LUND UNIVERSITY

Cell-free hemoglobin, hyperoxemia and the immature brain during cardiopulmonary
bypass circulation

Jungner, Asa

2020

Document Version:
Publisher's PDF, also known as Version of record

Link to publication

Citation for published version (APA):

Jungner, A. (2020). Cell-free hemoglobin, hyperoxemia and the immature brain during cardiopulmonary bypass
circulation. [Doctoral Thesis (compilation), Department of Clinical Sciences, Lund]. Lund University, Faculty of
Medicine.

Total number of authors:
1

General rights

Unless other specific re-use rights are stated the following general rights apply:

Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.

« You may not further distribute the material or use it for any profit-making activity or commercial gain

* You may freely distribute the URL identifying the publication in the public portal

Read more about Creative commons licenses: https://creativecommons.org/licenses/

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.

LUND UNIVERSITY

PO Box 117
221 00 Lund
+46 46-222 00 00


https://portal.research.lu.se/en/publications/cab1a2b9-b5c3-4ba2-b810-87f58c6482e9

Cell-free hemoglobin, hyperoxemia
and the immature brain during
cardiopulmonary bypass circulation

ASA JUNGNER
DEPARTMENT OF CLINICAL SCIENCES, LUND | LUND UNIVERSITY







Cell-free hemoglobin, hyperoxemia and the immature brain during
cardiopulmonary bypass circulation






Cell-free hemoglobin,
hyperoxemia and the immature
brain during cardiopulmonary

bypass circulation

by Asa Jungner

UNIVERSITY

Thesis for the degree of Doctor of Philosophy
Thesis advisors: Professor David Ley, Ph.D. Magnus Gram
Faculty opponent: Professor Hanne Berg Ravn, Copenhagen University

To be presented, with the permission of the Faculty of Medicine of Lund University, for public criticism in

Segerfalkssalen at the 11th of December 2020 at 13:00.



DOKUMENTDATABLAD enl SIS 61 41 21

Organization Document name

LUND UNIVERSITY DOCTORAL DISSERTATION
Department of Clinical Sciences, Lund Date of disputation

Section of Pediatrics 2020-12-11

221 45 Lund Sweden Sponsoring organization

Author(s)

Asa Jungner

Title and subtitle
Cell-free hemoglobin, hyperoxemia and the immature brain during cardiopulmonary bypass circulation

Abstract

Background: Neonates born with a critical congenital heart defect are at risk for impaired neurodevelopment. We
hypothesized that exposure to circulating cell-free hemoglobin and supranormal oxygen tensions would translate
into alterations in the developing white matter by activation of inflammatory and oxidative pathways of injury.

Experimental study: Postnatal day 6 rat pups were exposed to circulating cell-free hemoglobin and/or hyperoxia.
Following model characterization, brain white matter were examined using immunohistochemistry, gene- and
protein analyses and in vivo MRI.

Clinical study: Forty neonates with an isolated critical congenital heart defect were included in a clinical study.
The included infants were subjected to pre- and postoperative brain MRI imaging and perioperative sampling of
blood and urine until postoperative day 3.

Results: High oxygen tensions mediated apoptosis in the developing oligodendrocytes. No effects of exposure to
circulating hemoglobin or supranormal oxygen tensions on oligodendrocyte maturation or subsequent myelina-
tion were observed in the rat pup model.

The main determinant of exposure to circulating cell-free hemoglobin during neonatal bypass circulation was the
concentration of cell-free hemoglobin in blood prime solution. Scavenger protein concentrations were low during
bypass circulation and, for haptoglobin, remained low until postoperative day 1.

Postoperative white matter injury was diagnosed in 50% of the included neonates. Lower concentrations of post-
operative brain white matter glutathione (GSH) and glutaminerg metabolites (Glx) were associated with prolonged
time on bypass circulation. The expected maturational trajectory with an increase in Glx and in the composite
measure of N-acetylaspartate and N-acetylaspartylglutamate was not observed.

Conclusion: No long-lasting alterations in the developing white matter were observed after exposure to circulating
cell-free hemoglobin and high oxygen tensions in a rat pup model.

When addressing cell-free hemoglobin exposure, blood prime solution must be considered.

Postoperative brain white matter metabolite profile is correlated to the duration of cardiopulmonary bypass circu-
lation.

Key words
neonate, white matter injury, cardiopulmonary bypass, cell-free hemoglobin, hyperoxemia

Classification system and/or index terms (if any)

Supplementary bibliographical information Language
English
ISSN and key title ISBN
978-91-7619-994-7 (print)
(pdf)
Recipient’s notes Number of pages Price
151

Security classification

I, the undersigned, being the copyright owner of the abstract of the above-mentioned dissertation, hereby grant to
all reference sofidces the permigsion to publish and disseminate the abstract of the above-mentioned dissertation.

Signature Date 2020-11-05




Cell-free hemoglobin,
hyperoxemia and the immature
brain during cardiopulmonary

bypass circulation

by Asa Jungner

UNIVERSITY



A doctoral thesis at a university in Sweden takes either the form of a single, cohesive re-
search study (monograph) or a summary of research papers (compilation thesis), which the
doctoral student has written alone or together with one or several other author(s).

In the latter case the thesis consists of two parts. An introductory text puts the research
work into context and summarizes the main points of the papers. The research papers may
either have been already published or are manuscripts at various stages (in press, submitted,
or in draft).

Funding information: The thesis work was financially supported by Swedish Research Council
(2017-02112), The Swedish Heart-Lung Foundation, ALF Government grants to Lund University,
Skane Council Foundation for research and Lilla barnets fond.

© Asa Jungner 2020

Faculty of Medicine, Department of Clinical Sciences, Lund

ISBN: 978-91-7619-994-7 (print)
ISSN: 1652-8220

Printed in Sweden by Media-Tryck, Lund University, Lund 2020

%

® 7 1 ©

Intertek 341903




Dedicated to all families participating in our study

By knowing the process, better the art
— John W Severinghaus






Contents

List of publications . . . . . . . ... ... L
Acknowledgements. . . . . ... L Lo
Popular summary inEnglish . . . . ... ... . 0000000000
Populirvetenskaplig sammanfattning pasvenska . . . . . . ...
Abbreviations . . ...

Cell-free hemoglobin, hyperoxemia and the immature brain during cardiopulmon-
ary bypass circulation

Hypothesis . . . . . . . . . ..
Background . . .. ... L
Research strategy . . . . . . . . ... . .. Lo
Material and methods . . . . . . ... Lo oo oo
Main results of the research papers . . . . . .. . ... . Lo L.
Discussion . . . . . . . ..
Conclusions and future research directions . . . . . . .. ... ... ...

O] O\ A WP

Closingremarks . . . . .. ... ... ... . ... .0 ..
References . . . . . . . o o

o

Scientific publications

Paper 1: Cardiopulmonary Bypass in the Newborn: Effects of Circulatory Cell-
free Hemoglobin and Hyperoxia evaluated in a Novel Rat Pup Model . . .

Paper 11: White matter brain development after exposure to circulating cell-free
haemoglobin and hyperoxia in arat pupmodel . . . . . ... ... ..

