equivalent, and we compared them to 24
healthy term born babies, and we said, where is the
brain different?

At term equivalent, as a prematurely born baby
without injury, how is your brain different to a
healthy term baby? The area that was dramatically
differentis shown here [Slide 27], along the superior
temporal sulcus. Now, this area in the human brain
is really important and distinguishes us as humans
because it's involved in language; it's involved in
facial recognition and social communication. It's
very higher order in terms of evolution. We said,
okay, well our poor babies have had a pretty rough
time; we'll just give them a little bit more time to
catch up.

We gave them 7 years to see whether they would
catch up. By imaging and comparing prematurely
born children to term born children 7 years after
discharge from the neonatal intensive care unit, and
what you can see is that same region is different 7
years after discharge from the neonatal intensive
care unit.®

Comparison of sulcal depth maps

39 weeks

Slide 27

So, it is altered by the time you leave the neonatal
intensive care unit. It persists all the way through
childhood. It doesn't matter whether we compare it
by looking at the surface or looking at the regions
by volume reduction. This temporal area and a little
bit into the dorsal prefrontal are altered by preterm
birth, and they persist. They correlate with language
and cognition.

Alterations in Brain Development in VPT infants

VPT-born (n=24) vs term-born (n=24) subjects at 7 years

Sulcal depth

Wolumetric ROI's

t-statistic
4 16/15 4

Slide 28
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Are traditional medical factors mediating the
alterations in brain development?

We found some deviations in brain development.
That's fine. Let's just find out what it is that's causing
that; stop doing it; and then everybody will be
better, right? It's really kind of been a I-can-go-
home, no-more-job. All good.

We had a medical student who came to work with
us, and she decided she would start looking at
something she thought was important for our
babies, and that was how stressed they were. | was
like, "What do you mean? I'm the one that's
stressed. They're all right." She was like, "No. Look
how much happens to them." So, we developed a
stressor scale in concert with our nurses that
weighted all the experiences every baby had every
day, and we measured the scale with our nursing
staff every 12 hours.

Now, the scale itself at the top there won't mean
much to you except you can see that the first 28
days of life are pretty bad, and they're pretty similar,
whether it's the first 14 or the first 28 days. What
most people can relate to is the number of painful
procedures, which you can see is between 10 or 11
a day.’

Pain and Neonatal Stress

Average daily Neonatal Infant Stressor Scale score

First 14 days (meantsD) 106+13

First 28 days (mean®5D) 102+18

Admission until term equivalent/discharge (meantSD) 8012
Average daily number of procedures

First 14 days (meantsD) 11t4

First 28 days (mean®5D) 10+5

Admission until term equivalent/discharge (meantSD) 713

Increased stress associated with decreased frontal lobe width,
abnormal temporal lobe diffusion and neural netwarks (after adjusting
for confounders of immaturity, length of ventilation, CRIB score, sepsis +).

Smith GC, et al. Annals af Neurology. 20110ct;70{4):541-9, 2011

Slide 29

What we showed was that the amount of stressful
exposure was associated with deviations in frontal
and temporal lobe brain development. Initially, we
just said, "Well, of course, if you're having more
things done to you, it's because you're sicker and it's
just a measure of how sick you are." We tried to
control for all of that: How small you were, how long
you were on the ventilator, how sick you were,
everything. Nothing took away from this finding.

Here's an example of what it looks like [Slide 30].
This is a measure of brain connectivity. In A is a
healthy term brain. What we do is we put a little box
in the brain, and we ask the brain, where else in the
brain the blood flow—just resting, just lying in the
scanner—the resting blood flow is the same
frequency. Guess what? All of our brains are so
sophisticated in the way they're built that when | do
that in your temporal lobe, your other temporal
lobe says, "Oh, I'm in tune with you. | like you. We're
not directly physically connected, but we got this.
We do the same thing. We're in tune."

Mean functional connectivity
correlation maps generated using
the right temporal lobe seed in (A)
term control infants (n=10) (B) low-
stress infants (n=10), and (C) high-
stress infants (n=10). lllustrated
quantity is Fisher z-transformed
correlation coefficient

o 05 1.0 |I.S 2.'0

z(r)
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Slide 30

The preterm baby who had low-stress exposure in
B, is not as strong; they're trying, but they're a little
bit weaker. In C, the high-stress baby, nobody's in
tune.” Totally lost the capacity to be in tune.

