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Dr. Martin provides the specifics of nutrient-directed
metabolic programming in the early postnatal period
and the risk of neonatal morbidities. Dr. Georgieff
discusses how nutrition in the neonatal and postnatal
period relates to brain development:
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At the conclusion of this activity, participants should be
better able to:

e Evaluate how targeted nutrition impacts
physiological development

e Apply evidence-based nutrient research to
disease risk and long-term development in
preterm and term infants

e Recognize the role of nutrition in early brain
development to improve postnatal outcomes.
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Module 1: Introduction

Dr. Camilia Martin: Hopefully,
with what you hear today, you will
walk away appreciating the value of
nutrition for our babies.
Specifically, how targeted nutrition
impacts physiological
development, and then apply evidence-based
nutrition research to disease risk, both during the
NICU and in the long-term development of our
preterm and term infants. And also recognize the

role of nutrition in early brain development to
improve post-natal outcomes.
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Learning Objectives

( Evaluate how targeted nutrition impacts physiological development

( Apply evidence-based nutrient research to disease risk and long-term
development in preterm and term infants

( Recognize the role of nutrition in early brain development to improve
postnatal outcomes

Slide 1

Here are some brief introductions by both of us:
While following the literature, I've noticed the whole
concept of rigor and reproducibility in science has
been raised. In that the experiments may not be
repeatable in somebody else's hands, or different
studies asking similar questions, with very different
results. | think that's good, keeping us to the task of
increasing rigor and reproducibility.

Then recently, | started to see that it's trickled down,
specifically, regarding nutrition research. Here are
some headlines and titles of recent articles [Slide 2]:
“Scientific Rigor and Credibility in the Nutrition
Research Landscape”; “Best Practices in Nutrition
Science to Earn and Keep the Public's Trust”; “The
Challenge of Reforming Nutritional Epidemiologic
Research”; and “The Need for Greater Rigor in
Childhood Nutrition and Obesity Research.”

Rigor and Reproducibility in Science Nutrition Research

Scientific rigor and credibility in the nutrition research landscape

Cynthia M Kroeger,! Cutberte
Ary id

Christopher ] Lynch,’ Esther Myers," Syivia Rowe,” Barbara O Schneeman,®

Best practices in nutrition science to earn and keep the public’s trust

sarah D Ohthorst,’ Mariha § Field,! Robert Steinbrook? Sylvia Rowe,

The Challenge of Reforming Nutritional
Epidemiclogic Research

The Need for Greater Rigor in Childhood Nutrition
and Obesity Research

1. Kroeger CM, et al. Am | Clin Nutr. 2018;107(3):484-484. 2. Garza C, et al. Am | Clin Nutr. 2019;10%11:225-243. 3. loanniclis PA. JAMA.
201%:320(10F969-970. 4. Wood AC, Wren |0, Allison DB. |AMA Pediatr. 2019,

Slide 2

I've been thinking about that, and it didn't quite
match with how | think about the research, and
what my colleagues are doing, and how we look at
nutrition for infants—especially preterm infants.

Eric Topol is a physician who does a lot with genetic
medicine, digital medicine, and he always seems to
be a month ahead. You read something, and then
you see itin the news about a month later. He writes
"John loannidis takes on nutritional science." It was
a JAMA article, and he's spot on, as usual. | read it,
and it was mainly about adults, but it got me upset
because | didn't like the language around nutrition
research to be all encompassing like that. To be very
specific—and give due credit to what we're learning
during our critical stages of preterm infants and
newborn development—I had to respond. | said,
“Wait. | understand that it can be problematic, but it
crosses the lifespan, and nutrition research,” |
wanted the world to know, “has been critical in
advancing and improving outcomes of preterm
infants.” And | said to myself, “Okay, phew, | told the
world!” Went to bed. | got 1 “Like"— and that person
works with me! And | reflected, “Ugh. Who's listening
out there?”

So, | have the honor to stand here now, in front of
you, and hopefully by the end of this session, you
will walk away, and be amazed, and appreciative!

Rigor and Reproducibility in Science Nutrition Research
Eric Topol @ @EricTopo

0l - 23 Aug 18
ki utritional *science” . “ Cami Martin
wrnalsijamal.. @TAMA_current Y @cmartingo

@SranfordMes .

TAMA_currer

Replying o @EricTopol @TAMA_current and 2 athers
T understand nurrition research can be
problematic. But like all research, it crosses the
life span. Nutrition research has been critical
in advancing care and improving ourcomes of
prererm infants. Iris a science and must follow
the same rigor we expecr of all research

09 24 Aug 18 - Twirrer for Androic
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[You will] see what we are doing in this space, and it
is amazing, and, | think, humbling, how our early
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actions in the NICU in delivering nutrition does
impact the course of our babies' lives.

As you hear and see the circulation of those calls of
rigor and reproducibility, it should not detract from
the evidence supporting the role of nutrition in our
preterm infants. It should not lead to assumptions
that adult physiologic response to nutrition and
nutrients are the same in our infants. They are not.
They are totally different responses. | also don't
appreciate these general headlines saying
something was proven ineffective, because | think
people walk away, see that, and they don't realize
it's different for different folks across their lifespan.

Neonatal Nutrition: Unique Opportunity to Reveal
Nutrient-Directed Effects on Human Physiology

The calls for increased rigor and reproducibility

+ Should not detract from the evidence supporting the role of nutrition in improving
survival and outcomes in preterm infants; a unique population that is captive, with
limited exogenous exposures, and is in a rapidly developing window

* Should not lead to assumptions that adult physiological response to
nutrition/nutrients is the same as the neonate

+ Neonatal response to nutrition is unique and has a fundamental role in
developmental physiology impacting health and disease risk

+ Itis imperative that all aspects of nutrition—practice and substrate delivery—be
thoroughly investigated given the profound impact on health in the immediate
and in the long term

Slide 4

Neonatal nutrition is unique, and it does have a
fundamental role, not just in growth, but
organogenesis and other important processes we'll
talk about. But it is, all along, [important] to
remember that all aspects of our nutrition need to
be studied.

It does highlight that with nutrition, in general, in a
developing [human] being, with so many
ramifications, we shouldn't assume safety. We
should test it, both in the way we practice and
deliver nutrition, but also with its impact on organ
development and other items.

Dr. Michael Georgieff: That
impact is actually something that
has really come to the forefront:
What do we mean by impactful
nutrition? We all, in the unit, will
make nutritional changes; we'll
measure something; we call it a biomarker. You see
a change in that marker, and you think you've
accomplished something. Maybe it's growth, maybe
it's a ferritin level—whatever it is, depending on the
nutrient you're looking at.

| really encourage you to read an article that was in
the American Journal of Clinical Nutrition, called the
“Pre-B Project.”' This isn't in our slides, but just a
show of hands, who has heard of “Pre-B Project?”
[audience responds] So good, quite a few people.

This was a group that got together from NIH
(National Institutes of Health), from USDA (United
States Department of Agriculture), from the
American Academy of Pediatrics, and from the AND
(Academy of Nutrition and Dietetics) to try and ask
the question: What do we know about the rigor of
the evidence in what we do for preterm baby
nutrition?

I'm sure everybody can say 120 kcal/kg/d for them,
or 4 g of proteins, or how much iron you give, but
what is the evidence behind that? As we went
through that exercise of what do we know about the
evidence of how much nutrition, how much do you
give of each nutrient, how do you deliver that
nutrition, what about special circumstances? [For
example] surgery kids, kids with sepsis... we came
to understand that any of the changes we make,
and any responses we get in the babies, are only
relevant if they affect a longer-term outcome.
Because, after all, if everything just gets better
anyway, who really cares if you fell off your growth
curve? But if there are long-term ramifications, then
we are talking about having societal implications. |
think that goes much more to what you [Dr. Martin]
were talking about: Why we should care about this.
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What are the relevant health outcomes that are out
there that you would want to influence by putting
kids on a good developmental trajectory?

Neurodevelopment would be one, but metabolic
health—risk of cardiovascular disease, diabetes and
obesity, later on. Immune health: how good will you
be at fighting infection later in your life? Your risk for
cancer, your risk for bone disease. Those would be
just 5, and you can probably name others. What's
inherent to that discussion is this idea of the
developmental origins of health and disease.

How many of you have heard of the Developmental
Origins of Health and Disease (DOHaD), as it relates
to lifelong mental health? [audience responds]

Have you heard of the
Developmental Origins of
Health and Disease (DOHaD)

as it relates to life long
mental health?

1 Yes

Z_No

Slide 5

Good. So, at least this crowd is more in tune with it
than others. | will tell you that | ask this question of
pediatric residents. | ask this of medicine pediatric
residents, where there's combined programs, and
I'm actually stunned at the number of people who
have not heard of this concept. Now, if you've been
coming to PAS, I'm sure you've heard about this. It's
probably more in the context of cardiovascular
disease than mental health.

I think many of you know that this idea of
developmental origins, this perspective on the risk
for adult disease, was originally called the Barker
Hypothesis. It was named after David Barker, a
British physician, who noticed that the risk of
cardiovascular disease in some population in

England... that their risk of cardiovascular disease as
60-80-year-olds was a function of their birth weight.
Which, when | first heard of this | thought, well, that
makes sense. If you're a big chubby baby, you've
probably got more fat cells, you're more likely to
have heart disease later. No, that wasn't it at all! It
was actually the small-for-dates [gestational age]
babies who had the higher risk. And that started a
set of experiments in areas of investigation as to
what would be the pathophysiology behind it.

Developmental Origins

+ Developmental perspective on risk for adult disease
+ The “Barker Hypothesis” =+ “Fetal Origins” -+ DOHaD
= Early life events affect relevant long-term health outcomes
+ Cardiovascular
+ Metabolic
+ Immunologic and allergic
+ Cancer
+ Mental Health

« Potential biological mechanisms of the long-term
neurobehavioral effects

+ Clinical implications
aD, Developmental Origins of Health ar

,

Slide 6

How were things being set early in life, to affect
long-term  outcomes?  Like  cardiovascular,
metabolic, immune, cancer, and more recently,
mental health, across the lifespan. | think we get
comfortable with this idea of developmental
trajectories and setting our kids on good
developmental trajectories. Being able to assess
when they are off trajectories and devise nutritional
interventions that get them back on trajectory. So,
as we go through my talk, which will be the second
part, we're going to talk about the clinical
implications. What can you do to assess and put
kids back on trajectory?
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Early Events and Later Outcomes

» Development is based on
*+ Genetics
+ Epigenetics (experience-dependent influences)

« All organs, especially the brain, grow rapidly in
late fetal/early neonatal period

+ Highly vulnerable to insults
+ Demaonstrates its greatest plasticity/resilience and response to therapy

Slide 7

We know that early events do have an effect on later
outcomes. We know that babies are not
neurologically complete when they are born. They
go through a process of development. That
development is based on genetics—what the
patient brings to the table—and epigenetics, which
is how our environment, including nutrition, which
actually has some powerful epigenetics influences,
sculpt the genetics to give us the ultimate
phenotype.

All organs, and especially the brain, grow rapidly in
that late fetal and early neonatal period. Any organ
growing rapidly is highly vulnerable to the lack of
nutrients. So, you were talking about nutrition, and
one of the things | tell people is, stop calling it
nutrition, and think of it as metabolism. What
metabolic substrates do you need in all the
pathways to get these organs to develop during
this rapid phase of development?

I'm going to show you later, especially for the brain,
how it's built early on determines how every other
piece of the brain gets built later in life. You're
setting a scaffold... you're setting a groundwork for
later development. There are 2 things that go with
that. When you're rapidly developing, you are highly
vulnerable—if you don't provide the substrate—
you're building it wrong. But fortunately for the
babies, they also demonstrate the most plasticity at
this point—the most recoverability. | think all of us

would agree, and it's been codified in statements,
that vulnerability outweighs the plasticity. Meaning,
do it right in the first place. Don't fall off the curve
and expect catch-up growth, or catch-up nutrients,
to save the day. [It's] much better to build things
right first.

You've probably heard the term ‘“fetal
programming.” Programming is probably the wrong
word, and—as I'm going to show you at the end of
this slide—it's probably also not fetal. But it was
noticed in the fetal context that the size-for-dates
determines, in some ways, what happens later in
life. That was Barker's hypothesis.