Paper 11: The impact of prime solution on cell-free hemoglobin exposure and
scavenger protein concentrations during cardiopulmonary bypass circula-
tioninthenewborn . . . . ... oo o oo oo

Paper 1v: White matter brain metabolite shifts associated with surgery on cardi-
opulmonary bypass in thenewborn . . . . .. ... Lo 0oL



List of publications

This thesis is based on the following publications, referred to by their Roman numerals:

1

1I

III

v

Cardiopulmonary Bypass in the Newborn: Effects of Circulatory Cell-free
Hemoglobin and Hyperoxia evaluated in a Novel Rat Pup Model

A Jungner, S Vallius Kvist, M Gram, D Ley

Intensive Care Medicine Experimental 2017 5:45 DOI 10.1186/540635-017-0153-2

White matter brain development after exposure to circulating cell-free haemo-
globin and hyperoxia in a rat pup model

A]ungner, S Vallius Kvist, O Romantsik, M Bruschettini, C Ekstrom, I Bendix, ]
Herz, U Felderhoff-Mueser, A Bibic, R In'T Zandt, M Gram, D Ley
Developmental Neuroscience 2020 Feb;41(3- 4):234- 246 DOI: 10.1159/000505206

The impact of prime solution on cell-free hemoglobin exposure and scavenger
protein concentrations during cardiopulmonary bypass circulation in the new-
born

A]ungner, S Vallius Kvist, M Gram, D Ley

Submitted to Journal of Cardiothoracic and Vascular Anesthesia

White matter brain metabolite shifts associated with surgery on cardiopulmonary
bypass in the newborn

A]ungner, IM ijrkman-Burtscher,] Litt, F Lennartsson, D Ley

In manuscript

All papers are reproduced with permission of their respective publishers.

ii



Acknowledgements

David Ley for having the courage to let me pursue a new field of research. For believing in
my ability to carry out the thesis and providing me with the confidence to do so. For the
gentle guiding hand — never too much and never too little.

Magnus Gram for being the voice of realism always soaked in good spirits. I am so thankful
for your solid knowledge on whatever redox-related question posed and your smiling face
emojis at the end of every email. Sometimes I really needed those.

Isabella Bjorkman-Burtscher for providing a sustainable platform for the MRI-part of our
clinical study, for explaining MRI-mysteries and for being a friend.

Ingela Andersson, research nurse and sister in arms. Appointing you as research nurse was
a super decision. Thank you for every minute spent in OR, at the MRI facility or searching
for genetically modified pigs at Crs at odd hours.

My research group at BMC Ci4. The finest translational research team a girl could get! I

thoroughly enjoy my little cubicle and my cubicle-neighbors. Kiitos paljon, Suvi, for all
ELISAs and qPCRs.

Sal 6 and the perfusionists Ann-Katrin, Thomas and Paulina for answering all my ques-
tions and for the 468 intraoperative samples.

The MRI facility with an especially huge thank you to Asa, Hakan and Makda. I am forever
grateful for your extremely considerate ways of handling our not-so-sleepy-but-very-easily-
woken babies and toddlers, and for always being greeted with a smile.

Johanna Minsson and Emma Englund for transforming Bailey III into a fun playdate.

Elisabeth Olhager, Per Westrin and Jan Gelberg. Present head of department of Pediatric
Surgery and Neonatal Care, past and present heads of Pediatric Anesthesia. Thank you for
providing me with the resources needed for writing my thesis and for never being impatient
with my seemingly endless PhD studies (FYI: my pass card for BMC expires year 3000.
There is no end).

Past and present colleagues for making my life in the clinic inspiring, challenging and
never, ever boring. Thank you a million times for all support and for the work you have
done while I have been away. An extra hug to the super schedulers Anders and Hanna —
experts in solving unsolvable puzzles.

Lars Lindberg and Valéria Perez de S4 for teaching me everything I know on neonatal
cardiac intensive care during daylight and night-time hours in PICU.

iii



Jénas Ingimarson for being the premier role model an aspiring anesthesiologist could ask
for.

Personnel at PICU and at the pediatric operating theater for always making my day a bit
better. A special thanks to everyone at PICU for all the pre- and postoperative sampling.

Avdelning 67 for helping out with the postoperative MRI scans.
My friends; fun, skilled, strong-willed and absolutely fabulous.
Lars Gillberg for being a great bonus grandpa.

Johan, Aracelly, Hannah and Noah; Ossian, Ulrika, Simon and Sophie; Bjérn, Lisa, Frida
and Gabriel for providing yet another aspect of life.

Olle and Gunilla for all support during the years, and for summers spent in the most
beautiful archipelago in the world.

Dad. I still miss you.

Mum for your unconditional love and for always having my back. On a grander scale, for
paving the way for women in science.

David, Jakob and Johanna. The greatest of joys and the most amazing of adventures. I
love you forever.

Marten. Simply the best. Looking forward to the next 25!

iv



Popular summary in English

Infants born with critical congenital heart defects (cCCHD) are at high risk for neurodevel-
opmental impairment. About 30% will have a delayed motor function as a toddler, and
20 - 30% will have learning difficulties and behavioral difficulties at school age. We know
from previous research that neonates with a cCHD have more immature, and thus more
vulnerable, brains than expected even when born at term age.

The most prominent feature when analyzing magnetic resonance images (MRI) of the
brains in children born with a ¢cCHD are alterations in the brain white matter. Brain
white matter is comprised of cells called oligodendrocytes that are responsible for the trans-
mission and coordination of brain activity between different parts of the brain. Alterations
in brain white matter may cause problems with motor skills (movement of small and large
muscle groups) and language development, but also alterations in the ability to concentrate,
to plan ahead and to solve problems.

Our research investigates the origins of the brain white matter alterations in children born
with cCHD. We know from previous research that the developing brain white matter is
sensitive to inflammation and high oxygen tensions, both present during surgery on car-
diopulmonary bypass circulation (CPB). We believe that the hemoglobin in the red blood
cells that leaks out from within the cell during CPB (i.e. circulating cell-free hemoglobin)
will start an inflammartory process that will add to the inflammation already present due to
the surgery per se. We also believe that the high oxygen tensions during CPB will aggravate
the stress posed on the immature brain, and ultimately contribute to the development of
brain white matter injuries.

We have done a clinical study and experiments in an animal model to evaluate the impact of
circulating cell-free hemoglobin and high oxygen tensions on the developing white matter.
The clinical study included neonates born with a cCHD that required surgery within 30
days of life. The included neonates have done pre- and postoperative brain MRI scans,
and we have taken blood samples during surgery to determine the exposure to circulating
cell-free hemoglobin and high oxygen tensions. In the experimental study, we utilized six
days old rat pups as a model animal. We injected cell-free hemoglobin in the abdomen of
the rat pup and placed the animal in an incubator with 80% oxygen. After a predetermined
number of days we analyzed the rat pup brain white matter using different means of tissue
analysis (e.g. protein analysis, immunohistochemistry and MRI).

We have observed that developing oligodendrocytes die when they are exposed to high
oxygen tensions in our experimental study, but the presence or absence of circulating cell-
free hemoglobin does not alter the outcome. In our clinical study we have confirmed
that 50% of the included neonates have lesions in the brain white matter when discharged
from hospital, but we have not seen any connection between the development of structural



white matter lesions and the exposure to circulating cell-free hemoglobin and high oxygen
tensions. Given the amazing ability of the developing brain to rewire itself, we are now
performing a follow-up at 2 !/, years of age to determine if the white matter lesions detected
in infancy affect the child’s development as a toddler.
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Populirvetenskaplig sammanfattning pa svenska

Varfor fir barn med hjirtfel férindringar i hjirnan?

Gemensamt for barn som fods med svéra hjirtfel dr att dven hjirnan 4r drabbad. Barn med
svara hjirtfel har en omogen och dirmed mer sarbar hjirna nir de fods. Efter hjirtopera-
tionen har nistan fem av tio barn forindringar i hjirnans vita substans, den del av hjiarnan
som skoter samarbetet mellan nerveellerna. Férindringar i den vita substansen kan ge pro-
blem med motorik och sprak, men ocksa bristande formaga till koncentration, flexibilitet
och planering.