12



Pediatric Nutrition

CONTINUING EDUCATION FOR CLINICIANS

Encephalopathy of Prematurity

Now, there is a lot of other data out there about
neonatal pain and its adverse effects on brain
development measured in many different ways.®

Neonatal pain and developmental outcomes in

children born preterm: a systematic review.
Valeri B, et al. Clin J Pain. 2015

In infants born extremely preterm (gestational age <29 wk)
greater numbers of painful procedures were associated with

* delayed postnatal growth,

* poor early neurodevelopment,

* high cortical activation,

+ altered brain development,

* poor quality of cognitive and motor development at 1 year of age,

* changes in cortical rhythmicity and cortical thickness in children at
7 years of age.

Slide 31

If the infants are suffering from pain, then should
we provide analgesia?

I'm sure you're thinking if the babies are justin pain,
why don't we give them appropriate analgesia, and
then maybe that'd make everybody feel better, and
they'd build better temporal lobes?

We had the pleasure of having my moderator's
daughter spend time with us, which was absolutely
fantastic because her child is as smart as her
mother. She took data from 223 premature babies
we had who received morphine during their
neonatal course. You can see [Slide 32] the doses on
median were 0.7 mg/kg, but ranged between 0.1
mg/kg and nearly 1 mg/kg, and that most of this was
just intermittent and not often an infusion. We
looked at the imaging findings and what we found
was, early on, the babies had smaller cortical
volumes, but by 7 years, Dr. Steinhorn now found
no difference.’ At 7 years, we found no impact on
their outcomes. Now, that's good; it wasn't adverse,
but it also wasn't beneficial, at least in these infants
who received it.

Neonatal morphine exposure in very preterm

infants-cerebral development and outcomes.
Steinhorn R, et al. J Pediatr. 2015 Jul; 167(1):215.

* Participants (n = 223) were assessed. Fifty-seven participants
received morphine in the NICU (median cumulative dose 0.7 mg/kg,
IQR 0.1-0.95 mg/kg, range 0.1-5.3 mg/kg). Thirty-two participants
received only boluses; 21 received a mixture of boluses and infusion;
4 received an infusion only; no clinical factors differed between these
3 subgroups.

+ At term, preterm infants who received morphine had a trend toward
smaller cortical volumes in the orbitofrontal (Pleft = .002,
Pright = .01) and subgenual (Pleft = .01) regions. At 7 years, cortical
volumes did not differ.

« At 7 years no impact of morphine on neurobehavioral outcome were
observed.

Slide 32

About the same time that our data was published,
the Canadians came out with their data.’® What they
showed was an adverse effect. That adverse effect
was most striking on the cerebellum. They showed
that as the dose of morphine increased, there was
impairment in the cerebellar growth. You can see, in
contrast to our data—our data, remember, was 0.7
mg/kg was the median, so we lay right here. We
didn't give these big, big doses of 20-50 mg/kg that
these babies were getting in the Canadian NICUs.
For me, in my head now, | keep the number of 2
mg/kg of morphine, and try to maintain below that
level for any of our preterm infants to not impair
cerebellar growth.
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Smaller Cerebellar Growth and Poorer Neurodevelopmental Outcomes
in Very Preterm Infants Exposed to Neonatal Morphine
Jil G. Zwicker, PHD, OT(C) ', Steven P. Mitler, MDCM™*, Ruth E. Grunau, PhO™**, Vann Chau, MD*, Rallin Brant, PhD™*,

Colin Studhalme, PhD’, Mengyuan Liu, BS’, Ame Symes, MOCM™ -, Kenneth J. Poskitt, MOCM™*, Mikaela L. Stiver, BSc',
and Emiv W. Y. Tam. MOCM*
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Slide 33

Fentanyl appears to be even worse. For those of you
who thought, "Well, maybe [I'll use something
different," don't choose fentanyl! In St. Louis, we
had 76% of our babies who received fentanyl, and
again, this effect on the cerebellum, which is laden
with opiate receptors and very sensitive. We also
found an association with cerebellar hemorrhage."

