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Foreword

I have been wanting to write this thesis for more than a decade, but it
was not until my paternity leave in the autumn of 2017 that I really got
around to it. While my parental duties rendered this period anything
but a relaxing vacation, I soon realised that my son Falke's mid-day
nap was a recurring window of opportunity. During my daily stroller
walks, I would therefore watchfully wait for the moment when Falke
closed his eyes, and then immediately park the stroller, sit on the near-
est bench (typically a lovely bench just outside the Arnfred Law Firm
in Hellerup), and get down to business. I wrote approximately 1%
pages per day in the wear and tear of the Scandinavian autumn weath-
er, thus often wearing my wet water clothes with an umbrella conven-
iently covering my computer.

The experimental work that forms the basis of studies included
in the present thesis was mainly conducted over a 7-year period be-
tween 2005 and 2012 during my employments as a pregraduate re-
search associate (kindly funded by the Danish Medical Research
Council and the P. Carl Petersen Foundation), then as a research assis-
tant (kindly funded by the Research Board at Rigshospitalet and the P.
Carl Petersen Foundation), and lastly as a PhD-student (kindly funded
by the Faculty of Health and Medical Sciences at the University of
Copenhagen) at the Copenhagen Muscle Research Centre and the
Centre of Inflammation and Metabolism (CIM), now the Centre for
Physical Activity Research, at Rigshospitalet. Additional work was
done during my subsequent fellowship in clinical physiology and nu-
clear medicine at Rigshospitalet and at Bispebjerg and Frederiksberg
Hospitals. Christian Larsen and Judge Ella Larsen’s Grant, the A. P.
Moller Foundation, the Classen Trust Jubilee Foundation, the Copen-
hagen Hospital Corporation, the Foundation of 1870, the Foundation
of Merchant Jakob Ehrenreich and Grete Ehrenreich, the Hgjmose-

gaard Foundation, the Jensa la Cour Foundation, the Larsen Founda-



tion, the Laerdal Foundation, the P. Carl Petersen Foundation, and the
Toyota Foundation all generously provided financial support for the
studies.

I have many people to thank; without them, none of these stud-
ies would have been possible, and I would have no thesis to write.
First, I want to thank Professor Kirsten Meller, who more than anyone
is the person that gave me a taste for science. I first met Kirsten when
I was looking for a supervisor for my bachelor thesis as a 2"-year
medical student. It was Professor Gitte Moos Knudsen who referred
me to Kirsten, but she was not immediately available, as she turned
out to have travelled to Nepal to save distressed trekkers and moun-
taineers with the Himalayan Rescue Association. Even though I was
admittedly a somewhat bold 22-year old at the time, that really im-
pressed me! By the kind help of Kirsten's family, my request for su-
pervision made it all the way to the Himalayas. We have worked to-
gether since then, and of all people, it is first and foremost Kirsten
who has raised me as a physiologist and scientist and trained me rig-
orously in the art of hypothetical deduction. She involved me in the
experiments that led to the development of the continuous lipopoly-
saccharide infusion method, which has formed the basis of several of
my subsequent studies, and indeed the present thesis. Kirsten was fur-
thermore my master thesis and PhD supervisor, and over the more
than 15 years known each other by now, she has proven herself not
only to be a great mentor and role model, but also a friend and a con-
fidante that I can always trust and count on.

I first met the esteemed scientist, athlete, and adventurer Pro-
fessor Damian M. Bailey during the infamous 2006 Copenhagen
Brain Study, which apart from focusing on the effects of intravenous
lipopolysaccharide and inspiratory hypoxia on cerebral haemodynam-
ics, also elucidated the effect of months of sleep deprivation combined
with a restricted diet (green and red curry in random order) on a small

group of scientist (it mainly causes malaise and nausea, not very dif-



ferent from that observed after intravenous lipopolysaccharide). Since
then, he has served as my unofficial mentor, and he has selflessly
helped promote my career. It thus largely his achievement that I now
serve as Visiting Professor at the University of South Wales. Needless
to say, | am deeply grateful to Damian, and I am honoured to be his
scientific collaborator.