This programming often refers to an epigenetic
process. That is, early environmental stimuli, like
nutrition, altering how genes are expressed across
the lifespan. That's described by Barker. But we've
now discovered, in multiple labs across the world,
that this idea of early patterning, this idea that
you're setting your metabolism—whether it's in the
brain or in the body—for life, applies in term and
preterm infants, not just the fetus; [it] applies in
adopted and orphaned children; applies to foster
children, and even children who have severe illness
and growth restriction because of that, and then
have a definitive procedure that puts them back on
track.

Fetal Programming

= “Programming" refers to epigenetic process
» Early environmental stimuli (eg, nutrition) alter how genes are expressed
throughout the lifetime
+ Best described in fetal period with effect of prenatal nutrition = adult
cardiovascular health (D. Barker)
* May also apply to postnatal nutrition in
+ Term and preterm infants
+ Adopted, orphaned children
+ Foster children
+ Children after severe illness
+ Suggests vulnerable period based on postconceptional age
irrespective of in utero vs ex utero (ie, no longer ‘fetal’)

Slide 8
The idea of this vulnerable period now has
expanded from fetal nutrition, which has
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implications about how you treat the mother, but
also in the neonatal period, [and] in the post-natal
period. To be honest, we really don't know where
the far end of that plasticity ends. There's some
evidence that it may even be out into the teenage
years. It's pretty exciting that your deck of cards isn't
set just at the time of birth.

To show you a little of Barker's data... [let's look at]
the cohorts of adults in Britain, looking at their risk
of heart disease and diabetes and hypertension,
related to their birth weight. And their birth weight,
less than 7.0 Ibs... actually more specifically, less
than 6.2 Ibs, increased that risk.?

What is the Barker Hypothesis?

+ Studies by David Barker's group

+ Cohorts of adults in Britain with heart disease, diabetes mellitus,
hypertension

* Risk related, in part, to birth weight
+ Lower birth weight (ie, <7.0 Ibs) increased risk

» Concept of altered metabolic set points in utero
+ Altered hypothalamic/pituitary/adrenal axis regulation (stress hormones)
+ Altered hepatic metabolism (especially carbohydrate handling)
+ Activation of proinflammatory cytokines

Slide 9

Barker DJ. M. 1995:311:171-4,

The physiology that was worked out, and continues
to be worked out, shows this is a concept of altered
metabolic set points in utero. That, in essence, the
fetus and the early neonate is anticipating what
their nutrient status, what their metabolism should
be for the lifespan.

So, if you're malnourished as a fetus, chances are
you'll be malnourished later in life; you'll be
malnourished as a child and malnourished as an
adult. Set your metabolism in a way that is thrifty,
so you can utilize what little metabolic substrate
you've got. This means changing how your liver
works, how your pancreas works, and so on.

Here's some of the data [Slide 10]. You can see on
the x-axis, birth-weight category and the risk,

particularly of hypertension and diabetes,
increasing as the birth weight dropped.®*

1.8 L A A A A 130 mm Hg

1.6 ] Systolic BPA

1.4 120 mm Hg

1.2

. Hypertension «

0.8 p<0.001
Diabetes W

0.6 p<0.001

0.4 |

Odds Ratio
Hypertension & Diabetes

0.2

<5.5 5.5-6.9 7.0-8.4 8.5-9.9 210

Birth weight category (Ib)

irculation, 1096;94:3246-50.
Hanson MA. Science. 2004:305:1733-1736. Uised with permission from The American Association for the Advancement of

Slide 10

We're going to let Cami [Dr. Martin] talk about the
specifics of nutritional programming in the early
postnatal period and the risk of neonatal
morbidities, and then I'm going to talk about how
that relates to brain development.

Module 2: Nutritional Programming in the Early
Postnatal Period and Risk of Neonatal
Morbidities

Dr. Camilia Martin: Thank you, Michael [Dr.
Georgieff]. So, nutrient-directed effects on human
physiology. Again, the adult world has explored this.
An adult viewpoint in the references below is that it
means it has the potential, this nutrient, to
modulate the activity of the immune system by
interventions with specific individual nutrients,
terming it “immunonutrition.” That piqued my
interest, but again, thinking back to what we've
learned over time with our babies in the developing
neonates; there's complex diets, medical practices,
individual nutrients, all having the potential to
modulate the activity of the immune system,
inflammation, and most importantly,
organogenesis.
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Nutrient-Directed Effects on Human Physiology

Adult Viewpoint

The potential to modulate the activity of the immune system by interventions
with specific individual nutrients is termed immunonutrition.

Infant Viewpoint

In the developing neonate, complex diets, medical practices, and individual
nutrients have the potential to modulate the activity of the immune system,
inflammation, and organogenesis—nutritional programming.

Slide 11

{Calder PC. BMJ. 2003; 327:117-118.

| was thinking that more appropriate for our
viewpoint, for the infant, is nutritional
programming. But listening to Michael [Dr.
Georgieff], I'm going to say maybe it should be
nutrient-directed metabolic programming. [It's]
even a little bit more specific, but the point is that it
is all encompassing. It does have all of these roles
for our babies.

In another article | was reading, | really liked how
this was phrased, talking about that postnatal
period. “Human infants actually remain helpless
longer than infants of any other species and must
also go through a distinct period of gestation
outside the womb.” | liked thinking about that as
another period of gestation. This period of exterior
gestation needs to be respected, not just as a
sentimental matter, but as one that has a profound
and major impact on the infant's physical,
emotional, and psychological development.

“..human infants actually remain helpless

s -

- P | longer than infants of any qther spec.fes and,
...must also go through a distinct period of

eﬁ*’(" ~— < gestation outside of the womb.”

| “This period of exterior gestation needs to be
respected not just as a sentimental matter,
o but as one that has a profound and major
impact on an infant’s physical, emotional, and
psychological development.”

Elizabeth Antunovic

Antunavic E.T1
g wavr b
Photo Credit kipgo

Manths: Exterogestation and the Nee o be Held. Boba. August 2014
ond-nine-manths
stack

Slide 12

Teleologically, when you look at what's present in
amniotic fluid, and driving the fetal development
and the fetal programming, and then you look at
what we know is available in breast milk, and all
those complex different bioactive molecules, you
can see the goal, the ultimate mission and goal for
that in utero period and exterior gestation, is very
similar.® They're very aligned.

In Utero to Ex Utero Transition

Amniotic Flui

Breast Milk —C
Imm

Carbohydrates
Fat

Nutrients and ather
proteins

Modulators of coagulation

Modulators of immunity
d inflammation =
Nucieotides _ Growth Factors
Cell growth and fibror F-heta induced protein ig : Enzymes
differentiation h es —

Microbes

Slide 13

Madified from Cho CK, et al. Mol Cefl froteomics. 2007:6:1406-15.

a5 a student proj ing Course for Health Care Providers. Douglas College. New
Westminster, BC, Canada 2007 by Cecily Heslett. Sherri Hedberg and Haley Rumble.

Mom's milk—as we've learned—and nutrition, is
critical in this period of exterior gestation. We're also
taking care of babies, where it's even more true for
the preterm infants who haven't even completed
their first gestation.

Mom'’s milk (nutrition)is
critical in this period of
exterior gestation.

Even more true for our
preterm infants who

" still have to complete

- | their first gestation!

Phato Credits: {Top) Romanava Anna/Bigstock, (Battorn) Metin Kiyak/Getty Images

Slide 14

The goal in delivering nutritional care to our babies,
is that we're facilitating this. During the exterior
gestation, mom's milk and nutrition provides the
necessary bioactive components to protect the
infant from any adverse environmental influences.
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For us, it could be anything they are experiencing in
the NICU, while continuing to support biological
signaling for optimal organ development that didn't
allow to complete during that last gestation. It's still
going through an additional period, during the
exterior gestation. Again, for optimal organ
development and ultimately health independence.
That's what we're all trying to achieve with our
babies in the NICU.

The first few slides | want to go over, in general, [are]
on total nutritional delivery. What's the evidence we
have that it matters? That it matters to our health
outcomes and our babies. | want to specifically
again focus on the early postnatal period, within
even sometimes the first 7 days.

Development Independence

During exterior gestation Mom's milk/nutrition provides necessary
bioactive components to protect the infant from adverse
environmental influences (as the infant is not ready to protect itself)
while continuing the biological signaling for optimal organ
development and ultimately healthy independence.

Slide 15

I'm highlighting these 3 studies, the first by Dr.
Ehrenkranz showing that during the first 7 days, the
odds of necrotizing enterocolitis (NEC), late-onset
sepsis, bronchopulmonary dysplasia (BPD), and
neurodevelopmental impairment decreased by 2%
for every increase of 1 kcal/kg/d of total energy.’

General Nutritional Delivery and
Neonatal Outcomes

Early Nutrition Mediates the Influence of Severity of lliness on Extremely Low-Birth-

Weight Infants'

+ First 7 days, OR of NEC, |late-onset sepsis, BPD, and NDI| decreased by ~2% for each 1 kcal/ kg/d of
total energy intake

First-Week Protein and Energy Intakes Are Associated With 18-Month Developmental
Outcomes in Extremely Low-Birth-Weight Infants?
* Anincrease of 42 kJ (10 kcal)/kg per day independently associated with a ~5-point increase in MDI
= Anincrease of 1 g/kg per day of protein independently associated with a ~8-point increase in MDI
Early Energy and Protein Intakes and Associations With Growth, BPD, and ROP in
Extremely Preterm Infants®
* Every 10 kcal/kg/d associated with 0.08 higher weight SD score
« Between d7-27, every 10 kcal/kg/d reduced risk of BPD of 9% and any grade of ROP of 6%
* Interaction MV, energy, protein: mean energy intake of 120 kcalfkg/d, every 0.5 g/kg/d reduced risk

of BPD by 25%

nary dysp

BPD, pulm jasia; MDI, mental develepmental index: NDI, nielirodevelopmental Img
ROP. retinopathy of prematurit

1. Ehres
2 Stephens BE. et al
3 Klevebro . gt al
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1,69:520.0.
rics. 200:123:1337 43,
futr, 2018. pii: S0261-5614:30197-.

The second study, by Stephens, showing that an
increase in 10 kcal/kg/d, or an increase of 1 g/kg/d
of protein, both associated with a 5-8-point
increase in mental development index (MDI)
scores.® Finally, Klevebro showed that 10 kcal/kg/d
for every 1 of those, associated with better weight
gain, and during the latter 3 weeks, every 10
kcal/kg/d increased energy, reducing the risk of BPD
and retinopathy of prematurity (ROP).° Providing
that additional extra nutrition does seem to matter,
but how do you apply that in the NICU? How do you
know you're not already providing more? Where do
you go with this?

I did some quick math. It may not be 100% accurate,
but | think it gives us an idea of how we can translate
those studies to what we do in the NICU. On the left
is a graph on total energy delivery [Slide 17]. The y-
axis is the total kcals/kg/d. The x-axis is the week of
life, and each dot is [one of] the studies | just
mentioned. The red 50 line is what we think is our
resting energy expenditure. You want to, at least,
meet that. And of course, any target above that,
you're hopefully storing, instead of utilizing, storing
to help with overall growth.
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General Nutritional Delivery and
Neonatal Outcomes =

Total Energy Belivery (healfika/d) Total Energy Delivery (kcal/ig/d)
140

+10

71:
&0 +25 i
50 L
i - Target energy delivery in first week of 70 kcal/kg/d,
o increasing to 115-130 average over first few weeks

- Protein delivery target starting at 3, increments to 4 grkg/d
» Lipid delivery target starting 2-3 to goal of 3.0 g/kg/d
@Ehrenkranz @ Stephens @ Klevebro

 Preterm Infants: Scientific Basis and Practical Guidelines. 5. Karger AG, 2014

@Enrenkranz @ Stephen
-

Slide 17

The green line, or the green box, is the
recommended total energy intake for our babies at
115-130 kcal/kg/d. You can see with these studies
that we're not quite there. In the first week, that
seemed to be paramount, to add additional
[energy] over what we were giving. The blue is
Ehrenkranz, the orange is Stephens—just meeting
resting energy expenditure—and the gray, the
Klevebro group, did better at almost 90 kcal/kg/d.