Brain injury and development in preterm infants

exposed to fentanyl.
McPherson C, et al. Ann Pharmacother. 2015 Dec; 49(12):1291-7.

* Seventy-eight infants (76%) received fentanyl (median cumulative dose
3 ug/kg, interquartile range 1-441 pg/kg). Cumulative fentanyl dose in
the first week of life correlated with the incidence of cerebellar
hemorrhage after correction for covariates
(odds ratio 2.1, 95% Cl: 1.1-4.1).

* Cumnulative fentanyl dose before term equivalent age correlated with
reductions in transverse cerebellar diameter after correction for
covariates, including the presence of cerebellar hemorrhage
(r=0.461,P =0.002).

Slide 34

Why is this important? Because this is what is
happening nationwide: We are using more and
more of these medications, in terms of the
exposure of our infants, because we are aware that

some of our infants are distressed or stressed, and
what we're doing is pulling for pharmacology.'?

Use of Opiates and Benzodiazepines

24

20
)

% infant-days

10
N

h— ek A g A e b A, N

o
T T
1997 2000

T T
2009 202

T
2003 2006
Discharge year
—— opioids  ——%-—- benzodiazepines
- ampicillin — & - inolropes
Zimmarman KO, &t al, ) Pedictr. 2017;180:25-104. Copyright 2017, Reproduced with permission from Elsavier.

Slide 35

What I'd like to support is not drugs, but other
methods of being able to reduce the experience of
distress associated with the experience of the
neonatal intensive care unit, such as facilitated tuck,
music, kangaroo care, massage, or other types of
support.

NOT DRUGS

* Facilitated tuck {arms/legs in flexed position)
* Music Therapy
+ Skin-to-skin contact (“kangaroo care”)
* Infant massage
* Breastfeeding
* Non-nutritive sucking
* Developmentally appropriate care
* Limited environmental stimuli
* Lateral positioning
* Supportive bedding
+ Attention to behavioral cues

Slide 36

It's been shown here [Slide 37] in a very beautiful,
simple study that just non-nutritive sucking and
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facilitated tucking can reduce pain scores for many
minutes around a painful procedure.”

Non-nutritive Sucking or Facilitated Tuck

Routine Care
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Slide 37

In fact, one of our nursing PhD students in St. Louis
[Joan R. Smith] used a form of touch therapy, as
well, and showed that even when an infant just
received 7 minutes of this, 6 times/week, there was
improvement in growth, and there were dramatic
effects on the heart rate after the administration of
the touch.™

Joan Smith — The M-Technique

Slide 38

Pilot Study in Preterm Infants >30 Weeks

Each infant received standard neonatal intensive unit
(NICU) care or standard NICU care plus a 7-minute
M-Technique session, 6 times per week for 5 weeks.

An increased growth velocity (P = 0.005).

Smith JR, et al. Adv Neenotal Core, 2014; 14: 187-200,

Slide 39

Infant Massage

Effects of the M technique
on the heart rate of each preterm infant at 30 weeks

Heart rate

120

L] A ] L) L] L L] L i L)
B 1 2 3 4 5 6 7 5P  10P
Intervention time points

Smith IR, et al, Adv Neonatal Care. 2014; 14; 187-200, Reproduced with permission from Walters Kluwer Health, Inc

Slide 40

This has also been shown in others by infant
massage with improved neurodevelopmental
outcomes on follow-up 2 years after randomization
to this treatment.”

15



Pediatric Nutrition

CONTINUING EDUCATION FOR CLINICIANS

Encephalopathy of Prematurity

Infant Massage

Neurodevelopment at 2 years corrected age.

Control group (n=38) Intervention group (n=35) p

MDI* 82.94+5.61 85.1+1.99 0.035
PDI 84.2+6.28 86.2+2.14 0.072
MDI”

=70 3(7.9) 0(0.0) 0.196

70-84 13 (36.1) 10 (28.6)
PDI”

=70 3(7.9) 0(0.0) 0.214

70-84 8 (21.1) 6(172)

Prociancy RS, et al. Eary Hy

m Dev, 2010; 86: 7-11.