Vir forskning undersoker vad det dr som gor att barn med hjirtfel ocksa drabbas av hjirn-
skador. Det finns manga anledningar till att ett barns hjirna inte utvecklas normalt, men vi
har valt att titta pd det som hinder nir barnet opereras pa hjirtlungmaskin. Vi tror att tva
faktorer spelar speciellt stor roll for just de spida barnen — att syrgasnivéerna ir betydligt
hégre 4n normalt, och att de roda blodkropparna slas sonder s att fritt hemoglobin licker
ut i cirkulationen och startar en inflammatorisk process. Vi vet fran tidigare forskning att
nyfédda barns hjirnor stors i sin utveckling nir de utsitts f6r hoga syrgasnivier, och vi vet
ocksa att en omogen hjirna kan skadas av inflammatoriska processer.

Vi har gjort en klinisk och en djurexperimentell studie dir vi har tittat pd hur fritt hemo-
globin och hoga syrgasnivéer paverkar hjirnans vita substans. I den kliniska studien har
vi undersokt barn med svira hjirtfel som opereras pa hjirtlungmaskin fore trettio dagars
dlder. Barnen har fitt géra en MR-undersokning av hjirnan fore och efter operationen, och
vi har tagit blodprov under och efter operationen for att mita halterna av fritt hemoglobin
och syrgas i blodet. I den djurexperimentella studien har vi sprutat fritt hemoglobin pé sex
dagar gamla rattor och latit rittungarna vistas i en syrerik miljo. Efter ett bestimt antal dagar
har vi underséke ratthjirnorna med proteinanalyser, genanalyser och MR-undersokningar.

I var djurexperimentella studie har vi sett att cellerna i hjirnans vita substans dér nir de ut-
stts for onormalt hoga syrehalter, men vi har inte sett nigon effekt pd den vita substansen
av det fria hemoglobinet. Var kliniska studie har bekriftat att hilften av de nyfodda barn
som opereras for hjirtfel har forindringar i hjdrnans vita substans nir de skrivs ut fran sjuk-
huset, men vi har inte kunnat se att forindringarna ir kopplade till de hga syrgasnivaerna
eller det hemoglobin som lickt ut. Hjirnans sjilvlikande formaga ar fantastisk hos barn,
sa just nu hiller vi pA med en uppfoljning vid 2!/, ars ilder av barnen for att se om de
forandringar i den vita substansen vi sig i nyfoddhetsperioden har betydelse for hur barnet
utvecklas.
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Cell-free hemoglobin, hyperoxemia
and the immature brain during
cardiopulmonary bypass circulation

1 Hypothesis

Exposure to circulating cell-free hemoglobin and supranormal oxygen tensions during sur-
gery on cardiopulmonary bypass circulation mediates white matter alterations in the im-
mature brain by activation of inflammatory and oxidative stress pathways.

2 Background

2.1 Neurodevelopmental outcome and white matter alterations in the neonate
with a critical congenital heart defect

Children born with a critical congenital heart defect (cCCHD) are at high risk for neurodevel-
opmental morbidity [1, 2, 3]. The neurocognitive impairment may be described as "high-
prevalence, low-severity” [2], affecting multiple developmental domains — motor and lan-
guage function, behavioral functions and executive functions.

The estimated prevalence of neurodevelopmental impairment differs depending on chosen
cohort and outcome measure. Published aggregated data from children undergoing car-
diac surgery in infancy indicates a prevalence of motor function below —2 SD of normat-
ive mean in 37% and a prevalence of cognitive function below —2 SD in 15% of children
assessed at 14 months of age [4]. Importantly, delayed motor function is considered an
early indicator of impaired neurodevelopmental outcome, whereas diagnoses of impaired
executive and behavioral functions occur at a later age [2].
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Figure 1: The accumulated neurocognitive burden over time in a patient with a cCDH

The origin of the neurodevelopmental impairment in children born with a cCHD is con-
sidered multifactorial and cumulative [s], with prenatal, postnatal, genetic and socioeco-
nomic factors governing final neurodevelopmental outcome, Figure 1. Innate factors, such
as cardiac diagnosis, gender, socioeconomic status and maternal education, are important
predictors for adverse neurodevelopmental outcome [6, 7, 8], but do not explain more than
20% - 30% of the variation when incorporated in an explanatory model [4].

The predominant neuroradiological finding in the infant with a cCDH is structural white
matter injury (WMI) with a postoperative prevalence of 30% — 70%, as determined by
magnetic resonance imaging [9, 10, 11, 12, 13]. Importantly, preoperative brain abnormality,
most often white matter lesions, is present in 20% of infants [9, 10, 13].

A thorough appraisal of white matter alterations requires assessment of not only morpho-
logical MRI-sequences but also of white matter diffusion characteristics, connectivity ana-
lyses and volumetrics [14, 15]. A number of studies in adolescents born with a cCHD
using advanced MRI-diagnostics and neurocognitive outcome quantifications have shown
correlations between white matter aberrations and impaired cognition [16, 17, 18], neur-
obehavioral dysfunction [19, 20] and lesser academic achievements [21, 20]. Advanced
MRI-technologies not only enable an understanding of the white matter structural and
functional alterations associated with clinical aspects of neurodevelopmental impairment,
but also provide insight into the white matter histoarchitecture that might bring cues for
future preclinical trials [22].



2.2 'The dysmature brain

Term neonates with a cCHD do not have a term brain. Results from fetal and postnatal
studies in neonates with cCHD using morphologic, volumetric and metabolic outcome
measures have shown that the brain in a term infant with a cCHD is smaller and less
elaborately folded than in the healthy term neonate, and that the brain metabolic profile is
similar to that of an infant born at 34 — 36 gestational weeks [23, 24].

Starting from third trimester, a progressive decline from the expected brain growth spurt has
been shown using fetal brain MRI volumetrics [25, 26, 27]. The prenatal aberration from
the expected growth trajectory translates into smaller postnatal brain volumes as determined
by MRI [28, 29, 30] and a smaller head circumference in infants with critical congenital
heart defects. [31, 32]. Not only volumetric measures but also brain anatomical indices
indicate a less developed brain at term birth as determined by a less intricate cortical folding

(33, 345 35, 36].

The brain metabolic profile in the neonate with a cCDH has been evaluated using fetal and
postnatal preoperative magnetic resonance spectroscopy (MRS). Compared to the healthy
fetus and neonate, the infant with a cCHD has a lower ratio of the neuronal marker N-
acetylaspartate (NAA) to choline and a higher ratio of lactate to choline than expected given
their gestational age [23, 25]. Using diffusion tensor imaging (DT1I), an increase in the av-
erage diffusivity and a decrease in fractional anisotropy in white matter consistent with a
delayed maturation have been shown in neonates with critical congenital heart defects com-
pared to healthy controls [23]. Within the critical congenital heart defect cohort, infants
with transposition of the great arteries present with the most mature brain white matter
microstructure [37]. Overall, brain dysmaturation in the neonate with a cCDH is well-
recognized, and fundamental for the understanding of the pathophysiology of subsequent
acquired brain injuries.

2.3 Heart-and-brain interaction

For the majority of outcome measures — prenatal dysmaturation, prevalence of WMI, sever-
ity of neurodevelopmental impairment — neonates with hypoplastic left heart syndrome
(HLHS) fare the worst.

The developing heart and the developing brain share a number of genetic pathways which
might suggest a genetic contribution to the altered brain development in isolated cCHD
(38]. The impact of altered prenatal hemodynamics on cerebral dysmaturation in the fetus
with a cCHD has been evaluated. Fetal cerebral hemodynamics have been assessed pre-
dominantly by measurements of middle cerebral artery pulsatility index. Results are con-
flicting [39, 40, 41], but most studies report a lower cerebrovascular resistance in fetuses



with left-sided obstructive lesions [42]. One study including a fetal cohort with mixed
cardiac diagnoses did not find indications of an altered intrauterine cerebral blood flow
as determined by MRI, but found an association between decreased cerebral oxygenation
and reduced brain volumes [43]. As regards to metabolic maturational data and volumetric
data, the absence of antegrad aortic arch flow has been correlated to smaller brain volumes
and a lower NAA:choline ratio [25].