Then at 2 weeks, that incremental increase, and
even by the third week, [they're] not getting into that
box of the recommended range. Looking back and
saying, "Okay, what were their conclusions for their
linear modeling about how much to add to at least
start to reduce some of these morbidities?" That's
the second graph [Slide 17]. If | wanted to cut some
of the morbidities by half in the Ehrenkranz study, |
would have to give an additional 25 kcal/kg/d.

If Iwanted to do it from the Stephens’ study, it would
be an additional 10 kcal/kg/d. Then for Klevebro,
later, because their findings were during the first 3
weeks and another additional 10 kcal/kg/d. For the
first week, you see that with the additional 25 and
10 kcal/kg/d, we're getting to about 70 kcal/kg/d, but
we are now above—consistently above—the 50
kcal/kg/d, at about 70 kcal/kg/d.

If you increase the 3 weeks by 10 kcal/kg/d in the
Klevebro study, you see that we're just getting into
the minimum of the 115-130 kcal/kg/d. But at least
it starts to paint that picture, that maybe the first-

week target we know we can't get to—or can't right
now. Happy to be challenged to get to that 115 and
130 kcal/kg/d immediately, but maybe this starts to
tell us how to gradually get there. Maybe what our
target should be in week 1, and what our target
should be at week 3, and hopefully we're going in a
linear fashion towards that target.

In summary, the recommendation target-energy
delivery in the first week of 70 kcal/kg/d, increasing
steadily to get to 115-130 kcal/kg/d by the first few
weeks. Protein delivery targets—just to round out
the macronutrients (I'm not presenting that data)—
starting at 3 g/kg/d with increments to 4 g/kg/d, and
lipid delivery starting 2-3 g/kg/d, with increments to
a goal of 3 g/kg/d.

| continued to do my math and asked, "What would
my orders then look like?" Because it's hard,
sometimes, [with] the orders we use in the first
couple of days, we wouldn't meet that total of 70
kcal/kg/d. So, | said, "I want to make sure we're
meeting the total of 70 kcal/kg/d as a minimum bar,”
and then asked what each of the advancements
would be.

General Nutritional Delivery and
Neonatal Outcomes (continued)
Day Lipids Protein Carbs Rate - ml/k/d Lipids Protein Carbs Total=

1 2 3 10 100 18 12 40 70
25 3 10 100 225 12 40 745
3 3 10 100 27 12 40 79
2 2 3 10 120 18 12 48 T8
25 3 10 120 225 12 48 825
3 3 10 120 27 12 48 87
3 2 3 10 140 18 12 56 86
25 | 3 10 140 225 12 56 905
3 3 10 140 27 12 56 95

Slide 18

Koletaka B, Poindexter B, Uauy R (Editors). Nutritional Care of Pretenm Infants: Scientific Basis and Practical Guidelines. Bass
Karger, 2014

You see that for protein, | set at 3 g/kg/d. | think with
their starter PN [parenteral nutrition], everyone's
pretty comfortable with starting with 3 g/kg/d. | kept
the carbs at 10 g/kg/d. The only thing | fluctuated on
was a stepwise fashion. Even though there's not a
lot of data on the advancement of lipid emulsions—
what's safe or not—but the general expert
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consensus is starting at 2 g/kg/d is probably safe. |
decided, okay, you're somewhere between 2, 2%,
and 3 g/kg/d. And the only other change was
changing the total volume each day.

With this, everything is on a per-kilo basis, so the
weight doesn't matter. With this, you're at least
getting to the minimum of 70 kcal/kg/d. It may be a
little bit more. Theoretically, it's possible to target
that, so by the 7-day mark you are getting at least
70 kcal/kg/d, probably more, if you continue to
increase incrementally in a stepwise fashion, as we
do in an infant who's tolerating everything well.
Which | know is the caveat, that sometimes our
babies seemingly don't tolerate. This would be the
recommendation to get closer to what our
consensus recommendations would be, and align
with those studies | just discussed, that showed
these values started to minimize or reduce the risk
of common diseases we see in the NICU.

Lung and Gut

Now, | want to dive a little deeper and talk about the
lung and the gut. I'll start with the gut. | think the
gut, the intestine, is a fascinating organ. It's our
largest immune barrier, our immune organ and
defense barrier. It takes care of all the digestion and
absorption of the nutrients that we provide. So, it's
multifunctional, and it's 70% of our immune system.

INTESTINAL TRACT:

The Largest Immune Organ
and Defense Barrier

«+ Direct exposure to nutrients

» Largestimmune organ and
defense barrier

» Gut-systemic health axis

704 of Yo
Syctem
IE ";:\“;uvryl‘“

sy
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The microbiome. | think it is important to highlight
how our practices, and especially how our nutrition,
is impacting the microbiome and the microbiome's

relevance to health. The concept of dysbiosis and
abnormal microbial colonization were, perhaps,
more colonized with pathogenic vs commensal
bacteria. We show (there have been multiple
papers) that this dysbiosis has altered immune
ontogeny, dysregulated inflammation, and
impaired organogenesis. There are several papers
linking it to each of these individual outcomes,
which we see in the NICU.

Dysbiosis and Neonatal Mortality

Necrotizing
Enterocolitis

(1) Altered Immune Ontogeny
(2) Dysregulated Inflammation
(3) Impaired Organogenesis

Slide 20

The microbiome has been an important mediating
effect on the nutrients. It's what is driving some of
that colonization, in addition to other factors, which
we'll review. It's also critical to how we're absorbing
and digesting those nutrients and creating the
metabolites that then go on to further enhance, not
only intestinal health, but systemic health.

The influences [on postnatal gut development]:
route of delivery, hospitalization, and indigenous
organisms, exposure to medications, skin-to-skin
contact with mom... But one of the most important
drivers, even in adults, as well as infants, is the diet.
So often we talk about probiotics, and other
measures that are important, but the most
profound influence on what's happening with
your microbiome is your diet.
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Influences on
Postnatal
Gut Development

Maternal/Fetal Microbiome
and Vaginal Delivery
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What's happening with breast milk in the intestinal
development? This was an early study by Sarah
Taylor, et al [Slide 22],"° who looked at infants who
were exclusively given human milk or exclusively
given formula. They wanted to look at the effect on
intestinal development, and they wanted to look at
the intestinal barrier, specifically. They used the
lactulose-to-mannitol study, where mannitol small
is expected to move through; lactulose is a little bit
bigger. If a lot of it moves through, then you have a
high lactulose-to-mannitol ratio (L:M), suggesting a
leaky gut—an impaired intestinal barrier. This
study, in the early 2000s, showing that with formula
consistently compared to human milk, you had a
higher ratio of the L:M, indicating an impaired
intestinal defense all the way through the
composite, almost 3-fold difference.

Breast Milk Increases Intestinal Barrier Function
Compared to Formula

TapLe 2. ComparisoN oF Mepian L/M Ratios (RanGe) BETWEEN INFANTS RECEIVING
Any Human Mk anp Those RECEVING OnLy FormuLa

Median L/M ratio (range)

Study time 3

Study time 1 Study tine 2
47) (n = 20)

Type of feeding (n= (n'=33) Composite

Any human milk 0.076 0.167 0178 0.343
(0.013-1.337) (0.011-8.468) (0.031-1.791) (0.014-8.838)
0205 1371 0.347 0962

(0.576-32.525)

Formula only

(0.062-2.178) (0218-30) (0.247-1 887)

tulose to mannitol,

__

Slide 22

Taylar SN, et al. Breastfeed Med. 2009:4:11-5. Used with permission from Mary Ann Lisbert, Inc.

I thought this study by Rob Chapkin, et al, was
fantastic [Slide 23]. He was able to take intestinal
cells that were shed normally in the stool, then look
specifically at the host transcriptomic expression of
genes. For the first time, in a noninvasive way, he
looked at how diet impacts intestinal gene
expression. He compared 3-month-old and full-
term infants. The study showed that, yes, there was
a  microbiome  difference, where lower
heterogeneity, less diversity of the microbiome, was
in formula-fed infants, resulting in a lower overall
gene expression. That gene expression—when
detected, evaluated, and compared—in breast milk-
fed babies, showed a little bit better gut motility,
markers for epithelial homeostasis, whereas
formula advanced or increased the expression of
genes. This involved inflammatory responses,
increasing permeability, which goes along with
Sarah Taylor's data, and increasing vascular
adhesion. [This is] one of the first studies looking at
diet-to-host interaction and the difference between
breast milk and formula.
Formula:

%
4 Y
4 " .
Table 2 Relative gene els in breast-fed (BF) . .
+ Lower phylogenetic heterogeneity (and

expression lev:
Breastfeeding |versus formula-fed (FF) infants following a 3-month
feeding period decreased diversity) of the microbiome
] Lttt Prostue « Lower overall gene expression by the
intestinal epithelium

Influence of Diet on Intestinal Gene
Expression

avalue
Tag1 150 01670
" 18

Gut motility, bacterial-mediated
reactive oxygen species signaling,
= |epithelial homeostasis

00008
wms | Mucosal inflammatory responses,
permeability-increasing, vascular
adhesion

hided by FF intans

Schwartz S, et al. Genome Bial. 2012:13:r32. Used under terms of a Creative Commans License.

Slide 23

Human milk oligosaccharides (HMO) is another
component within human milk. Unconjugated
glycans readily pass through our gut and are very
abundant in human milk. We probably have the
most diverse species, but more importantly are the
number of different species of HMOs. More
importantly, every mother is unique. We now know,
through the unique signature of that HMO,
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distribution determines and helps influence the
baby's health risk.

Human Milk Oligosaccharides

£

- Diverse unconjugated glycans
» Abundantin and unique to e T
human milk A | //“’i
+ More than a hundred different -w,/ “’KK D
HMOs have been identified o 005 -
. 5158/ "
* Not every woman synthesizes the e — //
same set of oligosaccharides o 74 N
+ HMOs reach the distal small L - E
intestine and colon in an intact
form and are excreted with the
infant’s feces’

Human Milk Comparison:

1. Bode L. Glycobiolagy. 2012:22:1147-62.
2 Zivkovic AM, et al, Proc Natl Acad 5ci USA 2011108 Suppl 1:4653-8. © 2011 National Acsdemy of Sciences. sed under terms for
educational purpose.

Slide 24

In @ summary [article] by Lars Bode, which we
should all read," [this slide is] showing pleiotropic
effects on manipulating the microbiome, serving as
antimicrobials, modulating intestinal epithelial
signaling, and immune modulators.

Pleiotropic Effects of Human Milk Oligosaccharides

........ lalhesive Animicrob

‘J’\-“j L ,;‘w
s movtl I RN N

ntestinal Epiineital Coll Moculatars

A o
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I've shown you—and I'll dive into some nutrients—
the complex diet of breast milk vs formula, how
differentially impacted the baby can be in its host
and intestinal development, and why that is so.

Nutrition practices: | said at the beginning, that not
only what we provide, but how we provide it, should
be studied. This was a project [Slide 26] with a fellow
who was with me one year. We wanted to look at
what happens with delayed enteral feedings.'? Does
it matter if we start within day 1 or 2 or 3 or after?
We took fecal samples at 2 weeks of life. This was a

period where almost all of the babies (130 babies)
were already on full-enteral feedings, doing well,
seemingly healthy. We looked at the fecal lysates of
the stool samples and evaluated it for inflammation
and cytokine expression. We found that whether
you've started to feed before 3 days or after 3 days,
even remotely at 2 weeks of life, it impacted your
intestinal, your inflammatory environment, in the
gut, where delayed feedings had elevations of
interleukin-8 (IL-8), and then with the elevations,
you saw systemic changes in IL-1 and CRP [C-
reactive protein].

” -
.\' =
% N
Delayed feedings/Formula
Limited MM/DM

Nutrition Practices

Table 5. Univariate Analysis of Fecal in
Variables Early (p50£IQR)

nn)
IL-1RAIL-8 40.5:82.3 I!l i

IL10:L-8 82112 59:1.6%

ith Early vs. Lal
IL-8 (pg/mi) 18432

Table 6. ysis of y i yin it Earty vs.
Late Group.
Late (p5041QR)
316.2¢569.1%
948.844371.5"

Konnikava ¥. et al. PLOS One. 2015:10:20132024. Used under terms of a Creative Commans License

Variables Early (p501QR)

IL-1RA 175843162
CRP 447.7£1227.4

Early = initial enteral feeding at the third postnatal day or less Late = initial en

Slide 26

This is 2 weeks out, in a seemingly healthy
population, full-enteral feeds. This is a clinical study.
We did our best to adjust for all potential
confounders, but the decision on when to start
enteral feeds impacted the inflammatory
environment of the gut.