After I completed my bachelor thesis (on static cerebral auto-
regulation), Professor Bente Klarlund Pedersen, the visionary and in-
contestable regent queen of integrative human physiology, offered me
a spot at the burgeoning CIM to continue my work with Kirsten. It has
been an honour to work in Bente’s world-leading laboratory for so
many years. From the beginning, it really struck me how much the
scientific environment at CIM resembled that of the Krogh Laboratory
as portrayed in Bodil Schmidt-Nielsen's August and Marie Krogh —
Lives in Science. August Krogh was a pioneer in physiology — in my
view, Bente is the August Krogh of our time.

The renowned physiologist Professor Niels-Henrik Holstein-
Rathlou served as my PhD supervisor and his deep insight into phys-
iological and mathematical modelling has been indispensable during
the studies, and we have had many valuable discussions over the
years. Indeed, the transfer function analysis-based method used for as-
sessing dynamic cerebral autoregulation in the studies of the present
thesis and in hundreds of other studies was conceived by Niels-Henrik
and initially used in his now classical studies of tubulo-glomerular
feedback.

I am deeply grateful to my 'fellow stormtrooper' Dr. Ronni R.
Plovsing with whom I conducted most of my studies. Some would
probably kindly characterise me as a rather theoretical person, while
others would be franker, and call me a downright uatamailer. In con-
trast, Ronni is both a brilliant theoretician, well-organised, and practi-
cally minded. He played a critical role for keeping things on track, and

the studies could not have been done at all were it not for his skillset



as an anaesthesiologist, which were required due to the nature of the
procedures and interventions in the different studies. For the most
part, we developed these (and other) studies together, conducted them
together, analysed the data together, and wrote up the papers together
(at all times of the day and night). Ronni is the best team mate I could
have asked for, and I hope we'll do many more studies together in the
future. Apart from Ronni, the other co-authors both of the papers of
my PhD thesis and of the eight papers of the present thesis deserve
mention: Dr. Claus B. Christiansen, Dr. Kevin A. Evans, Dr. Karen
Suarez Krabbe, Professor Fin Stolze Larsen, Professor Carsten
Lundby, Dr. Andreas Ronit, Dr. Sarah Taudorf, and in particular my
close collaborator Mr. Rasmus H. Dahl, an extremely talented medical
student, who was kind enough to help me prepare many of the figures
in the thesis, and who also provided constructive feedback to some of
the early drafts of the thesis.

I am grateful to Professor Anders Perner and Dr. Jan Bonde
from Department of Intensive Care at Rigshospitalet, where of the ex-
periments were conducted. Even though the studies were very de-
manding, both for the staff, patients and relatives at the department,
Anders and Jan have always made me feel extremely welcome and
never hesitated to help when needed. Anders created a very enriching
and inspiring research environment, and while I was in the department
his research group made several major scientific breakthroughs and
became world-leading in conducting controlled, randomised trials in
the intensive care setting. [ must also thank the patients at the Depart-
ment of Intensive Care and their relatives who selflessly chose to con-
tribute to our studies at a most difficult time, as well as the healthy
volunteers who willingly and patiently participated in our experi-
ments.

I am also grateful to Professor Olaf B. Paulson; I have read his
work since I was a young student, and all my studies on cerebral hae-

modynamics are to a great extent based on concepts and principles



that he has developed. Olaf kindly accepted to serve as Chair of my
PhD thesis evaluation committee, and he has been extremely helpful
with feedback and discussions in relation to the subsequent studies.

As described in the thesis, studies on patients admitted to the
intensive care unit are not only technically and logistically difficult,
but also ethically challenging. While my studies were still at a very
early stage, I therefore contacted the esteemed historian and ethicist
Associate Professor Peter Rossel. This evolved into a very fruitful col-
laboration and friendship with Peter and his wife Bente who hospita-
bly opened up their home to me. Peter's contributions to medical eth-
ics, which he founded as a mandatory subject for medical graduates at
the University of Copenhagen, are paramount, and it is not only me,
but all who have had the privilege of having Peter as their teacher over
the past four decades, which owe him gratitude.

For many years, CIM was a second home to me. It was a com-
petitive environment, but with a homely and warm atmosphere. Apart
from Bente, this was largely due to Ms. Ruth Rovsing, Ms. Hanne Vil-
lumsen, Ms. Inge Holm, and Ms. Marie Kvistgaard; they have all
helped me and other CIM employees with great many things, includ-
ing various technical, practical, and administrative matters, but most
of all I want to thank them for making CIM such a fantastic place,
from where I have so many great memories. This being said, it was
the help and support from Dr. Naja Zenius Jespersen that got me
through the demanding experiments. I owe my best memories from
CIM during those years to her. Another person that I got to know at
CIM and who has become a close friend is Dr. Sofie Andreasen. Alt-
hough she did not participate in any of the studies of the present the-
sis, she has looked after me like a caring older sister from our early
days at CIM, and helped mature me as a scientist, and has always been
someone that I can trust and count on, both in relation to scientific and

personal matters.