The influence of prenatal diagnosis, perioperative care and timing of surgery on the pre-
valence of subsequent WMI has been investigated in neonates. One study suggests that
prenatal diagnosis is associated with less preoperative brain injuries, but found no impact
on the prevalence of newly acquired injuries at the postoperative scan [44]. Other studies
suggest that a prolonged time to surgery and lower oxygen saturation is associated with a
higher risk of pre- and postoperative WMI [12, 45].

The proposed estimate of newly acquired WMI at the postoperative scan ranges from 30%
—70% [9, 13, 10, 11, 12]. 'The presence of newly acquired WMI has been associated with time
on CPB and diagnostic group [10], preoperative brain immaturity [9, 13, 10], the presence
of preoperative WMI [10, 9] and time to surgery [12]. Notably, no consistent correlation
between intra- and postoperative factors and subsequent white matter alterations has been
shown, but a number of studies have shown associations with isolated hemodynamic meas-
urements or estimates of oxygenation whereas other have not [46, 47, 48]. The inconsist-
ency in literature has established an understanding that innate factors predominately guide
the prevalence of acquired WMI and neurodevelopmental impairment [4, 7, 8]. Contrary
to this notion, there is a significant impact of surgical site on the prevalence of neurodevel-
opmental impairment and WMI that cannot be accounted for by intrinsic factors only

(8, 4, 49, 50].

2.4 The developing oligodendrocyte and white matter vulnerability

Oligodendrocyte maturation follows a tightly regulated temporal and spatial scheme with
an initial migration of oligodendrocyte progenitor cells (OPCs) along the developing vascu-
lature. When reaching the destined site, OPCs mature into pre-myelinating oligodendro-
cytes (pre-OLs) and finally, into myelinating oligodendrocytes. Developing oligodendro-
cytes display a maturation-dependent vulnerability, i.e. stimuli that exert a injurious effect
on the immature oligodendrocytes do not have the same effect on the more mature, and
therefore more resilient, cells. The cellular response to noxious stimuli encompasses apop-
tosis, and perhaps even more important in the context of chronic white matter alterations,
maturational arrest and subsequent myelination failure [s1, 52]. The pre-OLs are exquisitely
sensitive to oxidative stress [51, 52], hyperoxia [53, 54], inflammation (55, 56] and perfusion
disturbances [s1, 56].
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Figure 2: Schematic representation of pre- and postnatal oligodendrocyte maturation and myelination. Shaded area denotes
corresponding brain maturation at birth in a term neonate with a critical congenital heart defect. OPCs = oligodendro-

cyte progenitor cells, pre-OL = pre-oligodendrocytes, gw = gestational weeks, mo = month, y = year. Graph adapted
from [58].

The white matter maturation in an infant with a cCCHD follows a delayed, but expected,
maturational pattern — from central to peripheral parts of the brain, and from posterior
to anterior [37, 57]. The maturational trajectory corresponds to the localization of WMI
- a predilection for injuries in the more peripheral parts of the brain and a spared central
region [57]. In the infant with a cCCHD key oligodendrocyte maturational time points, and
thus white matter vulnerability, coincide with a multitude of postnatal stressors, Figure 2.

2.5 Cardiopulmonary bypass, circulating cell-free hemoglobin and hyperoxemia
in the newborn

Open-heart surgery on cardiopulmonary bypass (CPB) circulation evokes a profound in-
flammatory and oxidative stress response [59, 60, 61]. We postulated that circulating cell-
free hemoglobin (Hb) and hyperoxemia during CPB would translate into white matter
brain alterations via activation of inflammatory and pro-oxidative signaling pathways.

Cell-free hemoglobin and its metabolite heme are molecules with pro-inflammatory and
oxidative properties. After release from its location within the red blood cell (RBC), cell-free
hemoglobin exists in an equilibrium of a3-heterodimers and tetramers. The suggested tox-
icity of cell-free hemoglobin relies on four main properties; endothelial barrier disruption
[62, 63, 64], alterations of vasomotor tone by nitric oxide scavenging [65, 66], production
of reactive oxygen species (ROS) in the conversion of ferrous iron (Fe**) to ferric iron
(Fe**) and ferryl iron (Fe*t) [67, 68, 69], and release of heme [70]. Cell-free hemoglobin
toxicity in the context of pediatric bypass circulation has been investigated as a proposed
cause of postoperative acute kidney injury [71, 72], but not in relation to developing brain
white matter. Importantly, the neonate presents with scarce circulating concentrations of



haptoglobin and hemopexin, the principal scavenger proteins of cell-free hemoglobin and
heme, respectively [73].

The detrimental effects of hyperoxemia on the developing brain white matter is well char-
acterized in the preclinical context [53, 54, 74] but less so in the clinical setting of neonatal
CPB. An important, but often neglected factor when evaluating the influence of hyperoxia
on the immature white matter is the hemodynamic response to acute hyperoxemia with a
diminished cardiac output and increased systemic vascular resistance [75], and a decreased
cerebral blood flow [76, 77].

3 Research strategy

We explored our hypothesis in a combined experimental and clinical study. The experi-
mental study utilized a novel postnatal day 6 rat pup model. The clinical study included
40 neonates born with a critical congenital heart defect requiring open heart surgery on
cardiopulmonary bypass circulation within 30 days of life.

4 Material and methods

4.1 Experimental study

The impact of circulating cell-free hemoglobin and supranormal oxygen tensions on the
developing white matter was evaluated as singular and combined insults in a novel rat pup
model. Paper 1 characterizes the animal model and paper 11 assesses the intraparenchymal
cerebral effects.

Animal model

P6 rat pups were chosen as model animal to account for the relative immaturity of the brain
in an infant with a critical congenital heart defect. Human hemoglobin or vehicle were
administered intraperitoneally, and the animals were subjected to 24 hours of hyperoxia
or normoxia. Model characterization included the definition of plasma pharmacokinet-
ics of circulating cell-free hemoglobin after intraperitoneal administration, measurement
of circulating scavenger proteins after exposure to cell-free hemoglobin and/or hyperoxia,
relative quantification of scavenger protein gene expression in liver and systemic DNA ox-
idation. Endogenous scavenger protein plasma concentrations from Po — P12 were defined
in a non-exposed cohort. The study design applied for model characterization is given in
Figure 3.
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Figure 3: Study outline of (a) evaluation of plasma pharmacokinetics after intraperitoneal administration of cell-free hemoglobin,
and (b) model characterization of postnatal day 6 rat pup model. Downward pointing arrows indicate intraperitoneal
injection, and upward pointing arrows indicate blood and tissue sampling respectively. P6 - 11 = postnatal day 6 -
11, ip = intraperitoneal, Hb = hemoglobin, f;0, = fraction of inspired oxygen. VN = experimental group subjected
to vehicle and normoxia (control), VH = vehicle + hyperoxia, HN = hemoglobin + normoxia, HH = hemoglobin +
hyperoxia.

Following model characterization, the P6 rat pup model was utilized for evaluating brain
white matter alterations after exposure to cell-free hemoglobin and/or hyperoxia. Evalu-
ation of white matter was done using immunohistochemistry, gene array expression ana-
lysis (qQPCR), protein analysis (Western Blot) and in vivo MRI. Experimental outline of the
study on white matter development is given in Figure 4.