Why it matters and why we wanted to embark on it,
is that we're learning more and more that the gut
is the systemic gateway to health. There's an
intestinal liver access, an intestinal brain access. All
of these gut-liver, gut-brain... after they talk to each
other.

I mentioned [the gut] is the largest immune barrier.
How that signaling begins, in the immunity begins in
the distal signaling, does matter in outcomes, and
with the inflammation. A local inflammation
translating to a systemic inflammation, and |
showed you that just with delayed enteral feedings.
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We see evidence of that intestinal compromise in
systemic health, as well, when we look at NEC,
especially those that go on and need surgery. This
was a correlation of morbidities based on the
ELGAN study [Slide 27], which was over 1500 infants
of extremely low gestational-age newborns.

You see in this section [Slide 27, table] that if you
had severe intestinal injury, the odds of having
brain injury, ROP, and BPD went up. [It] was not
explained by just the level of maturity. You would
think, maybe they all correlate together because
you're looking at the highest risk. That did not
explain these correlations.
So, is that systemic or intestinal inflammation, that
nidus, that's what's going on in the rest of the body?
To me, | think it does partly explain that, and why we
have to think about methods, early feedings, and
what we're feeding, to protect the gut during this
transition, this early postnatal period.

Evidence for Gut to Systemic Health Link

Delayed feedings after 3 days leads to detectable inflammation at
2 weeks postnatal age and increased risk of CLD at 36 weeks PMA!

+ Intestinal injury leads to sustained systemic inflammatory
response; sustained systemic inflammatory response leads to
poor neurocognitive outcomes, as does NEC??

+ NEC a common node in clustering of neonatal morbidities*

« Humanized gnotobiotic mice with preterm microbiota results in
dysregulated systemic inflammation and altered growth®
tmenstrua flammatory resp ome

Slide 27

DHA and Arachidonic Acid

Now, to dive further into a specific nutrient. So, [this
is] my favorite nutrient | like to study within the lipid
family and fatty acid biology. In one of the first
studies we did, we looked at what happens with
systemic fatty acid levels after birth.'® On the left
you see the curve for DHA [Slide 28],
docosahexaenoic acid, and on the right, you see the
curve for arachidonic acid and linoleic acid.

Nutrient-Specific Postnatal Transitions in the Preterm Infant
Case Study: Long-Chain Polyunsaturated Fatty Acids

A B

—— Linolei

els, mol%
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Mean DHA level, mol%
4 P

Mean LA and AA leve
80 121

‘Moan LA laval at

binth in PRETERM infants.

o q 2 H

Postnatal waek (birth = week 0) Postnatal week (birth = week 0)

DH, docosahexaenaic acl
Martin CR, et al. | Pecliatr. 2011;150:743-749.1-2

Slide 28

At day 0, at birth, all of these levels are right in
tandem with that of a full-term infant. Within 1
week, based on our current practices, but other
vulnerabilities of the preterm infant, DHA goes
down by almost half. Arachidonic acid goes down by
almost half; linoleic acid triples. Within 1 week,
we're reversing what's happening in utero. [We]
found that for every 1 mol% drop DHA, you are [at
a] 2%-fold increased risk of lung disease. Every 1
mol% drop of arachidonic acid, you're at a 40%
increase in nosocomial sepsis. Again, adjusting the
best we can for all the other clinical factors. So, it
seems to matter. We wanted to see, if we start to
manipulate these relationships, and how we feed
the babies, and with what nutrients, the
composition of the lipids, can we help protect the
gut?

An adult graphic about the different mechanisms by
which n-3 driven PUFAs [polyunsaturated fatty
acids] may help gut health [Slide 29]. We know that
fatty acids and lipids, in general, actively modulate
what microbiome is laid down. They can inhibit TLR4
[toll-like receptor 4] receptors, which is one of the
primary mechanisms in our neonatal intestinal
inflammation and NEC. It incorporates into
phospholipids and signaling and inhibiting
inflammatory eicosanoids, while helping with
resolvins, pro-resolving terminators, the good
family. And it also interacts with PPARs [peroxisome
proliferator-activated receptors], which is important
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in intestinal cell-health proliferation/differentiation.
So, there's some precedent that if we can adjust
what we see with the fatty acids, and what we see in
the nutrients, can we adjust postnatal intestinal
development? I'm going in with the idea that, yes,
let's see if we can induce an n-3 dominant profile.

n-3 PUFAs and Gut Health

= n-3 PUI
l Microbiome CL- |®

/ i)

PAl isome proliferator-activated receptor; PUFA. polyunsaturated fatty aci
o

Slide 29

FAs

We took these fat-1-transgenic mice, who can eat
anything and convert it to DHA and EPA
(eicosapentaenoic acid)—they can have
McDonald's, and it's DHA and EPA.' They don't
need salmon. It's great. Then we compared it to
wild-type [mice], which do convert n-6s to n-6s and
n-3s to n-3s, on the same diet. They're both different
in the sense that the wild-type reflected, perhaps, a
little bit of what we see in the newborn period now.
The fat-1 had elevated DHA, because you were
pushing that n-3 pathway, and lower arachidonic
acid, because as you push n-3 delivery, you're going
to come down reflexively ~ for  other
counterregulatory mechanisms and bring down
your n-6s. | thought it was a good comparison to
see... if as a strategy, is this a strategy we should
employ?

On the top panel [Slide 30], we did some intestinal
morphology studies after a period of this diet. Over
time, we did day 3, day 14, day 28 to see a
longitudinal trend of what happens with changing,
specifically, the fatty acid profile, and we think only
that.

n-3 Dominant Fatty Acid Profiles Decrease Number of Goblet Cells

ingh P, et al. Rediotr fes. 2019,85:556.565. Used with permission from Springer Nature.

Day3
_9 ;

Slide 30

The top panel is the wild-type [mice], and the
bottom panel is the fat-1. [We were] a little
surprised that as we push the n-3, at each of these
days (the blue staining is the goblet cells), the
number of goblet cells were definitely lower than
that of the wild-type. Is that good? Goblet cells
produce mucin, [which is] part of that innate
defense of the gut.

We went on and said, "Well, let's look at what's
happening with gene expression." And we took
genes that were involved in differentiation and tight
junctions—those involved within host defenses and
lipid metabolism [Slide 31]. Red means an increased
expression. Green means a decreased expression.
We see that the red, there's an increase in
expression of markers related to cell differentiation
and proliferation. So, good, but it decreased in
those genes that are important in the intestinal
barrier, in the intestinal permeability, and also
decreased in some inflammatory regulating genes,
dampening the immune response.
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n-3 Dominant Fatty Acid Profiles Increase Cell Differentiation
Markers, Decrease Genes Regulating Tight Junction
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Singh P, et alPediotr fes. 2019;85:556.565. Lised with permissian from Springer Nature.
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To me, this illustrates exactly why we need to do
these studies. Is that good? You almost have a little
bit of a mixed effect. You have a positive effect in
promoting differentiation, proliferation, but you're
reducing goblet cells. You're reducing genes
important for the intestinal barrier, and you're
dampening the immune response. Is that good or is
that bad? And that's the next step, to then putitin a
situation where maybe you induce intestinal
inflammation and see how they respond. But I've
seen a practice where we're adopting these n-3
strategies without understanding this balance, and
how they can differentially affect important
mediators of health that we don't fully realize, yet.

I'm not so sure increasing that n-3 is what we should
be doing, yet. As a package of care then, we know it
directly impacts intestinal environment. How fast
you deliver and start enteral feeds (breast milk vs
formula), but we also have shown you that it's not
just local for the gut—it has systemic ramifications.

Manipulating nutrients, to me, is like almost the
same as manipulating a potential drug because of
how highly bioactive our nutrients are in regulating
these processes, these physiologic processes. We
should not presume safety. We should not presume
no harm. We should understand dose, balance, and
windows of opportunity. And that study on the gut
gives you a window of how complex it can be.

Nutrient Specific Impact on Gut Development

+ As a package of care (breast milk vs other), or as specific elements,
direct impact on the intestinal environment
(microbiome/inflammation) and development that determine the
balance between health and disease

Not just local, for the gut, also systemic ramifications

» We should not presume safety, or likely no harm, with these
bioactive molecules

» Need to understand dose, balance, windows of opportunity, and
best delivery strategies

Slide 32

Nutrition and Lung Development

Our babies who have BPD are at risk for impaired
neurodevelopment. Through Richard Ehrenkranz,
et al's study—the risk of bronchopulmonary
dysplasia seems to be related to overall growth
while in the NICU." In this study, Dr. Ehrenkranz
and his coauthors divided growth into 4 quartiles
[Slide 33]. Quartile 4 being highest growing kids at
21 g/kg/d, stepwise down, quartile 1 at 12 g/kg/d.
You can see the risk of bronchopulmonary dysplasia
increased. The less they were able to grow, less
efficiently, they were able to grow while in the NICU.
Epidemiologic Data Demonstrate that Growth
Attainment in NICU is Associated with BPD Risk

TABLE2 Characteristics of Follow-up Cohort by Weight Gain Quartile
Variable® Quartile 1

Quartile 2 Quartile 4 Pb

(n=124) (n=122) (n=123) (n=121)
Weight gain, mean (SD), g/kg perd 120(2.1) 156(0.8) 17.8(0.8) 21220 —
BPD, % 56 41 30 31 <001

Quartile 3

Ehrenkaranz RA, et al. Pediatrics. 2006 ;117:1253-61

Slide 33

Are nutrition and lung disease related? Are there
mechanisms in which it can be impacted to help
reduce this? It's always a difficult argument. Is there
something specific about nutrient delivery that's
interfering with lung development? Or is it that
these kids are just really sick, and that perception of
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severity of illness changes the way we provide
nutrition? Is it a primary effect or is it secondary? |
think it's probably both, but to understand what
those nutrient-driven pathways are, [we have]
modifiable targets in our practice.

Nutrition and BPD: Mechanisms?

+ Is nutrition driving the lung disease
(A), or is the lung disease driving the
nutritional intake (B)

P
@%‘Eﬂ + Role of nutrition:
Nutrition 3 BPD

o g

? Increased energy expenditure

Slide 34

+ Primary—Direct evidence that a specific
nutritional parameter or nutrient is in the
pathway of lung injury or repair

+ Secondary—A proxy to our practices
around lung disease (fluid restriction,
diuretics, steroids)

| love this study. This study is a lamb study out of
the group from Utah [Slide 35], [led by] Lisa
Joss-Moore, PhD."® Once the lambs were born, they
were maintained in a noninvasive respiratory
support. Then, one half had regular nutrition at 150
kcals/kg/d, and the other half had restricted
nutrition at 60 kcals/kg/d. So, truly not unlike what
we put our babies [through]. | just showed you
those graphs, and where they are in energy
delivery—not unlike what's happening there in that
first week. They did this over several weeks, and
they showed [in the] morphology of the lung, which
compared a non-restricted nutrition and restricted
nutrition, there was reduced alveolar counts. You
have, instead of the small units of alveoli, you have
bigger ones that coalesce, called alveolar
simplification. You had increased septal wall
thickness; an imbalance between apoptosis and
proliferation. | think [this is] a nice illustration that
restricted  nutrition  alone  impacts  lung
development. Now, is it total energy? Was it a lack
of some lipids or protein they were not able to
determine? But overall, restricted energy delivery
mattered.

Restricted Nutrition/Postnatal
Growth Restriction

Preclinical
Animal Data
k‘!"\ ?fri.‘f?g”"“%? Alveolar formation is dysregulated by restricted
Y S o Y2 nutrition
LI P R
& R}u R £ » Lamb
,—1” ”‘:“x,’i + NIS vs NIS + RN; RN = lower fluids, fat, protein,
p ) ] calories (150 kcal/k/d v 60 kcal/k/d)
+ 21 day model
- RN = reduced alveolar count, increased septal
wall thickness, decreased caspase-3 (apoptosis),
decreased PCNA (proliferation)
+ Unable to determine specific nutrient effects; or
windows of apportunity/vulnerability

call nuclear antigen; RN, restricted nutrition.

Joss-Moore LA, et al. Pediatr Res. 2016:80:719-728. Used with permission from Springer Nature.