While a huge part of my research hitherto has focused on the mecha-
nisms that function to ensure a sufficient oxygen and substrate supply
to the brain, my focus has slightly changed over the past ~5 years, as |
have become increasingly interested in respiratory physiology, and
thus the mechanisms that ensure a sufficient supply of oxygen to the
organism as a whole. Serendipitously, the acclaimed and visionary
respiratory physiologist and nuclear pulmonologist Professor Jann
Mortensen is based at the Department of Clinical Physiology, Nuclear
Medicine, and PET at Rigshospitalet, and since I first started working
there in 2014 he has served as a mentor to me, both in clinical nuclear
medicine and scientifically. While we are currently doing a number of
studies together, Jann has not been directly involved in any of the
studies in the present thesis, but he has kindly provided insightful
feedback and comments to the review. Professor Liselotte Hojgaard,
who apart from being Chairman of the Board of the National Research
Foundation and President of the Copenhagen Research Forum and
numerous other things, is Head of the Department of Clinical Physiol-
ogy, Nuclear Medicine and PET at Rigshospitalet, has also been ex-
tremely kind and helpful in relation to my work with this thesis, and
provided valuable feedback. It is an honour that such a capacity within
science such as Liselotte has taken the time to critically review my
work.

I must also thank my great colleagues Drs. Louise Brinth, Car-
sten Heedersdal, and Niels Wiinberg, with whom I worked at the De-
partment of Clinical Physiology and Nuclear Medicine at Frederiks-
berg Hospital. We had great companionship, and most times it was
them that selflessly did all the hard work at the department, so that I
could do my research. It was also at Frederiksberg Hospital that I met
Mr. Chi-Han Henry Ma, a medical laboratory technician that is also a
skilled medical illustrator, and who provided most of the illustrations

for this thesis (including the cover). Furthermore, the artist Matt Kish



kindly permitted me to use a drawing from his illustrated edition of
Heart of Darkness.

I must also thank all my friends who have put up with me for
all these years — both before and after I became a scientist. I cannot
mention them all here, but Drs. Anders M. Greve and Sopha Hammer-
Hansen cannot go unmentioned. It was them that heroically saved my
near-complete PhD thesis back in the day when I temporarily lost it to
ransomware hackers, who had sent me a fake doublet e-mail from
Amazon after I had purchased the 2™ edition of Haldane's Respiration
online. My whole hard drive was encrypted, and the hackers demand-
ed that I paid the ransom via MoneyPac, a cash card that can only be
purchased in the US. Anders and Sophia who were US residents at the
time rushed to my assistance and disbursed the ransom of 200$ n a lo-
cal store in Bethesda. Bitter money, some may say; to me, it was the
sweetest deal I ever made. And thanks to the hackers, I have deliber-
ately not procrastinated by purchasing ancient physiology textbooks
on Amazon since then.

In the foreword to my PhD thesis, I expressed my gratitude to
Mr. Georg Carstensen, my primary school teacher of mathematics,
physics, and chemistry. The same gratitude goes for this thesis. It is
largely our teachers that spark our interest in the surrounding world,
and provide us with the fundamental tools to explore it. I sent my the-
sis to Georg, and to my delight he responded. We have been com-
municating since then, and I must say that although I am not the most
reliable pen friend, my new-found friendship with Georg is one of the
best things that came out of my PhD thesis.

Lastly, I want to thank Kim and Marianne for all the love and
parental support they have provided me for all these years. But —
above all — I must thank Linea and Falke: you carried me through all
this, and none of it would be worthwhile if it weren't for you. This the-
sis is as much yours as it is mine.