Immunohistochemical evaluation of brain white matter

Immunohistochemistry was performed at postnatal day 7 and postnatal day 11. At postnatal
day 7 a marker for apoptosis (TUNEL-stains) was used, at postnatal day 11 a maturational
marker (CCi) and a marker for myelination (MBP) was used. Oligz was considered a
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Figure 4: Outline of the experimental study evaluating brain white matter alterations after exposure to cell-free hemoglobin
and/or hyperoxia in a rat pup model. Downward pointing arrows indicate intraperitoneal injection of vehicle or cell-
free hemoglobin, upward pointing arrows indicate tissue sampling and in vivo MRI, respectively. ip = intraperitoneal,
inj = injection, Hb = hemoglobin, f; O, = fraction of inspired oxygen, P6 - 21 = postnatal day 6 - 21. VN = experimental
group subjected to vehicle and normoxia (control), VH = vehicle + hyperoxia, HN = hemoglobin + normoxia, HH =
hemoglobin + hyperoxia.

marker for oligodendrocytes irrespective of maturational stage. Cerebral regions of interest
(ROI) were selected according to Figure s.

Intraparenchymal gene expression analyses and protein quantification

Gene expression in brain homogenate was evaluated at 6 hours post-exposure, postnatal
day 7 and postnatal day 11. Gene expression array analyses were performed on pooled
samples evaluating four different pathophysiological pathways: Oxidative stress, Apoptosis,
NFkB signaling pathway and Tight junctions. Protein quantification of myelin basic pro-
tein (MBP) as a marker for myelination was performed at postnatal day 11 using Western

Blot.

Preclinical MRI

In vivo brain MRI in rat pups sedated with isoflurane was done at postnatal day 7, 9 and
21 on a 9.4 tesla (T) horizontal bore animal scanner. Details of the preclinical scanning
protocol and animal handling is given in Paper 1. Performed sequences included a T2-
sequence and a DTI-sequence. Calculation of fractional anisotropy (FA) was selected as



Figure 5: Areas evaluated with immunohistochemistry. a) cortex, b) white matter tracts, ) hippocampus, d) thalamus

the principal means of evaluating white matter microstructural integrity, and T2 relaxation
times were chosen as the primary means of evaluating water content in tissue as a proxy
parameter for myelination. Three regions of interest were chosen according to their dif-
fering maturational timelines: capsula interna, corpus callosum and the trigeminal nerve.
Representative image of MRI scans is given in Figure 6.

4.2 Clinical study
Study participants

Forty term neonates with isolated critical congenital heart defects requiring surgery on car-
diopulmonary bypass circulation within 30 days of life were included after parental consent.
Neonates with hypoxic-ischemic encephalopathy grade 2-3 or a suspected or confirmed
syndrome diagnosis were excluded, as were neonates with severe hemodynamic instability
requiring cardiopulmonary resuscitation or treatment on extracorporeal membrane oxy-
genation (ECMO) prior to surgery. Clinical characteristics of the included neonates are
described in Table 1. Neonates included in the study were subjected to a preoperative
brain MRI, pre-, per- and postoperative sampling of blood and urine until postoperative
day 3 and a postoperative MRI after removal of myocardial electrodes. A neurocognitive
and neuroradiological follow-up of included children was performed at 21/, years of age.
Study outline of clinical study is given in Figure 7. Details on the neonates’ clinical course
are described in Table 2.



Figure 6: Preclinical brain MRI scans in a P7 rat pup. Left panel: the diffusion tensor sequence with capsula interna marked as
a region of interest. Right panel: the corresponding T2-sequence.

MRI protocol

Details of MRI protocol are described in Paper 1v. MR scans were performed on a 3T MR
scanner (PRISMA, Siemens Healtheneers, Erlangen, Germany) using a 20 channel receive
head coil (Siemens Healtheneers, Erlangen, Germany). MR spectroscopy was performed
using a point resolved spectroscopy (PRESS) sequence with TR 2000 ms, TE 30 ms, 128
excitations, automated shim and eddy current correction with a non-water suppressed scan.

A voxel size of 2 x 2 x 2 cm?

was used for grey and white matter volumes, positioned
in midline grey matter structures of the parietooccipital lobes posteriorly to the corpus
callosum and, for white matter, in the left parietooccipital lobe, superoposterior to the

3

lateral ventricle. The basal ganglia volume of 2 x 4 x 2 cm” covered both basal ganglia

including the third ventricle. Voxel of interest (VOI) positioning is illustrated in Figure 8.

Preoperative image acquisition

Preoperative imaging was obtained in 24 neonates at a median postnatal age of four days.
The preoperative MRI scans were performed at a median time point of one day before
surgery, Table 1.

Electrocardiogram (ECG), invasive blood pressure, end-tidal carbon dioxide, S,0, and
ventilatory parameters were continuously monitored throughout the image acquisition in
intubated infants (9/24). The previous sedation regimen was continued during the MRI
examination in 7/9 neonates, for 2/9 neonates sedation depth was increased. Non-intubated
infants (15/24) were fed and placed in a vacuum mattress. 13/15 neonates received adjunct
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Table 1: Clinical characteristics and obtained MRI examinations of the 40 neonates included in the clinical study. For abbrevi-
ations of cardiac diagnosis, please see "Abbreviations”. RACHS1 = Risk Adjustment in Congenital Heart Surgery - 1,
MRI = magnetic resonance imaging

sex (male/female) (72) 25/15
birthweight, grams (mean+SD) 3357 + 336
gestational age, weeks (mean (range)) 3945 (3840 —42+1)

diagnosis ()
biventricular repair (7=32) TGA/1VS (11)
TGA/VSD (9)
aa hypoplasia/VSD (s)
truncus arteriosus (2)
TGA/VSD/aa hypoplasia (1)
aa hypoplasia (1)
TAPVD (1)
IAA, LVOTO (1)
aortic stenosis (1)
palliative procedure (7=8) HLHS (3)
PA/IVS/RV-hypoplasia (3)
PA/VSD/RV-hypoplasia (1)

TGA/PS (1)

preop MRI () 24
postnatal age at preoperative MRI, days (median (IQR)) 4(2-5%)
days between preoperative MRI and surgery (median (IQR)) I (1-3)
postnatal age at surgery, days (median (IQR)) 5(4-7)
RACHS -1 (median (range)) 4(3-6)
postop MRI () 33
postnatal age at postoperative MRI, days (median (IQR)) 13 (11 -17)
days between surgery and MRI (median (IQR)) 7 (6 - 10)

sedation with dexmedetomidine, 2/15 did not receive any pharmacological sedation. All
infants were monitored by continuous ECG, invasive blood pressure measurement, S,0,
and respiratory rate. No adverse circulatory or respiratory events were documented during
the preoperative image acquisition.

Postoperative image acquisition

Postoperative imaging was obtained in 33 neonates at a median postnatal age of 13 days.
The postoperative scans were performed at a median of seven days post surgery, Table 1.

The neonates were fed and placed in a vacuum mattress. 19/33 infants received dexme-
etomidine as an adjunct sedative, whereas neonates received chlora rate due to
detomid djunct sedat h 7133 d chloralhydrate due t
previous administration of long-acting anti-arrhythmic drugs in the postoperative period.
5/33 neonates received oral clonidine due to lack of intravenous access. 2/33 infants did
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Figure 7: Study outline of clinical study

not receive any pharmacological sedation due to a structurally difficult airway as deemed
by the intubating anesthesiologist at the time of surgery. All infants were monitored by
continuous ECG, S,0; and respiratory rate during image acquisition. No circulatory or
respiratory adverse events were documented during postoperative image acquisition. All
neonates were awake and alert when returning to the ward.