Slide 35

On the clinical end, [here are] a couple [of] breast
milk studies, fairly large: one a retrospective cohort,
the other a prospective cohort [Slide 36]. One a pre-,
post- and using exclusive human [milk-based]
diet." The other using exclusive formula vs
exclusive breast milk.”® The bottom line is moving
towards a more dominant human-milk diet vs either
historical controls or formula, reducing the risk of
BPD quite significantly. Especially on the right, going
from 20%-11%, so the formula vs breast milk had
the biggest difference. Then, on the left, with Dr.
Hair's study, from 56%-47%. So, restricted nutrition
matters. The complex diet you use matters.

Base Diet—Breast Milk

Beyond Necrotizing Enterocolitis
Prevention: Improving Outcomes
With an Exclusive Human
Milk-Based Diet!
* Multicenter, retrospective cohort
+ Pre-, Post-exclusive HUM diet
- n= 1,587
« BPD defined as need for
oxygen at 36 weeks PMA
+ BOV 56.3% vs HUM 47.7%
(p=0.0015)

Does Breastmilk Influence the
Development of BPD??
+ Multicenter, prospective cohort
+ Exclusive formula vs exclusive
breast milk
* n= 462
+ BPD defined as need for oxygen
at 36 weeks PMA +
moderate/severe categories as
defined by the NIH
+ Formula 20.9% vs BM 11.2%
(p=0.005)

ased diet; BPD. bronchopulmonary dysplasia; HUM, human milk-based diet: PMA, postmenstrual age,

Slide 36

1. Hair AB. et al. Breasgfeed Med. 2016:11:70-4. 2. Spiegler . &t al. Pediarr. 2016:169:76-80.4.

Let's talk about a specific nutrient. Again, going back
to the fatty acids. | had mentioned that all our
babies dropped their DHA and created this deficit
by 1 week of life. We also saw a separation and what
that curve looked like, whether the infants
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developed chronic lung disease or not, BPD or not.
Those who did not had a higher level overall of DHA
compared to their peers. So, we took that back to
the lab to understand it. Is there a mechanism
behind this that can explain it? We used the well-
established hyperoxia-induced lung injury model,
and we also knew it was probably going to be pretty
hard to manipulate DHA and AA, and we know it is,
now, in the nursery."

Low Blood Levels of DHA Associated With Increased Risk
of BPD

el, mol%
6 7

Mean DHA leve
4 5

Martin CR, et al. | Pediatr. 2011;159:743-740.e1-2.

.

Slide 37

Instead of giving those [DHA and AA], we gave the
terminal metabolites. DHA metabolizes to resolvin
D1 (RvD1). That was the resolvin | mentioned
before, which is anti-inflammatory, or pro-resolving
of inflammation. And then arachidonic acid
produces something called lipoxin A4 (LXA4). This is
your room air, nice small alveoli [Slide 43]. This is
what happens to your lung when you're exposed to
high levels of oxygen; that's no change in
magnification. You see that alveolar septal, a
simplification of the alveologenesis, and you see the
increased septal wall thickness. Individually, they've
both decreased septal wall thickness. With lipoxin,
increased alveolarization reduced that alveolar
simplification.

This is when | began to truly appreciate fatty acids
aren't just mediating inflammation, as we know in
adults—as | say, we can't compare them—butin our
developing babies, who are still developing organs,
it's mediating alveologenesis. We already know it's
important in eye and brain, [it's] also important in

lung, and | showed you with the gut, [it's] also
important in the gut. Together, combined, you
completely ameliorated any hyperoxia-induced
lung injury.

DHA and AA Terminal Mediators Reduce Hyperoxm Induced
Changesm Lung Development

() Inflammation y £ A

(-) TIMP1

v G

ces lung inflammation DEUESSSG SWT

nflammation and
¥
= (

Increased
Alveolarization

Martin CR, et al. PLOS One. 20149298773,

Slide 38

Nutrition does interface through lung development.
We have very strong preclinical data. For example,
the lamb study, and then what | just showed you,
which links nutrition with lung development and
disease pathogenesis. We have good epidemiology
in some small clinical trials. The 2 | mentioned about
breast milk that show the impact overall: risk of lung
disease based on diet.

We also all know that there are challenges moving
that forward to get it to the bedside.?® And so, the
large clinical trials and some of these nutrition-
directed strategies have not been overwhelmingly
effective. | think it's because we don't have well-
designed studies. We don't have the number of
infants, but our animal models probably lack a little
in completely replicating the preterm experience.
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Nutrition Interfaces Throughout Lung Development,
Injury, and Repair

+ T1 preclinical/animal evidence strongly links nutrition Caygen eodlwilor
mﬁﬁmgﬁwanm_em and disease pathogenesis Wt o
5 A . NS
+ Epidemiology studies and small clinical trials support “njury ¢
nutrition modulating disease i E 2 “Normal"
ung
- T3 translation challenging mostly due to: Davelopment d

o BPD

+ Lack of well-designed studies

+ Need to ensure adequate numbers of infants at
highest risk

+ Not understanding the what, why, how, and when
dynamic; no biomarkers of nutritional efficacy

» Animal models incomplete representative of the
preterm biology and competing exposures—
antenatal to postnatal; and models may need to be
iteratively reassessed as the disease changes

Slide 39

Jobe AH, et al. Frant Med. 2015,2:49. Used under terms of a Creative Commans License.

Lipid-Derived Nutrients

Lipids, | think, constitute an example. You have to
consider those fatty acids when you're looking at
nutrient-driven or nutrient-targeted therapies. To
bring it back to the introduction, we do have to think
about the rigor and reproducibility. Because given
in isolation, one fatty acid alone, giving it at the
wrong time or the wrong dose may have no effect
and has nothing to say about the nutrient itself. We
may just have the wrong information to deliver it or
it can potentially cause harm. Everything is not
couched in safety when you think about potential
nutrients and nutrition.

Physiology and Development Driven by
Lipid-Derived Nutrients

Lipids constitute an example of what needs to be considered when
investigating nutrient driven research

+ Must be thoroughly studied with the goal of rigor and reproducibility;
just because it is a constituent of nutrition, breast milk or formula, cannot
presume safety

+ Giving in isolation or at a wrong dose, DHA—in and of itself or due to the
ancillary effects to other fatty acids—may drive unwanted biological effects

Slide 40

An example of that is this study [which] came out in
2017, in the New England Journal of Medicine [Slide
41]1.*" This group looked at providing DHA, very
early, for the primary goal of reducing
bronchopulmonary dysplasia. What they found was

that it did not reduce it. It may have slightly
increased the risk of physiologic BPD—physiologic
BPD combined outcome of BPD and death. What
happened? Why didn't this work? Well, it's all
speculation, but it was a single-driven DHA product.

| just mentioned how arachidonic acid was also
important for inflammation, immunity, and
especially alveologenesis. And when you provide a
single fatty acid, like DHA, you're going to drop your
arachidonic acid. Was that happening at the
metabolic level? | don't know. But this may be an
example of going to the clinic without fully realizing
the ramifications of some of these nutrient-driven
targets.

Docosahexaenoic Acid and Bronchopulmonary
Dysplasia in Preterm Infants

Table 2. Primary Outcome and Secondary Respiratory-Related Outcomes.
DHAGroup  Control Group  Adjusted Effect Adjusted
Outcame (N=592) (N=813) (95% <) P Value
Physiological BPD: primary outcome — no. (%) 291 (49.1) 269 (43.9) 113 (1.02-1.25) 002
Physiol 0 or death before 36 wk of postmenstrualage  330/631 (52.3)  298/642 (46.4) 111 {1L.00-1.23) 0.0¢5
ol no. ()13
Clinical BPD — no. fiotal no. (3%) 305/592(532)  304/612 (497) 109 (L0D-118) 006
Severity of BPD
Mild— no. (%) 7§ 80(13.5) 108 (17.6) 0.76 (0.58-0.99) 004
Moderate — no. (%) 15 65 (11.0) 50 (8.1) 135 (0.95-1.92) 0.10
Severe — no.total no. (3%)9 202/592 (34.1)  194/612 317) 107 (093-122) 036
Surfactant use — no. ftotal no. (9} 513/631(845)  516/642 (804) 105 (1.00-110) 006
Days ol porr 4152287 4042217 102 (0.94-1.10) 083
ds — no. total no. (%) 128/604 (212) 132/622 (213)  0.98 (0.80-119) 08l
£19:193 60.7:189 101 (0.95-1.04) 029
452132 52:13.7 0.70 {0.46-1.07) 010

Collins CT, et al. W Engl / Med. 2017:376(1331245-1255. Used with permission from Massachusetts Medical Sacisty.

.

Slide 41

They themselves, to their credit, had to reflect and
say, “You know what? What we just did is the same
as what we do at the bedside, adopting fish-oil lipid
emulsions without fully understanding what's
happening metabolically. As a result, our results
raise that question and the safety of this strategy
and needs further study.”
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A Word of Caution

Intravenous lipid emulsions providing DHA at
doses similar to those given in our trial are be-
ing used to provide nutritional support during
the transition to full enteral feeding in preterm
infants, although with limited testing in clinical
trials.*** Our results raise questions about the
safety of this strategy and suggest the need for
further study.

Collins CT, et al. W Engl  Med 2017:376:1245-1255,

Slide 42

Essentiality of Arachidonic Acid

The essentiality of arachidonic acid. Why do | bring
that up? | brought that up several times now. Did
this happen in the Makrides study®' at the tissue
level? Seeing it's important in our lung study with
the alveologenesis, and seeing it with the sepsis. |
think we can't forget that often our nutrients are in
a community. Just like the microbiome is in an
ecosystem—in a community—so are our nutrients.
We know from historical literature, if you feed just
DHA, [as in] Carlson’s formula studies,?* you don't
grow.

It took getting in the arachidonic acid to show
adequate growth—neurodevelopment. It's the
primary fatty acid in brains until almost near term.
We think it's DHA, but it is arachidonic acid. The
reductions [were] associated with a 40% increase in
sepsis, which was clinical, as | had shown you. The
lipoxin A4 [improves] alveologenesis; that was in the
mouse. There's now a guinea pig model showing
the same thing.?* There was also a primary study in
Sweden looking at small vs intralipid for the
prevention of retinopathy of prematurity, and they
saw no difference.®® Then they unblinded it
ungrouped it, just looked at fatty acid profiles, and
showed that the reduction of arachidonic acid
over time, in the course of the event, increased
the risk of ROP.

Essentiality of Arachidonic Acid

+ Growth and neurodevelopment'-3

Primary fatty acid in preterm brains until early term#
+ Reduction associated with 40% increase in nosocomial sepsis®

Provision of its distal metabolite (Lipoxin A4) improves
alveologenesis in murine hyperoxia induced lung injury;®
reduced AA decreases alveologenesis’

+ Reduction associated with increased risk of retinopathy
of prematurity®

1 Acad S 1993,90:1073-7. 2. Alshweki A et al. Nutr | 2015,14:101. 3. Hadley KB, et al. Nutriests:

1. Carlsan SE. et al. Proc Natl Acad Scill § A e
2016:8:216. d. Martinez M. 8rain Res 1992:583-171-82. 5. Martin CR, et al.  Pediatr. 2011:159:743-740.1-2. 6. Martin CRAAP Neoreviews
20116, 7. Lavoie |C, et al. JPEN | Purenter Enceral Nutr 2018, 8 Lofavist CA, et al. JAMA Ghthalmoal. 2018:136:371-277.
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As I've moved forward in this fatty acid world, trying
to disentangle this complexity, | was trying to relate
to you that there are relationships to each other.
There are nutrient-driven effects that can go in
opposite directions. We need to study this,
iteratively, repeatedly, until we understand exactly
what it's doing before we go back into the bed, using
these highly bioactive nutrients, to manipulate
outcomes in our babies.

We know at the macro level nutrition is very
important. I've talked about total calories, protein,
fat, breast milk, influencing the rate of growth—
growth impacting not only our short-term
morbidities in the NICU, but even the long-term
neurodevelopmental outcomes. As we move
forward to realize the goal of this session, the
physiology in targeted nutrition, we needed to
disentangle it.