Slide 41

Sleep is something we are also starting to talk about
in the NICU. We don't even monitor sleep, but it is
probably critically important for typical brain
development. The circadian rhythm is present from
18 weeks. People who have looked at this have
shown that we interrupt our infants up to every 18
minutes in the first 2 weeks of their lives.’® I'm not
sure how good we'd feel tomorrow morning if we
got interrupted every 18 minutes overnight tonight.

Sleep deprivation, pain and prematurity:

a review study.
Bonan KC, et al. Arg Neuropsiquiatr. 2015 Feb;73(2):147-54.

* Importance of sleep in preterm infant with the need to
spend 75% of time in sleep

* Development of circadian rhythm from 18 weeks
* Frequent disturbance of infant
* Lack of recognition of caregivers for sleep state

* Importance of kangaroo care or skin to skin for promoting
sleep

* Inter-relationship of pain and poor sleep

Slide 42

We had an experiment that we were able to
undertake because we were interested in looking at

the chaotic, noisy neonatal intensive care unit. We
knew that we exceeded sound and light and other
good environmental influences.

The Neonatal Intensive Care
Unit Environment

* Noisy, chaotic

« Exceeds sound and light recommendations from the AAP

* Understood to adversely affect growth and development

* Sound abatement in the NICU is important
* Developmental care

* Family centered care

* Entered a period of rapid change in NICU design

* Renovations to private rooms

Slide 43

We were in the position where our NICU was being
redesigned into a beautiful single-room
environment. We undertook this study to show that
putting babies into single rooms would decrease
stress. I'll give you options tonight: you can go back
to your nice little hotel room just on your own where
you get to sleep quietly, or we have a dorm facility
where we have 12 other people living in the same
bedroom with you, and you can all hang out
together. | think | know what you'd choose, right?
The nice, single room. We thought the same thing
for the baby.
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The Developmental Effects of the NICU
Single Patient Room

Slide 44

We had half of our unit that had been renovated to
these beautiful single rooms and half that were still
left open bay, and the parents could be present as
much as they wanted.

Study NICU

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

* ¥2 open bay beds
* Approx 10-12 beds in 1100 square feet of space
* General lighting
* Screens can be pulled to bedside for privacy
* Parents can visit 24 hours a day
* Sleep rooms available just outside the NICU

Slide 45

We followed our children up to show that being in a
nice, single room would be so nice and so good for
you. We looked at the association between room
type and outcomes, controlling for various factors
that were actually very similar between the groups.

Follow up at age 2 years

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

« Associations between room type and cognitive, language
and motor outcome were explored, while controlling for:

* CRIB score
+ Cerebral injury
* Social risk score

* Family functioning

Slide 46

What did we find? This is why you do research,
because it's not what you thought it was going to be,
right? The private-room environment was
associated with an 8 IQ point deficit in language
outcome. We thought we were going to do better
because they were going to be less stressed, and in
fact, they did worse."’

Language Outcome

Bayley Language Outcome

Private Room

Open Ward

Slide 47

We looked at why they did worse, and we used our
brain imaging to look at brain development. This is
a pretty complicated slide [Slide 48]. If you look at
the adult brain, what it shows is on the right in red,
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you have a deeper temporal sulcus, and in the left
in blue, you have a deeper temporal sulcus. The
healthy term baby has exactly the same, even
though they've never spoken a word and seen a
face, it's exactly the same as the adult brain.”
Whereas when you see the open bay, they're trying
to form those differences between the hemispheres
and in the single-family room, completely absent.

Hemispheric Asymmetries

Single Patient Room Open Bay

Mean Sulcal Depth
Difference

Term Infant
(lateral)

Adult
(lateral)

‘I BWH | D,

O/

Slide 48

Our room environment in the NICU has
structurally altered brain development. Why?
Because look what you hear in the 2 different room
environments [Slide 49]. In the open ward, you hear
lots of noise, but the blue bars are language, human
language. And, what you're hearing is nursing
handover there where they're chatting like, "Oh,
you've got to do this. You got to do that. Did you see
that movie? It was great." In the private room, lots
of silence. Lots and lots of silence.