Calculations of exposure to cell-free hemoglobin and supranormal oxygen tension

Exposure to cell-free hemoglobin and supranormal oxygen tensions were quantified by
AUC-calculations. For cell-free hemoglobin, calculations started at start of bypass and
ended at postoperative day 1. Baseline was set to 0. For oxygen exposure, calculations
were started at start of bypass and ended at separation from bypass. Baseline was set to the
preoperative oxygen tension. Representative image of AUC-calculations for one patient is
given in Figure 9.
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Table 2: Pre-, per- and postoperative clinical characteristics of 40 neonates included in the clinical study. None of the neonates
were diagnosed with postoperative low cardiac output syndrom (LCOS) defined as two consecutive measurements of
lactate > 4.0 mmol/L and pH < 7.3 [48]. None of the neonates required postoperative cardiopulmonary resuscitation
or postoperative ECMO. BAS = balloon atrial septostomy, PICU = pediatric intensive care unit, CPB = cardiopulmonary
bypass, DHCA = deep hypothermic cardiac arrest, NPWT = negative pressure wound therapy, LOS = length of stay

prenatal diagnosis (7) 18
BAS (n) 13
preoperative care in PICU (7) 38
preoperative prostaglandins (7) 35
preoperative invasive ventilation (7) 9
highest preoperative lactate, mmol/L (median (IQR)) 2.8 (2.2 - 4.0)
time on CPB, min (mean+SD) 182 + 61
selective cerebral perfusion (7) I1
DHCA (») I
lowest temperature on CPB (median (IQR)) 32.8 (29.9 - 33.4)
ultrafiltration (7) 23
highest postoperative lactate, mmol/L (median (IQR)) 3.1 (2.3 - 3.9)
delayed sternal closure (7) 17
postoperative peritoneal dialysis () 1
postoperative seizures (7) 2
postoperative infection (7) 3

superficial surgical site infection () 2

pulmonary infection () I
unplanned reoperation (7) 5

pericardial drainage () 3

NPWT () 3
LOS in PICU, hours (median (IQR)) 72 (46 - 137)

Analysis of circulating cell-free hemoglobin, haptoglobin and hemopexin

Analysis of circulation cell-free hemoglobin and its scavenger proteins haptoglobin and
hemopexin were made using commercially available enzyme-linked immunosorbent assays
(ELISA) according to the manufacturer’s instructions.

4.3 Statistics

Data were tested for distribution characteristics using the Shapiro-Wilk test. Student’s t-
test was used for group-wise comparisons between groups with normally distributed data.
Wilcoxon rank-sum test was used for group-wise comparisons of non-paired data with non-
normal distributions. Wilcoxon signed-rank test was used for group-wise comparisons of
paired data with non-normal distributions. Partially overlapping samples t-test [78] was
used when comparing groups with both non-paired and paired data. One-way ANOVA
with post hoc Tukey’s test was used for testing between multiple groups.
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Figure 8: lllustration of MRS voxel positioning on sagittal (upper row) and axial (lower row) T1-weighted images. Grey matter
voxels were positioned in the parietooccipital midline grey matter (left panels). White matter voxels were positioned in
the parietal white matter in the left hemisphere and basal ganglia voxels as a large voxel covering both basal ganglia
(right panels). Voxels were angulated to optimize positioning (upper row).

Sample size for the clinical study was determined by assuming a prevalence of acquired
postoperative white matter injury of 40%, a difference of means in cell-free hemoglobin
exposure between the groups with and without postoperative white matter lesions of 150%,
and a standard deviation of 40% in the group without postoperative white matter lesions.
With alpha set to 0.05 and power to 0.8, the sample size was estimated to be 11 neonates

per group.

Univariate and multivariate linear regression modeling was applied to the clinical data. In
cohorts including paired and unpaired data mixed linear regression models was used.
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Figure 9: Area under curve (AUC) calculations for cell-free hemoglobin exposure and exposure to supranormal oxygen tensions
in one patient. Cell-free hemoglobin concentrations is given on the left y-axis whereas oxygen tensions is given on
the right y-axis. 00:00 denotes bypass start. Baseline for calculations of cell-free hemoglobin exposure was set to 0,
whereas baseline for calculations of oxygen exposure was set to preoperative pO, (in the illustrated patient 5.05 kPa).
t00 = start of bypass, t01 - t04 = hourly sampling during bypass circulation, post = separation from bypass, pod0 =
PICU admission, pod1 = postoperative day 1

For all statistical testning, p < 0.05 was considered significant.

4.4 Ethics

Ethical permit was granted from Lund Ethics Committee on Animal Testing, permit num-
ber M48-14, for the experimental study, and from the Swedish Ethical Review Authority,
permit number 2014/479, for the clinical study. Written informed parental consent was
obtained from both guardians for all participants in the clinical study prior to inclusion.
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Figure 10: Plasma concentrations of cell-free hemoglobin after intraperitoneal administration. h-Hb = human cell-free hemo-
globin. Black circle denotes mean value, error bars denotes standard error of the mean. » =5 - 7 at each time
point.

s Main results of the research papers

s.1  Paper1and i

Intraperitoneally administered cell-free hemoglobin has a predictable systemic uptake
and clearance

We observed a temporally uniform systemic uptake and clearance of cell-free hemoglobin
after intraperitoneal administration. Approximately 1/10th - 1/15th of the administered
amount reached the systemic circulation. Maximal circulating concentrations of cell-free
hemoglobin was obtained at 3 hours after injection. Plasma cell-free hemoglobin was com-
pletely cleared from circulation 24 hours post-injection. A graphic illustration of cell-free
hemoglobin uptake and clearance is given in Figure 10.

Intraperitoneally administered cell-free hemoglobin renders an endogenous scavenger re-

sponse

We found a distinct increase in circulating concentrations of haptoglobin at 6 and 12 hours
post injection of cell-free hemoglobin, and a concomitant decrease in hemopexin plasma
concentrations. At 24 hours post injection haptoglobin concentration were approximately
equal to the concentration in control (i.e. not exposed to either insult) animals, Figure 11.
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Figure 11: Left panels:Plasma concentrations of haptoglobin and hemopexin after intraperitoneal administration of cell-free
hemoglobin or vehicle + hyperoxia. Symbols denote mean value, error bars denote standard deviation Right panels:
Hepatic gene expression after intraperitoneal administration of cell-free hemoglobin or vehicle + hyperoxia. Hp =
haptoglobin. Hpx = hemopexin, VN = experimental group subjected to vehicle and normoxia (control), VH = vehicle
+ hyperoxia, HN = hemoglobin + normoxia, HH = hemoglobin + hyperoxia. Baseline = non-exposed rat pups. » =
5 - 18 in all experimental groups

Hyperoxic exposure accelerates cell-free hemoglobin metabolism and alters scavenger
protein gene expression

The circulating concentrations of free heme were increased at 3 hours post injection in the
group subjected to hemoglobin exposure and hyperoxia (HH) compared to the group ex-
posed to hemoglobin injection and normoxia (HN), data not shown. The hepatic gene
expression of haptoglobin and hemopexin was mitigated in the group subjected to hemo-
globin injection and hyperoxia (HH) compared to the increased in gene expression in the
group subjected to hemoglobin exposure and normoxia (HN), Figure 11.

Hyperoxic exposure with or without the addition of cell-free hemoglobin is associated
with increased apoptosis in the developing oligodendrocyte

We found an increased apoptosis as determined by immunohistochemistry in the develop-
ing oligodendrocytes at P7 in rat pups exposed to a hyperoxic environment. The presence
or absence of cell-free hemoglobin exposure did not aggravate or mitigate the influence of
hyperoxia, Figure 12.
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Figure 12: TUNEL/Olig2 staining of rat pup brain sections after exposure to hyperoxia (VH), circulating cell-free Hb (HN), both
insults (HH), or neither insult (VN). Representative images were acquired at P7 (24 h post injection) in all experimental
groups. Scale bar =50 zm. (a) blue = DAPI staining of cell nuclei; (b) red = Olig2+ cells; (c) green = TUNEL+ cells; and
(d) merged image. White arrows indicate co-labelled cells. TUNEL+/Olig2+ cells were quantified in (e) white matter,
(f) cortex, (g) thalamus, and (h) hippocampus at P7. Results are presented as the median and IQR; n = 3- 5. *p
<0.05, **p <0.01, ***p <0.001. DAPI, 4',6 diamidino 2 phenylindole; TUNEL, terminal deoxynucleotidyl transferase
dUTP nick end labelling; P7, postnatal day 7; Olig2, oligodendrocyte transcription factor 2, IQR; interquartile range.