Let's take out what's exactly in this. What are in
these components in these complex diets? What are
those nutrients, and then what is it doing at the
tissue level? How is it affecting gut development,
lung development, the risk of sepsis, immune
ontogeny? Because understanding that is going to
give us answers to what's important, when is it
important, and how should we deliver it to
ultimately use nutrient-driven targeted strategies to
allow the best outcomes of infants, both preterm
and term.
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Understanding Nutrition at the Molecular Level
+ Total calories The rate of growth in NICU
(energy)

2 Likelihood of disease while in the
+ Protein

NICU (chrenic lung disease)

y \.\ .
. Fat [ D —
+ Neurocognitive development after
° g
+ Breast Milk :;-\ E the NICU

Slide 44

| concentrated on the early postnatal period. Dr.
Georgieff is going to speak about the
developmental origins and the brain.

| Module 3: Developmental Origins and the Brain

Dr. Michael Georgieff: | think you could tell from
Dr. Martin's talk, how any number of organ systems
that are involved in lifetime health can be affected
by the nutrition we give. | really liked that idea of the
exteriorized fetus that... even term babies, if you
think about, especially in [the] brain, how helpless
they are in their first 3 or 4 months before they
become cortical creatures. It's almost like they
should have had another trimester in there. That's
the time our kids are in our hands for us to try and
influence a major health outcome, and that's the
brain.

Early Neural Development Is Important—
Immediately and Later

- Early years (fetal to 3 years): Development and sensitivity of early neural systems to extrinsic
influences

« Primary systems
= Learning and memory (hippocampus/striatum)
= Speed of processing (myelination)
= Reward (dopamine/serctonin)

= Later developing higher order neural systems: Rely on early developing neural systems
- Prefrontal Cortex
= Initial connectivity from HC, striatum (early in life)
» Examples: Prematurity, IUGR, newborn ID
= Maintenance (throughout development)
» Example: Preschool development programs

H socampus; |D, Iren deficient; IUGR, Intrauterine growth restrictio
Wachs TD, etal. Aon N ¥ Acod Sci. 2014130889106,

Early neurodevelopment is important, obviously—
immediately. We can change nutrients. We can

change brain function based on those nutrients. In
the early years—our public health policies are
focused on those first 1000 days, or 0-3 [years]—it's
really to develop and build these systems that are
primary systems from which [come] scaffolding of
the more complex systems that give us the complex
behaviors we see then in older children,
adolescents, and adults. Failure to build these
primary systems, for example, [diminishes] learning
and memory system, the hippocampus and the
striatum, which are rapidly developing in this
perinatal period. Myelination is also rapidly ramping
up. I'm going to show you a map of brain
development in a couple of slides. And the reward
system, the neurotransmitters, particularly
dopamine and serotonin and glutamate, [are] all
being shaped in terms of their regulation in this late
fetal, early neonatal period.

These higher developing systems, your prefrontal
cortex—the things that allow you to multitask, to
have attention, to have speed of processing, and so
on, in language—those are going to develop later.
They're not really developing very much in our
hands in the NICU, but they're highly reliant on
these primary systems.

Some examples where we have problems in these
higher order systems, for example, attention
problems, language problems, are linked
epidemiologically to events that are happening in
the newborn period. For example, prematurity,
intrauterine growth restriction (IUGR), newborniron
deficiency.

Why are we in such a vulnerable position as
practitioners? Because the brain is in such a
vulnerable position. Here's your brain [Slide 46], or
here's a fetal brain at 5 months gestation [upper
left]. So, that's about the limit of viability, right? ...of
where we're saving babies. Now, that brain looks
like a coffee bean, right? It's smooth, it's bilobed,
and that's it. There's nothing else there. Here [Slide
46, lower right], we progress through gestation up
to 9 months, and now it looks much more like a
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walnut. That look is because we have all these gyri
and sulci that have been formed. If this brain was
smoothed out, it would be the size of this room.
Obviously, we don't want heads that big, so we
compact it by having sulcation and gyration.

Developing Human Brain

= . e
35 DAYS 10 DAYS YDAV 100DAYS

Ladl

e e { -

Slide 46

This reflects an enormous amount of brain
development and an enormous amount of
substrate, protein, energy, PUFAs, iron, and so on,
to build that brain and make that happen. It's truly
one of the more remarkable things about human
existence. That we, in the NICU, can get a baby with
a brain like that, have them in a completely different
environment than they were expecting to be in,
infuse all sorts of yellow stuff and white stuff into
their veins, and then stick little tubes down their
noses and slowly work up their feeds, and still end
up with a pretty good looking brain and very
functional children afterwards. Truly, a remarkable
feat.

What's going on inside there? | showed you that
anatomic change. What's going on inside the brain?
Here you can see a map of brain development
across the lifespan [Slide 47].% First thing you're
going to notice, is that the x-axis is really distorted.
There's a ton of space devoted to these months
leading up to birth, so our preemies would be about
here, in the months after birth, leading to about age
3. And then the rest of life happens.

You'll notice that much of brain development takes
place and is ramping up in this early period.

Myelination starting at about 32-weeks' gestation
and going forward. Synaptogenesis, your brain
hooking itself together, starting at about 3-months
gestation, and of course, going through the lifespan
with that rapid hippocampal development—your
basic learning and memory system—all vulnerable
to things that might be happening in this perinatal
period, including nutritional management.

Human Brain Development

¥ Experience-dependent synapse formation

Neurogenesis in the hippocampus

IRERREEERE j“t 678 91011213 141516 171879 20 1040 5060 /0
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Now, for those of you who have teenage kids, you'll
notice everything comes to a grinding halt around
15 or 16 years of age. For those of you who are a bit
older, you'll notice that we still have the ability to
learn. We still have neurogenesis in the
hippocampus across the lifespan, and we shape our
synapsis across the lifespan. That's how we learn.

Here's another slide to emphasize that the brain is
rapidly developing in that late fetal and early
neonatal period [Slide 48]. It's a regionalized
process, and that's going to be important in terms
of understanding nutritional effects and the
behavioral phenotypes you get from that later on.

23



Pediatric Nutrition
CONTINUING EDUCATION FOR CLINICIANS

Physiology and Targeted Nutrition in Infants

Role of Nutrition in Brain Development

+ Brain is developing in the late fetal and early neonatal period
* Regionalized process
= At risk: Hippocampus, myelination, neurotransmitters

+ Highly metabolic process
+ 60% of total body O, consumption?

+ Reliant on metabolic substrates (nutrients) that support metabolism
(eg, O,, glucose, amino acids, iron, copper, iodine)

#Kuzawa CW. Am j Phys Anthropol. 1998;Suppl 27:177-200.

Slide 48

Brain Growth

The brain is a highly metabolic process.”® That
shaping of the brain from that coffee-bean-like
looking thing to that walnut-looking organ. You all
know from physiology, that your total caloric needs
for the day is the sum of all of your organs put
together—the oxygen consumption of all of your
organs put together.

As you're sitting there awake, your brain is using
about 20% of the caloric [expenditure] of your total
oxygen consumption. It's pretty big. The brain is one
of the bigger oxygen consumers in the body—it and
the heart. In a baby, that number is 60%. Sixty
percent of the calories you give those babies, 60%
of the oxygen consumption of that baby is for brain
metabolism and brain growth. It's an enormous
amount. It's reliant on those substrates (ie,
nutrients) that support that metabolism: oxygen—
and oxygen is a nutrient—glucose, amino acids,
iron, copper, and iodine.

We sit and talk about the brain, and the brain really
is not a single organ. The brain is actually made up
of regions and processes. Talking about the brain as
a single organ as a recipient of nutrition is like
talking about the thorax or the abdomen. There are
many things in there, in each of those
compartments—they all talk to each other.

Same idea in the brain. The brain has regions—like
the cortex, the hippocampus, the striatum, the
cerebellum—has processes that are brain-wide, like

myelin and neurotransmitters. Importantly, as |
showed you on that map, they all have different
developmental trajectories. That means that the
vulnerability to any nutrient deficits, any substrate
deficit, is going to be based on when it's likely that
that nutrient deficit occurs, and the region, any of
these regions' requirement for that nutrient at that
time.

Nutrients and Brain: Importance of Timing

+ Brain is not a homogenous organ
+ Regions (cortex, hippocampus, striatum, cerebellum)

+ Processes (myelin, neurotransmitters)

« All have different developmental trajectories

«+ Vulnerability to nutrient deficit is based on
+ When nutrient deficit occurs

+ Region’s requirement for that nutrient at that time

Slide 49

If those 2 things don't happen together, you're not
going to get a deficit. If you don't need a certain
nutrient, and you don't provide it, | guess that's
okay. But for the most part, nutrient requirements
are very high in the perinatal period, hence you get
large regional effects on the brain.

What I've done is to list out the nutrients that affect
early brain development in later adult function. All
nutrients are important; they run your cells,
basically. All nutrients are important for brain
function, but there are certain nutrients that seem
to be more important in terms of... if they are
shorted in the early developmental time, they affect
later functioning.?” You can see [Slide 50], they fall
into the  categories of  macronutrients,
micronutrients, vitamins, and cofactors. |I've
superscripted these to show you where, either in
clinical studies or in preclinical models, a particular
nutrient exhibits a critical or sensitive period for
neurodevelopment.
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Nutrients That Affect Early Brain Development
and Later Adult Function

Vitamins/Cofactors
- B vitamins (Be, B121)

Macronutrients
* Protein'2

« Fats (LC-PUFA)'22 + Vitamin A
* Glucose'? + Vitamin K
+ Folate'23
Micronutrients + Choline!23
* Iron'23
+ Zinc'2
+ Copper'?

1Exhibits critical/sensitive period for neurodevelopment
2garly deficiency results in long-term dysfunction
3Evidence for epigenetic mechanism

« lodine (Thyroid)'2

Slide 50

Cusick SE, et 3l Pediatr. 2016,175:16-21

I've superscripted with a “2” those that show when
you have an early deficiency, you are at risk for long-
term dysfunction. And in a very few of them—and
we'll go through this list more thoroughly later—
where the evidence for those long-term effects
resides in epigenetic modification of chromatin.
That may be part of the explanation for why we
have long-term effects. A lot of this is under current
research protocols to try and figure out how that
happens.

This is just another way of saying what | showed you
[Slide 51], except to now put it in the context that
there are regional effects, and there are also global
effects of perinatal nutrition. Protein and energy, for
example... here's the brain's requirement for
protein and energy; what it does with protein and
energy. The effects can be global, or they can be
very specific in areas that are rapidly developing in
the perinatal period.?® You can see the same thing
for iron, its effects on myelin and dopamine and
energy metabolism, and then what the effects are
from that.

Examples of Nutrients and
Regional vs Global Perinatal Brain Effects

Brain Requirement for

Nutrient Nutrient

Affected Areas

Global
Cortex
Hippocampus

Cell proliferation,
Cell differentiation,
Synaptogenesis,
Growth factors

Myelin

Protein-energy

White matter
Iron Dopamine Striatal-frontal
Energy Hippocampal-frontal
DNA Autonomic NS
Zinc Neurotransmitter release Hippocampus
Cerebellum
Synaptogenesis Eye

Letlilee Myelin Cortex

em: LC-PUFAS, long-

Georgieff MK. Am | Clin Nutr. 2007856145 6205,

Slide 51

What's the clinical evidence for long-lasting effects
of early nutritional iron status on brains in humans?
These are predominantly either clinical studies or
epidemiologic studies in humans [Slide 52].
Probably the 3 areas we have the most information
on is outcomes of intrauterine growth restriction,
which is a total malnutrition, right? That's got to be
protein, energy, as well as micronutrients. Then
specific micronutrient effects, particularly iron,
probably one of the better studied, or more
completely studied deficiencies; and then, also
effects of supplementation. You would expect that
if there are negative effects of a deficiency, then one
could study whether providing nutrients to a
population at risk for deficiency improves
outcomes.

Outcomes of IUGR include children with lower 1Qs,
poor verbal ability, worse visual recognition and
memory.? Then there's [the] little thing called 15%
with mild neurodevelopmental abnormalities. Here,
we're talking about attentional problems,
hyperactivity problems. They're considered minor
because they're not the major handicaps (ie,
cerebral palsy, mental retardation), but these are
not minor in terms of tripping up kids in school.

An interesting finding is there's a 30% increased risk
of schizophrenia if you are intrauterine growth
restricted.?® Fetal iron deficiency has similar effects:
increases the risk of autism, increases the risk of
schizophrenia,®® and increases the risk of
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depression and anxiety, and other dopamine-
mediated pathologies.® These are interesting
because they have to do with the timing of the iron
deficiency.