Open ward

12:00 15:.00 18:00 21:00 24.00

Private room

Time
(min)

12:00 1500 18:00 21:00 24:00
Time of day

Slide 49

Alan Jobe wrote an editorial accompanying this,"
and | want to emphasize, this is not just about
auditory exposure. This takes us back to the 1950s
when Harry Harlow wrote about the science of love
and the importance of nurturing. 2°

Harry Harlow Rhesus Monkey Work
- '

Slide 50

We know even with skin-to-skin in a randomized
trial, looking at just 1 hour of kangaroo care each
day for 14 days, there was improved behavior at
discharge, and improved development 10 years
later.?’

18




Pediatric Nutrition
CONTINUING EDUCATION FOR CLINICIANS

Encephalopathy of Prematurity

Maternal-preterm skin-to-skin contact enhances
child physiologic organization and cognitive control

across the first 10 years of life.
Feldman R, Rosenthal Z, Eidelman A. Biological Psychiatry. 2014.

*73 premature infants and 73 matched controls

*1 hour of Kangaroo Care each day for 14 days

* Improved autonomic control at term and improved

* Improved cognitive development throughout the first

10 years associated with better parent-infant
interaction

Skin Conductance Amplitude During Pain

24—

SCA
3.20||Peaks p%c
Valleys | o

SCA (uS)
>

. J
186 170 180 184
Time (seconds)

Fetol Neanatal Ed. 2000;83:F143-F147. Reproduced with permission from BMI Publishing Group Limited,

Slide 51

How can you measure stress or distress?

Well, a Norwegian company has developed a little
device to measure skin conductance, which is
actually a way of measuring lie detector technology.

Can we measure distress —
skin conductance?

Slide 52

They measure the changes in skin resistance, and
you can see here with a painful procedure, the peak
going up. This is in a 22-week infant.??

Slide 53

They also looked at it in things that we wouldn't
regard as painful. Although, | would have to say, the
Athere [Slide 54] apparently is the way they change
a diaper in Norway. | think it could be kind of painful
the way that little guy's being held down.??

Slide 54

But they compared just a diaper change in the bed
vs a diaper change on the mother's front, and
showed differences in the level of distress the baby
experienced, depending on whether the baby was
held or changed in the bed.
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Does skin-to-skin contact reduce stress
during diaper change in preterm infants?

0409 Suinto-skin

- Bad

0.30+4

Mean Peaks
s
2

0.104

0.004

T T T
belore during after
Time

Error bars: 95% CI

Fig. 1 Skin candusctance peoks per sec

. ring and after diaper change. in bath gr
dusring diaper change [ &It; 0.05]. Th

gnificant dfesence betawen the grou

there was  significant increase fram befare ta
by at time paint durin

v, 2014:v0l S0|4}155-172. Copyright 2014, Reproduced with parmision from Elsewvier.

Improved Outcomes

*SFR NICU was associated with a 2.55-point increase
in Bayley cognitive scores and 3.70-pointincrease in
language scores.

* Prior work appears to be strongly mediated by the
presence of parents

* Every 10 mL/kg/day increase of human milk at 4
weeks was independently associated with increases
in Bayley cognitive, language, and motor scores
(0.29, 0.34, and 0.24, respectively).

Slide 55

| don't want to leave you with the message that
single-family rooms are all bad, because certainly
my colleagues in Rhode Island have also studied
and found improvement in developmental
outcomes, mainly mediated by improved
production of breast milk by the mothers and by
improved parental presence.®*

Advantages of Single Family Rooms

P =0.0008

70

60

Week 5 Week 6

Viohr B, 2t al. ) Pediotr. 2017 Feb 24,

Slide 56

They've shown an increase in Bayley scores, but
almost all mediated by the parent presence and by
improved production of human milk.

Slide 57

In conclusion, | know we started with a little schema
about the encephalopathy of prematurity and what
was driving how to improve outcomes, and it
started with brain injury. Remember, these
traditional forms of brain injury are important, and
| don't want to take away from that, but there's a lot
of invisible brain injury, as well, that is altering brain
development by these efferent and afferent effects.
To be able to decrease that, we still need to work on
increasing antenatal steroids (ANS), delayed cord
clamping, minimizing handling, minimizing blood
pressure therapy and opiates, reducing CLABSI and
sepsis and NEC. All of these things will reduce the
risk of brain injury.
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Extreme

(AR Increase ANS, delayed cord clamping

Minimize handling, BP therapy, opiates

Reduce CLABSI, sepsis, NEC

Traditional = IVH, PVL, CBH
Invisible - Thalamus, subplate, interneurens

NICU
experiences S
.
Alters normal brain

Parenting - development
Family environment | -

Constitutional
factors

e

Social
influences

Neurobehavioural
Outcome

Slide 58

We also need to pay attention to NICU experiences,
particularly the negative experiences of pain and
isolation, and enhancing positive experiences of
nurturing, because these also affect our parents
who are dramatically affected by the NICU journey.
These things are altering brain development just as
much and influencing our outcomes.