No indications of decreased myelination or delayed oligodendrocyte maturation were
observed at P11 and P21

We did not find any evidence of decreased myelination after exposure to cell-free hemo-
globin and/or hyperoxia when evaluated with immunohistochemistry and Western Blot at
postnatal day 11, Figure 13. Nor did we find any evidence of a decreased number of mature
oligodendrocytes using CCr as a maturational marker at P11, or a delayed white matter
maturation defined as a decreased FA-value and an increased T2-relaxation time at the in
vivo MRI at postnatal day 21, data not shown.
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Figure 13: IHC analysis of myelin formation in rat pup brain after exposure to hyperoxia (VH), circulating cell-free Hb (HN),
both insults (HH), or neither insult (VN). (a-d) Representative images show MBP in brain sections at P11 (120 h post
injection) in all experimental groups. Scale bar = 50 zm. (a) Blue = DAPI-staining of cell nuclei, (b) red = Olig2+
cells, (c) green = MBP, and (d) merged image. (e-g) Quantification of MBP protein content, displayed as the fraction
of the region of interest area (%) in (e) white matter, (f) thalamus, and (g) cingulum; (h) Western blot analysis of
MBP content (MBP band 1+2) compared to endogenous 3-actin (actB) in brain homogenates at P11. Results are
presented as the median and IQR; n = 5 (a-c), n = 8 (d). IHC = immunohistochemistry; MBP = myelin basic protein;
P11 = postnatal day 11; DAPI = 4',6 diamidino 2 phenylindole; Olig2 = oligodendrocyte transcription factor 2; IQR =
interquartile range.

5.2 Paper 11

Concentration of cell-free hemoglobin in blood prime solution is the main determinant
of the neonate’s exposure to cell-free hemoglobin during bypass circulation

The main predictor for cell-free hemoglobin exposure during neonatal cardiopulmonary
bypass was the concentration of cell-free hemoglobin in the prime solution. Time on by-
pass, intraoperative red blood cell transfusion, age of blood product in prime solution or
vacuum-assisted venous drainage and ultrafiltration as dichotomous variables were not as-
sociated with exposure to cell-free hemoglobin in our cohort.
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Figure 14: Circulating concentrations of cell-free hemoglobin (Hb) (a,b), haptoglobin (Hp) (c,d) and hemopexin (Hpx) (e,f)
illustrated as aggregated (a,c,e) and individual (b, d, f) data. Shaded area denotes IQR of concentrations of respect-
ive protein in prime solution. pre = preoperative, t00 = start of bypass, t01-t04 = hourly sampling during bypass
circulation, post = separation from bypass, pod0 = PICU admission, pod1-3 = postoperative day 1-3

Blood prime solution depletes hemoglobin scavenger resources during and after bypass

circulation

The circulating concentrations of hemoglobin- and heme-scavenger proteins haptoglobin
and hemopexin were significantly decreased at bypass start compared to preoperative plasma
concentrations. For haptoglobin, plasma concentrations remained low until postoperative
day 1. Figure 14 depicts the circulating concentrations of scavenger proteins and cell-free

hemoglobin during the perioperative course.
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Figure 15: Pre- and postoperative white matter magnetic spectroscopy data from entire cohort. GSH = glutathione, Ins =
inositol, Lac = lactate, Tau = taurine, GPC + PCh = composite measurement of glycerophosphorylcholine and phos-
phosylcholine, NAA + NAAG = composite measurement of N-acetylaspartate and N-acetylaspartylglutamate, Glx =
composite measurement of glutamine and glutamate

5.3 Paper1v
White matter brain metabolite concentrations shift during the perioperative course

The concentrations of white matter brain metabolites were significantly different at the
postoperative MRI scan compared to the preoperative MRI scan, Figure 15. For glutathione
(GSH), glutaminerg metabolites (Glx) and choline-containing metabolites (GPC + PCh),
the metabolite shift was attributed to surgery per se, and not to increasing postnatal age.
For lactate, taurine and inositol no distinction between increasing postnatal age and the
influence of surgery could be made. The expected developmental trajectory with an increase
in both Glx and the composite measure of N-acetylaspartate and N-acetylaspartylglutamate
(NAA + NAAG) with increasing postnatal age was not observed.
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Postoperative gluthatione and Glx metabolite concentrations are inversely related to time
on cardiopulmonary bypass

When analyzing the postoperative cohort, concentrations of GSH, an intracellular antiox-
idant, and Glx, a marker of cerebral energy metabolism, was inversely related to time on
cardiopulmonary bypass, i. e., the longer duration of bypass, the lower concentrations of

GSH and Glx.

6 Discussion

As of now, we have not been able to show that any of our postulated insults — exposure to
cell-free hemoglobin and supranormal oxygen tensions — translates into long-lasting white
matter alterations.

A postoperative prevalence of 50% WMI in our clinical study confirms the vulnerability
of brain white matter when exposed to neonatal cardiac surgery. We have not been able
to correlate our proposed insults to adverse outcomes as determined by MRI-diagnosed
white matter alterations, but we believe that previous research on neonatal white matter
vulnerability and the concept of white matter injury as the consequence of an accumu-
lated burden makes it reasonable to minimize the exposure to potentially harmful stimuli
if possible. As no means are available to increase endogenous brain resilience as of now, the
balance between stress resilience and vulnerability must be shifted by minimizing exogen-
ous Stressors.

Hyperoxemia is an easily avoidable stressor that needs to be recognized. The initial oxygen
tensions on bypass circulation in our clinical cohort ranged between 13.3 — 50.4 kPa with
a median-value of 29.8 kPa. Supranormal oxygen tensions are harmful to the immature
brain, and perhaps even more so in a neonatal cCDH cohort as the majority of neonates
in such a cohort will have a cyanotic heart defect [79]. Moreover, the observation of the
profound influence of cell-free hemoglobin concentration in blood prime solution on the
neonate’s exposure to cell-free hemoglobin provides a way of minimizing the exposure by
considering the concentrations of cell-free hemoglobin in prime solution. This might not
be relevant from a purely neuroprotective perspective, but in terms of the impact of cell-free
hemoglobin on the risk of postoperative acute kidney injury [71].

6.1 Predicting the future from a snapshot in time

Our clinical study cohort is a fairly representative sample of the neonatal open heart sur-
gery cohort at our pediatric heart center. The perioperative course followed the expected
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trajectory and no major postoperative complications were documented. WMI was dia-
gnosed in 50% of the patients with a postoperative MRI scan, the second most common
postoperative cerebral lesion was cerebellar microhemorraghes detected in seven patients.
Postoperative brain injuries beyond white matter lesions and cerebellar microhemorraghes
were rare, but of note, three patients were diagnosed with clinically silent central venous
sinus thrombosis (CVST). The finding of postoperative CVST in neonates with a cCCHD
is recently described [80], but the origins and clinical relevance of a clinically silent CVST
are not well-characterized.

What does a postoperative prevalence of structural WMI in 50% of neonates imply? The
association between MRI-determined WMI at term age and and adverse neurodevelop-
mental outcome is well established in the premature cohort [81]. A number of studies in-
dicate a correlation between moderate-severe WMI in the neonatal period and subsequent
neurodevelopmental impairment in neonates with cCDH [82, 83]. One study [10] reports
a negative finding but notably, 7 of 19 infants with moderate-severe WMI in the latter study
died before neurodevelopmental follow-up.