Autism is linked to poor maternal iron intake in the
first trimester. Schizophrenia is an effect of the
second trimester maternal iron intake,*' whereas
depression and anxiety and poor executive function
is more related to perinatal and then postnatal iron
deficiency.??

Do interventions matter? Well, | think Cami [Dr.
Martin] showed you that interventions certainly
appear to matter. Probably the definitive study on
this is a study that was done by Ernesto Pollitt, et al,
in Guatemala,®® where children in neighboring
villages—one village got food, as usual, the other
village got [food] supplemented with extra calories
and protein. Effects can be seen 25 years and later,
on the effect of protein supplementation in
childhood. It's a positive effect of nutritional
intervention.

Evidence for Long-Lasting Effects of Early
Nutritional Status on Brain in Humans

+ Guatemalan studies show
effects 25 years after protein
supplementation in childhood:

* QOutcomes of IUGRs'
« LowerIQ
+ Poorer verbal ability
= Worse visual recognition memory

= 15% with mild neurodevelopmental
abnormalities

+ Fetal iron deficiency increases risk of
+ Schizophrenia#
+ Autism?

+ 30% increased risk of schizophrenia2 + Depression/anxiety®

+ Poorer executive function?

ol Medt 2013;43:2057-66. 3. Polit €, et al./Natr. 1995;125:11115-
t i, Am | Epidemiol. 2016;180:890-000. 6. Loaoff B, et ai

1.5
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For growth restriction, not only do you have effects
of malnutrition to the brain prenatally, but you
potentially also have growth failure afterwards, and
this just shows that additive effect [Slide 53]. This is
from the collaborative perinatal database, a study
done between 1959 and 1976.%* It's a rich source for
neurologic outcomes because they followed these
children until at least 7 years of age and looked at
their growth and neurodevelopment. What you see

is 1Q at 7 years of age, having been growth restricted
to start with, having been IUGR to start with: IQ at 7
years as a function of how much weight was gained
just in the first 4 months after birth.

Effect of Postnatal Failure to Gain Weight after
IUGR on 7-year 1Q
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Pylipow M, et al. | Pediatr. 2009;154:201-6.
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The better the babies gained weight—up to about
3,800 g—the higher the 1Q was. Or, turn that
upside down: if you have IUGR, and then you fail to
grow postnatally—does this sound familiar to what
happens in the NICU—you start chipping away at
the IQ at 7 years of age. Now, this one was not in
preterm infants; this was in term infants, but the
principles probably apply to us [neonatologists].
The importance of getting nutrition into our
preterm babies, 20%-30% of whom have already
experienced IUGR, that critical period narrows, and
you need to get that nutrition in those kids earlier.

Here's an example of how early iron deficiency
affects processing in the brain [Slide 54]. In this
study, these babies were either iron sufficient at
birth or iron deficient at birth. They resolved their
iron deficiency very quickly, certainly by 9 months of
age. [They] brought these kids in at 3% years of age
and asked them to do simple memory tasks:
differentiating a familiar stimulus from a novel
stimulus, and then we mapped what the brain
activity was, using this cute little cap that children
just love to have on their heads. You can do these
studies in any age baby, other than a 12-month old.
A 12-month old would just simply rip that right off
their heads. But we can do this in babies, actually.
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You can see that babies process—these kids
process—familiar and novel stimuli differently. That
means they recognize the difference. They're
showing you a different pattern of recognition.

Long-Term Effects of Newborn ID at 3.5 Years

Control Risk

'-l!l!v & RCii

Familiar &Ro, = .

Stimulus Vom

e
s

(o

Infants who were iron deficient
as newborns have a differently
wired brain and process memory
events differently even after
iron repletion

Novel
Stimulus

—

Fetal ID disrupts neonatal learning and memory
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Heat maps courtesy Michae! K. Geargieff, MD, Center for Photo Credit: Jan

Now, the risk babies also have different patterns,
which you can see how differently wired their brains
are, 3% years after having been iron deficient. We
followed these kids into the early teens and found
they have difficulty with planning, difficulty with
attentional things. Again, that early nutrition really
makes a big difference.

How does that happen? How do these early
nutritional events shape the brain where we see
these residual effects? There are really 2 theories,
and we're going to go through both of them, as to
how that happens. They're not mutually exclusive.
They actually work together.

Two Major Theories for Long-term Loss of
Synaptic Plasticity

#7 Residual Structural Deficits

= Nutrient deficiencies during critical periods of development result in permanent
structural change™*
- Disordered neuronal structures relate to neurobehavioral defects®#

004:27:549-79. 2. Carlson ES, et al. / Mutr. 2009,139:672-9. 3. Fretham S|, et al. Hippocampus
&t ai_Dev Neurosei. 2013,35:427-36. 5. Jorgenson LA, et al. Hippocampus. 2005:15:1094-102
2013:23952-62
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The first one is residual structural deficits [Slide 55].
This is also known as a “critical period hypothesis.” |
showed you how there are waves of activity in brain
development, and how, during the period of rapid
development, the brain is more vulnerable. Those
periods of rapid development are termed
“sensitive” or “critical” periods.*>**3"3 Nutrient
deficiencies during those critical periods can result
in permanent structural change, and then the
neurobehavioral deficits that we see are a function
of those disordered structures.®# If you look in the
brain, you look at that disordered hippocampus.
This person, or this mouse, is going to have trouble
on recognition memory tasks.

What I'm showing you is the beautiful organization
[Slide 55, left image]—in this case of a mouse—of a
hippocampus that is iron sufficient. This is the area
where recognition memory is thought to happen.
Synapses are forming here in an area called CA1.
You can see how nicely organized these cells are,
how regular the dendrites are, and what an easy
target that is for axons to connect and talk to.

This is your brain on iron deficiency [Slide 55, right
image]. This amount of iron deficiency is about the
amount we see, that has been documented in
babies, about a 40% reduction in brain iron. You can
see how disorganized the cells look, and you can see
how disorganized the structure is, not unlike what
Cami [Dr. Martin] showed you, in terms of lung
development. Missing a critical nutrient, like iron, in
the perinatal period, ends up with this disordered
structure in adulthood. These are adult animals;
they're no longer iron deficient.

What is it with these critical periods? As the brain
ages, we actually lose plasticity and [the] ability to
recover. You know that. If an adult has a stroke,
they're usually going to be left with a fair residual.
Even with physical therapy, you might get 20% or
30% of function back. Yet we have babies who have
strokes—term babies who have strokes—and their
recovery is actually quite remarkable. Lots of these
kids in the follow-up clinic, | cannot even tell on
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which side the stroke happened. There's this
remarkable plasticity.

Critical Periods

+ Asthe brain ages, it loses plasticity and ability to recover
« Developing brain is highly vulnerable but also has greater plasticity

+ Cellular basis of critical periods being elucidated in
* Visual system, cortex, hippocampus, language nuclei (bird)

+ Higher efficiency
Critical period of rapid development J38 Lower plast\city

+ Less amenable to treatment

* Lower efficiency
* Higher plasticity

» More amenable to
treatment

Slide 56

Babies are not very efficient. They can't do math
equations for us, but they have tremendous
plasticity and are very amenable to treatment. As
they proceed, or as these brain regions proceed
through this critical period of rapid development,
they become highly efficient. They support the
behavior much better. The trade-off is that they lose
their plasticity and are less amenable to treatment.

Pay attention to when the critical periods are when
we're taking care of babies. There are critical
periods for myelination, critical periods for
dopamine, and critical periods for hippocampal
structural development, probably cerebellum, as
well. Those are at risk for our nutrient deficits.

The other possibility is theories related to altered
regulation of synaptic plasticity through epigenetic
modification. These are gene networks that are
responsible for neurobehavioral performance and
risk  of  adult mental-health problems,
psychopathology.

There are specific genes you can look at, and there
are gene networks you can look at. One of the genes
that is a common target for study is the brain-
derived neurotrophic factor, BDNF. Now there are
clinical studies that show that cord blood BDNF
from babies correlates with developmental
outcomes, correlates and is driven by risk factors to
the brain from maternal gestation. The BDNF is

important for neuronal differentiation and for
maintaining adult plasticity. It is epigenetically
modifiable, both by fetal and neonatal stress, and
more importantly, by early life nutrition.*’

Two Major Theories for Long-Term Loss of

Synaptic Plasticity (continued)

{1 Altered Regulation of Synaptic Plasticity Genes Through
Epigenetic Modification

+ Gene networks responsible for neurobehavioral performance and risk of
psychopathology

+ Specific genes: eg, BDNF
- Critical for
= Neuronal differentiation during development
= Maintenance of adult plasticity
+ Epigenetically modifiable by
= Fetal and neonatal stress
= Early life nutrition

Martinowich K et al. Science. 2003:302:690-3. Tyagi E. et al. Newrobiol Dis. 2015:73:307-18.

,
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I'm not going to go through all the ways in which
environment and nutrition can epigenetically
modify chromatin. You've heard, of course, of DNA
methylation. The idea is that more methylation
results in less DNA transcription, meaning the
methylation changes make the DNA less accessible
for transcription; and therefore, you get less
protein.*? But there are also histones, and they are
acetylated and methylated. There's a second step in
DNA methylation called hydroxy methylation. All of
these give you a landscape of epigenetic
modification.

Epigenetic Modifications of Chromatin

« Methylation of CpG Islands

+ Methyl (CHs) groups attach to “islands” of DNA where C (Cytosine) and
G (Guanine) nucleotides are next to each other
= More methylation; less DNA transcription =+ less protein

+ Histone Acetylation and Methylation
+ Histones found outside of DNA nucleotides and wind around them

+ Histone status can “open up” gene to more transcription or “close it off”
leading to less transcription

+ Overall effects depend on whether genes are active or repressive
+ Difficult to make predictions on effect without mapping pathways

Slide 58

I'm going to show you the nutrients that have been
proven to affect this landscape. The overall effects
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of epigenetic modification really depend on
whether the genes are active or repressive genes,
and how they end up mixing in the end, and how
they map onto pathways.

Nutrients, Epigenetics, and the Developing Brain
Several fetal/neonatal nutritional conditions associated with brain epigenetic
modifications in rodents

ents have not been isolated

1 Responsible nutrients have
DNA methylation

nsible nutr
tress alters BONF

2014:36:59-67. Grissom NM, et al. nt / Dev Newrosci. 2013,31:406-14. Ke X. et . Physiol Genamics.

3017:9.pil: E445; Ly A, et al | Wotr Biochem. 2016:33103-10; Cho CE, et . Epfgenetics. 2013:8:710-5;
i 2014:7:3: Langie SA et al FASER | 2013:27:3323.34. Blegen MB, et al Physiol Rep. 2013:1:200006;
tegr Comp Physiol. 2015 308:R276-82
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Nutrients, Epigenetics, and the Developing Brain

Which nutrients have been studied in this way?
These are those [Slide 59] that were superscripted
“3" in the table | showed you earlier. Intrauterine
growth restriction affects DNA methylation,
particularly of BDNF. LCPUFAs, not surprisingly,
affect brain development, and one way they do it is
through DNA methylation and BDNF.#3444546:47

Methyl donors: we think about a methyl diet,
choline, betaine, folate. All of those have been
shown to affect not just DNA methylation, but also
histone methylation and demethylation.”® Iron
deficiency has a mild effect on DNA methylation but
has a major effect on iron-dependent histone
demethylases.*>*® Vitamin A, riboflavin, and then
there's a bunch that have not been shown, yet. It's
not clear to me from the literature whether that's
because they haven't been looked at or whether
they really don't have much epigenetic potential.

I'm going to show you an example where nutrients
can work for and against an epigenetic landscape.
First, 1 need to tell you about prenatal choline
supplementation. It was found back in the late
1980s that increasing the amount of choline in the
maternal diet—this is in rats—improved the
electrophysiology, the biochemistry, the

morphology, and the learning and memory
behavior when it was given [at] a very specific time
during gestation. Again, implying a critical period,
mid-gestation in the rat, and then a second period
in the neonate during the period of rapid
hippocampal development.

People do not know why this happened. You can
think of some choline-based mechanisms by which
it happened, but most people are now favoring the
fact that choline can act as a methyl donor.>" Now,
that's important because choline is actually
commonly available in food.