Even if we took away all of the brain injury, if we
don't address these by the environment—our care
model and parent presence—we will not improve
outcomes because we will continue to deviate away
from typical brain development.

What should caring in the NICU look like? This [Slide
60, left] is the Boston Lying-In [Hospital], which our
hospital was founded on. This our Brigham today
[center]. I'm still not convinced that a plastic box is
the right thing that we should be putting our babies
into, even though it's great for short periods.

Caring in the NICU

Our past
The Boston Lying In
Hospital

Our future
As bright as the stars

Our present
Brigham NICU care

@ Y

Slide 60

Maybe we need to be a bit more innovative as was
shown most recently in a beautiful article by the
Wall Street Journal.>® This baby has no monitors on,
but all of the readings are now on the outside of this
very beautiful device. We need to partner and think
outside the incubator box.

Environment: Care model
Parent presence Extreme
(AR T i) Increase ANS, delayed cord clamping
Minimize handling, BP therapy, opiates
Reduce CLABSI, sepsis, NEC
Negative: Pain, isolation _

Positive: Nurturing
Traditiol
Invisible — Thala

|

Alters normal brain
development

VL, CBH
te, interneurons

P

Constitutional ‘

Parenting factors

Family environment N
S
\,
w

Neurobehavioural
Outcome

Social
influences

Slide 59

THE WALL STREET JOURNAI

The New, Improved World of Infant Care

Slide 61
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In summary, brain injury is important to reduce, and
many forms of brain injury in the premature infant
remain invisible. Injury has a prolonged secondary
dysmaturation effect with protracted vulnerability.
But | do want to leave [with] you that this period of
brain development is critical, just as you heard
about this period of lung development. You are
forming the foundation for the rest of life. And, |
hate to even propose, but we, as well as one other
research group in the world now, are currently
studying early degeneration in our preterm brains.

Summary

* Brain Injury is important to reduce
* Many forms of brain injury in the preterm infant remain invisible

* Injury has a prolonged secondary dysmaturation effect — protracted
vulnerability

* Experience and exposures alter brain development during this CRITICAL
period of brain development to term equivalency

* Reduce adverse experience — pain, negative handling, alarm noise; as
pain, stress and sensory isolation appear to adversely influence brain
structure and outcome

* Increase positive experience — mother’s voice; music; skin to skin and
touch therapy.

* Parental mental health, empowerment and attachment are also
powerful for outcomes

* Take care of the caregivers — wellbeing of the providers

Slide 62

We need to reduce adverse experiences, such as
pain, negative handling, alarm, as pain, stress, and
sensory isolation influence adversely brain
development. We need to increase positive
experience: mother's voice, music, skin-to-skin, and
touch.

Finally, parental mental health, empowerment, and
attachment are powerful. And, we need to take care
of the caregivers. The well-being of the providers is
critically important, and most places around the
world now are recognizing, we are one of the most
burnout physician groups. We really aim to leave
our families like this as they're discharged.

In closing, | just want to acknowledge that it's been
a tremendous privilege to be part of this 42-year

journey. The only thing that's unique about my
presence this year is I'm not accompanied by one of
my 3 favorite members of the family. My oldest
daughter had the privilege of coming with me the
firsttime | ever came from Australia to present here.
We rented a convertible, went to Cape Canaveral,
and now she has the privilege of launching rockets
from Cape Canaveral with Space X. | think you had
tremendous influence on my family. Thank you very
much for your attention.

Slide 63
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CBH cerebellar hemorrhage

CLABSI central line-associated bloodstream
infection

CRIB clinical risk index for babies

GE ganglionic eminence

IVH intraventricular hemorrhage

MDI Mental Developmental Index

MRI magnetic resonance imaging

NEC necrotizing enterocolitis
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