Sequential MRI-studies in infants with cCDH have shown resolution of white matter brain
injuries over time in a substantial proportion of patients [9, 10, 84]. Importantly, in those
studies white matter evaluation consisted only of a structural assessment. It must be stressed
that resolution of a structural lesion not necessarily equates to a restoration of function, nor
does a structural lesion imply a mandatorily impaired neurodevelopment. More studies are
needed to evaluate the long-term impact of white matter alterations in neonates with a
cCHD including not only white matter structural lesions but also more elaborate assess-
ments of white matter function.

6.2 Modeling a multifactorial pathway of injury

The development of white matter injuries in neonates is multifactorial, making animal
modeling of its origins challenging. In our experimental study we deemed that a corres-
ponding brain maturation to that of a neonate with a cCDH was of great importance given
the maturation-dependent vulnerability in developing oligodendrocytes. Neurodevelop-
ment in the rodent brain and in the human brain share key neurodevelopmental time points
[85], but the immaturity of the brain in a neonate with cCDH might not only represent
a delayed maturation but rather a dysmaturation. Moreover, modeling brain injury in
a rodent model assumes that there is an approximately similar resilience in the newborn
brain compared to that in the rodent pup brain, and that there exist common cross-species
pathophysiological pathways.

To single out two potentially harmful factors — hyperoxia and systemic inflammation — is a
reductionist approach to understand very specific parts of the diverse impact of cardiopul-
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monary bypass on the immature brain. A model with a greater mechanistic validity would
incorporate surgical trauma and bypass circulation, making interpretation and differenti-
ation of the specific factors difficult and prone to confounding. There are published data
from piglet bypass models [86, 87], with a more or less corresponding brain maturation
to that of a neonate with a cCHD. Irrespective of a small or large animal model, the very
specific intrauterine and postnatal conditions that apply to an infant with a cCHD will be
challenging to model [88].

A major disadvantage of using rat pups when modeling cell-free hemoglobin toxicity is the
rat’s capability of endogenous ascorbic acid production. Endogenous ascorbic acid acts as
an important detoxifier of cell-free hemoglobin as showed in a comparative study on rats
and guinea pigs [89], guinea pigs being the only rodent species with a similar incapability
of endogenous ascorbic acid production as humans. Unfortunately, guinea pigs are preco-
cial animals with a far more accelerated brain maturity at birth than the human neonate,
rendering them unsuitable for studies on neonatal brain injuries.

In our animal model we observed an interaction between the exposure to hyperoxia and the
exposure to cell-free hemoglobin with a mitigated response in scavenger protein gene ex-
pression in liver, Figure 11. As of now, we do not have a plausible explanation for this obser-
vation, but we acknowledge the potential interaction between inflammation and hyperoxia

[90, o1].

6.3 Inherent limitations and advantages of a small single-center cohort

Our clinical study is an investigation of a small single center cohort and the results must be
interpreted as such. Established paradigms of determinants for the development of WMI
in neonatal cardiac surgery — boys fare worse than girls and single-ventricle physiology is a
risk factor — were not evident in our cohort, presumably due to the low number of included
infants and the exceedingly low number of neonates undergoing initial surgical palliation.
As in all single-center studies, the external validity of our study is limited and our results
cannot uncritically be adapted into another clinical context.

The included neonates were operated and anesthetized by a limited number of surgeons and
anesthetists. They were scanned on the same MRI scanner and the images were evaluated
by the same pediatric neuroradiologist. The samples were handled by the same person
throughout the study. The advantages of the homogeneity in the execution of a single center
study must be balanced by the time it will take to include the number of participants that
equates to an adequately powered study. In our clinical study, forty neonates were included
over a time period of 34 months.

Finally, the knowledge of an ongoing study and its objectives might alter the clinical treat-
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ment during the study. We did not observe any change in perfusion regimen as determined
by initial pO,, initial concentration of cell-free hemoglobin or the absence or presence of
ultrafileration. No changes over time were noted in the clinical characteristics of included
neonates, nor in the timing of surgery and MRI-scans.

7 Conclusions and future research directions

Paper 1

Intraperitoneal administration of cell-free hemoglobin results in signific-
ant plasma concentrations of cell-free hemoglobin and an endogenous
scavenger protein response

Paper 1

No long-lasting alterations in the developing brain white matter can
be observed after exposure to circulating cell-free hemoglobin and/or
supranormal oxygen tensions in our rat pup model

Paper 111

Concentration of cell-free hemoglobin in blood prime solution is the
main determinant of the neonate’s exposure to cell-free hemoglobin
during open-heart surgery on cardiopulmonary bypass

Paper 1v

Postoperative white matter concentrations of Glx and GSH are correlated
to the duration of cardiopulmonary bypass circulation. Exposure to
cell-free hemoglobin or hyperoxemia did not influence the postoperative
white matter metabolite profile

Long-term follow-up

Our finding of a 50% prevalence of postoperative structural white matter lesions is consist-
ent with previous reports on white matter injury in neonatal cardiac cohorts. Whether the
high prevalence of white matter injury in our cohort translates into clinically relevant ad-
verse neurodevelopmental outcomes is currently being evaluated in a structured follow-up
study at 2 1/, years of age.
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Analysis of postoperative inflammatory proteome and oxidative stress burden

The potential impact of exposure to cell-free hemoglobin and hyperoxemia on patho-
physiological processes includes delineating alterations in the inflammatory proteome and
quantification of the oxidative stress burden attributable to our postulated insults. We have
observed a rapid and temporally uniform postoperative inflammatory response in our co-
hort, where the inflammatory profile at postoperative day 1 can be used to predict white
matter lesions at the postoperative MRI scan. The proteins with the highest predictive
value in our cohort are mainly involved in regulating the postoperative immune cell re-
sponse. Several alterations in protein expression are associated with exposure to cell-free
hemoglobin and supranormal oxygen tensions, but those results have not yet been con-
trolled for confounding factors.

A likewise important analysis is the quantification of oxidative stress burden posed on the
developing brain. We will quantify oxidative stress by analyzing oxidized nucleic acids in
urine [92].

Diffusion tensor analysis and analysis of network connectivity

Our clinical MRI-data will be analyzed for alterations in diffusion and network connectivity
to allow evaluation of white matter microstructural integrity and network topology. We
believe that a thorough understanding of the etiology of the white matter vulnerability in
neonates with congenital heart defects requires a more elaborate pre- and postoperative
white matter assessment than a structural assessment only.

Circulating brain injury markers

Circulating neural and glial cell injury markers are currently being evaluated in relation to
postulated insults and clinical determinants.

Analysis of the correlation between macro-circulation and brain hemodynamics

A crucial part of understanding the origins of the postoperative white matter injuries is
an evaluation of the relation between patient and pump hemodynamic parameters and
cerebral blood flow. We have access to new technologies that provide continuous non-
invasive measures of microvascular perfusion and oxygenation in the frontal cerebral cortex
using a combination of near infrared spectroscopy and diffuse correlation spectroscopy. We
will be able to estimate not only pre- and postoperative cerebral blood flow, but also the
non-pulsatile flow during bypass circulation.
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8 Closing remarks

The newborn with a cCHD has a dysmature and vulnerable brain. The optimal neuro-
protective strategies for open-heart surgery in the neonatal period must incorporate hemo-
dynamic considerations as well as the particular pathophysiology associated with the de-
veloping white matter. The finding of 50% structural WMI in the postoperative cohort
warrants the implementation of a systematic neurocognitive follow-up that extends into
adolescence.
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