Prenatal Choline Supplementation

» Many populations do not get adequate iron in their diet
+ Grain based
+ Iron inhibitors (eg, phytates, tea)
« Choline
+ Common B-complex vitamin found in eggs, cruciferous vegetables
» Improved electrophysiology, biochemistry, brain morphology,
learning, and memeory when given during gestation

+ Potential biological mechanisms
+ Acetylcholine (neurotransmitter)
+ Phosphotidylcholine (myelin component)
+ Epigenetic modification (CH; donor)'

Slide 60

42sisel 5. Nutrients. 2017;9.pi: E445.

I'm going to show you the interaction of 2 nutrients.
Iron deficiency, it turns out, decreases the
expression of that important neurotrophic factor:
brain-derived neurotrophic factor. We have a pretty
good idea of how it does that. In this study [Slide 61],
these are animals that were deficient, these are rats
that were deficient in the newborn period, but then
were allowed to become sufficient. They were
repleted in the newborn period, and now they're
adults. We're going to take a look at their
hippocampus and see what the epigenetic
landscape looks like and what the expression of
BDNF looks like.

Here are animals that were always iron sufficient (IS)
[Slide 61, plots marked IS], here are animals that
were iron deficient as pups but are now iron
sufficient, so they are FID (formerly iron deficient)
[Slide 61, plots marked FID]. You can see the BDNF
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level, this important neurotrophic factor for
synaptogenesis is significantly decreased, remains
suppressed in adulthood.*® So, this is a lifespan type
of effect. If these animals got choline in that
newborn period, you actually have some recovery
of those levels.

Prenatal Choline Rx Reverses Long-term
Epigenetic Modifications Caused by Early Life ID
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BDNF, brain-derived neurotrophic factor; ChIP, chromatinimmunoprecipitation assay; FID, farm
iron sufficient
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If you ask the question, through what mechanism,
you can see it in the histones. This K27 methylation
mark is a suppressive mark; it reduces transcription
of BDNF. In the formerly iron-deficient animals, we
see persistent repression of this K27 mark. Having
given them choline, which is the blue bar, they come
right back down to normal. And you can see that
with the activation, the reverse with the activation
mark over here in the D-panel, where the formerly
iron-deficient animal has low activation of BDNF of
this mark, and then recovery with choline. You can
see how these 2 might work together. So, [these
are] powerful effects of nutrients in the newborn
period.

| want to get back to the Barker Hypothesis. If you
remember, we talked about how the Barker
Hypothesis tells you that low weight gain in the
neonatal growth restriction results in long-term risk
of cardiovascular disease.

It was learned over the next 20 years or so, that it
really wasn't how small you were at birth, but if you
were small, and then grew very rapidly, that really
magnified the risks of a cardiovascular disease.>?
This was thought to be due to a mismatch between

what the fetus had set itself for: “Gee, I'm going to
be malnourished, I'd better be thrifty in the way | set
my metabolism.” And then all of a sudden, you've
got all of this food to work with, or all this substrate
to work with. It turns out that is enormously taxing;
[it] activates cortisol, activates pro-inflammatory
cytokines, which are very toxic to the developing
cardiovascular system.

Refinement of the Barker Hypothesis

+ Barker's associations stronger if difference between degree of IUGR
and rapidity of postnatal growth is considered’
+ High weight gain in first year after IUGR
+ Isn't that “catch-up growth™?
» Concept of a “thrifty phenotype” in utero = “fetal anticipation”?
+ Designed to preserve vital systems during periods of relative nutrient
insufficiency (IUGR)
= Caloric demand of human fetal brain, up to 60%2
= Programming of peripheral muscle insulin resistance to divert glucose to brain
+ Not designed to handle sudden large amounts of nutrient delivery
(rapid postnatal re-feeding)

Slide 62

1. Singhal A et al_ Lancet. 2004:363:1642-5. 2. Gluckman PD, et al_Science. 2004,305:1723.6. 3. Kuzawa CW. Am | Phys Anthropol,
1398 Suppl 27:177-200.

The question we wanted to know was, does that
happen in the brain, as well? These are studies that
were done in small and term SGA [small for
gestational age] infants, who were given a growth-
promoting formula. Sure, they grew better, but the
cost of that growth appears to be a higher diastolic
blood pressure at 68 years of age.

You can model that in rats. If you do a rat model of
maternal protein restriction, and you feed extra
protein for catch-up growth, you get early adult
death, particularly in males. | think Cami [Dr. Martin]
mentioned that context is very important, and the
matrix of how the nutrients are delivered is very
important.

“Nutrients are not good or evil. They
don't have a moral compass. They
work simply in the context of supply
and demand, and what's necessary
at the time.”
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Fetal Programming in IUGR: Is Catch-up Growth a
Good Idea?

« Term, SGA infants given a “growth promoting formula” had higher
diastolic BP at 6-8 years of age compared to those on standard
formulat

» Rat model of maternal protein restriction during pregnancy:

+ Feeding extra protein for catch-up growth resulted in early adult death,
especially in males

tSinghal A, st al. Loncet. 2004:363:1642-5
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Nutrients are not good or evil. They don't have a
moral compass. They work simply in the context of
supply and demand, and what's necessary at the
time.

We have to ask the question—we know that slow
postnatal growth, after growth restriction,
decreases the IQ (I showed you that graph). What
happens if you have excessive growth? We know in
the Barker data that it increases the risk of
cardiovascular disease. Does it do anything to the
IQ? In that data set, we had 464 growth restricted
babies. These were small babies, less than 2.2 kg at
37 weeks. And we looked at their IQ at 7 years,
again, as a function of that postnatal weight gain in
the first 4 months.?*

Does the Postnatal Growth Pattern After IUGR
Affect Later 1Q?

+ Slow postnatal growth after IUGR decreases IQ even further!:2

+ Does excessive growth also affect 1Q?
+ 464 [UGR infants (<2.2 kg at >37 weeks)?
+ 1Q as a function of postnatal weight gain in the first 4 postnatal months

IGR, Intrauterine growth restriction.
1. Casey PH, et al. Pediatrics. 2006:116:1078-86. 2. Pylipow M. et al_{ Pediatr. 2009:156:201-6.
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Here's what we saw [Slide 65]. Remember, we saw
that if you didn't grow well after being growth
restricted, you had a low 1Q. The better you grew,

the higher your 1Q. But what's with this [Slide 65, red
highlight]? If you had excessive growth, more than
3800 g gain, and that's greater than 95th percentile
of weight gain in this time period, you actually
started to lose IQ points.

Like many things in nutrition, there's a Goldilocks
effect. Just because some is good, more is not
necessarily better. There's a sweet spot in-between,
and our job is to find the biomarkers to monitor in
the [NICU], to know when we are hitting that sweet
spot.

Effect of Postnatal Excess Weight Gain After IUGR

on 7-year IQ
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Pylipow M, &t al. | Pediatr. 2009:154:201-6.
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Another example of how over-nutrition, in this case,
maternal obesity, affects the offspring's mental
health and some of the mechanisms through which
it may work. Fetal obesity or maternal obesity is
associated with a pro-inflammatory state. We know
inflammation is not good for brain development.

Effect of Maternal Obesity on Offspring
Mental Health

Excessive GWG Maternal Obesity, High-Fat Diet, Metabolic Disease

Intrauterine Development Early Post-natal Development

8 = h Inflammation
' | Sex Hormones
| ?‘/,'L Metabolic Hormones
I \ Excess Nutrients

—= Impaired Brain Development |8

SHT

“Risk of Mental Health and Neurodevelopmental Disorders

Reproduced from Rivera HM, Christiansen K). Sullivan EL. Front Nearasdi. 2015,9:194.
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Clinical Implications

In these last 3 slides, what are the clinical
implications? What can we do differently? Well, |
think one thing—and | realize we're at pediatric
meetings, and therefore we're not generally
obstetricians—is that the conversation, in terms of
neonatal brain health and long-term brain health, is
both a conversation for obstetricians, in terms of
keeping moms healthy, and our care, then, of the
subsequent offspring. For the moms, and this may
even get us into adolescent health, we want moms
who are entering pregnancy to be in the best
possible health.

The 2 things we really need to work on is reduction
of pro-inflammatory states, like obesity, and
reduction of nutrient deficiencies that are common
in women of childbearing age (CBA). That's what
CBAis. Twenty-five to 40% of women of childbearing
age are iron deficient in the United States. That
number rises tremendously in low- and middle-
income countries.

Clinical Implications

Preconception

Weight management in
women of child-bearing
age

+ Reduction of obesity
+ Not just macronutrients, but micronutrients

+ 25%-40% of women of CBA are iron deficient

Nutrient sufficiency
+ Not just a low- and middle-income country problem

Slide 67

During gestation, delivery to the fetus and proper
loading of the fetus—you knew this from IUGR
right? That's an improper loading of protein and
energy. It applies to iron, LCPUFAs, and other
nutrients that affect brain development. So,
maintaining maternal blood pressure under
control. Fifty percent of IUGR babies are iron
deficient at birth. My guess is they're also deficient

in many other nutrients that just simply haven't
been looked at.

Blood sugar control effects 10% of pregnancies now
complicated by maternal diabetes. Sixty-five
percent of those kids are going to be iron deficient
at birth. Reduction of maternal stress: because
maternal stress affects fetal stress, which results in
abnormal brain development and also diversion of
nutrients from their appointed rounds. Iron gets
sequestered when you have stress. Weight
management, to again reduce that inflammation.
Nutrients sufficiency, including PUFA
supplementation during pregnancy.

Clinical Implications (continued)

+ 10% of population suffered IUGR
* 75% of IUGR in US is due to maternal hypertension or preeclampsia
Blood pressure control during pregnancy
+ 50% are iron deficient at birth
= All have protein malnutrition
= 10% of pregnancies complicated by maternal diabetes
(pregestational or gestational)
* 65% of infants of diabetic mothers are iron deficient at birth

Blood sugar control

« Maternal stress -+ fetal stress -+ abnormal fetal brain development

Stress reduction (and iron deficiency)

Weight management  * Reduction of obesity

« Prenatal vitamins, including iron

Nutrient sufficiency + LC-PUFA (DHA) supplementation
C-PUFA. long-chain polyunsaturated fatty acids; DHA. docosan

Slide 68

Finally, in the postnatal period, and this is more for
term babies: breast milk, breast milk, and breast
milk. And then in formula-fed babies: DHA
supplementation; screening, and maintaining iron
sufficiency—and especially before kids even
become anemic; screening for thyroid status; and
again, reduction of stress, and infectious burden,
because those really divert the nutrients.
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Clinical Implications (continued)

Postnatal (especially 0-3 years)

= BREAST MILK

= LC-PUFA (DHA) supplementation of formula-fed babies
= Maintainiron and zinc sufficiency

= Screen for thyroid status

Nutrition

Avoidance/reduction of

= Steroids alter brain development

glucocorticoid steroid use - Steroids alter how critical nutrients are accreted

Reduce infectious burden

of growth

= Infection and inflammation alter brain development during critical periods

Slide 69

| Abbreviations

AA
ANS
BDNF
BM
BOV
BPD
CBA
ChiP
CLD
DHA

DOHaD

EPA

FID
HC
HDAC
HMO
HUM
ID

arachidonic acid

autonomic nervous system
brain-derived neurotrophic factor
breast milk

bovine-based diet
bronchopulmonary dysplasia
childbearing age

chromatin immunoprecipitation assay
chronic lung disease
docosahexaenoic acid
Developmental Origins of Health and
Disease

eicosapentaenoic acid

formerly iron deficient
hippocampus

histone deacetylases

human milk oligosaccharides
human milk-based diet

iron deficient

IS

IUGR
LC-PUFAs
L:M

MDI

NDI

NEC

NIS
PCNA
PMA

PNGR

PPAR

PUFA
RAC
RN
ROP
SGA

iron sufficient

intrauterine growth restriction
long-chain polyunsaturated fatty acids
lactulose to mannitol ratio
mental developmental index
neurodevelopmental impairment
necrotizing enterocolitis
noninvasive support

proliferating cell nuclear antigen
postmenstrual age

postnatal growth restriction
peroxisome proliferator-activated
receptor

polyunsaturated fatty acids

radial alveolar count

restricted nutrition

retinopathy of prematurity

small for gestational age
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