Ronan M. G. Berg






Summary of thesis

The present thesis is based on eight original articles and a review, the
scope of which were to elucidate whether changes in cerebral haemo-
dynamic function may predispose to cerebral ischaemia in sepsis.
Based on studies using intravenous lipopolysaccharide infu-
sion in healthy volunteers, which was considered an experimental
model of the acute systemic inflammatory response during early sep-
sis, as well as clinical studies of critically ill septic patients admitted
to the intensive care unit, various aspects of cerebral haemodynamic
function were examined. These included changes in global cerebral
blood flow and cerebrovascular resistance, as well as the cerebrovas-
cular reactivity to changes in arterial blood gases, cerebral autoregula-
tion, the transcerebral net exchange of selected vasoactive peptides,
and aspects of blood-brain barrier function related to catecholaminer-
gic homeostasis within the brain. Given that the cerebrovasculature is
an integral component of the cardiovascular system, and the blood
supply to the brain ultimately depends on the ability of the cardiovas-
cular system to generate a sufficient and stable blood pressure, the au-
tonomic regulation of cardiovascular function was also examined.
Together with other studies, the findings of the present thesis
indicate that cerebral vasoconstrictive influences lead to a state of cer-
ebral hypoperfusion relative to oxidative metabolism during the sys-
temic inflammatory response triggered by intravenous lipopolysaccha-
ride. The cerebrovascular reactivity to changes in PaCO2 is main-
tained, and accordingly these changes appear to be related to hyper-
ventilation. The fever response and an enhanced cerebrovascular re-
lease of the potent cerebral vasoconstrictor endothelin-1 also appear to
contribute. Cerebral autoregulation concurrently responds faster and
more effectively to an acute change in blood pressure, while the auto-
nomic regulation of cardiovascular function becomes less effective

with a reduced sympathetic output to the heart and peripheral blood



vessels and slowing of the arterial baroreflex. Intravenous lipopoly-
saccharide does not appear to trigger changes in the passage of cate-
cholamines or large neutral amino acids across the blood-brain barrier
to such an extent that changes in cerebral haemodynamic function
may ensue. In accordance with findings from other studies, the find-
ings of the present thesis furthermore show that the cerebrovascular
resistance is likewise high, while the ability of the cerebrovasculature
to respond to changes in PaCOz2 is preserved in patients admitted to
the intensive care unit with sepsis. Although the cerebrovasculature
remains capable of exerting autoregulatory responses, the responses
are slower than in healthy conditions, and are neither enhanced by hy-
perventilation or by noradrenaline infusion. The autonomic regulation
of cardiovascular function is concurrently impaired, with changes in
arterial baroreflex function like those encountered after lipopolysac-
charide infusion.

The findings of the present thesis indicate that cerebral vaso-
constriction during the early stages of sepsis is part of a neuroprotec-
tive mechanism that renders the cerebrovasculature more agile, in the
sense that it responds faster and more effectively to sudden changes in
blood pressure. This conceivably functions to prevent the concurrently
unstable blood pressure due to the impairment of the autonomic regu-
lation of cardiovascular function from causing cerebral ischaemia. In
contrast, the slower autoregulatory responses observed during more
advanced stages of sepsis, may permit the more unstable blood pres-
sure to trigger cerebral ischaemia. This may provide a mechanistic ba-
sis for the widespread cerebral ischaemic damage that has previously
been documented in septic patients, and which supposedly contributes
both to encephalopathy, long-term cognitive deficits, and the progres-

sion of septic shock.



Resumé af afhandling p& dansk

Nervaerende athandling er baseret pé otte originalartikler og en over-
sigt, der har til hensigt at belyse om der forekommer andringer i ce-
rebral haemodynamisk funktion ved sepsis som kan disponere til ce-
rebral iskaemi.

Pa grundlag af studier baseret pé intravenes lipopolysakkarid-
infusion i raske forsegspersoner, som blev betragtet som en eksperi-
mentel model for det akutte systemisk inflammatoriske respons ved
tidlig sepsis, samt kliniske studier af patienter indlagt pa intensivafde-
ling med sepsis, undersegte vi forskellige aspekter af cerebral haamo-
dynamisk funktion. Disse omfattede @ndringer i hjernens globale
gennembledning og cerebrovaskular modstand, de cerebrale kars fol-
somhed for endringer i arterielle blodgasser, cerebral autoregulation,
hjernekarrenes frigivelse af udvalgte vasoaktive peptider, og aspekter
af blod-hjernebarrierens funktion relateret til katekolaminerg homeo-
stase i centralnervesystemet. Eftersom hjernens blodkar er en integre-
ret del af hjerte-kredslebet, og hjernens blodtilfersel i sidste ende af-
haenger af hjerte-kredslebets evne til at generere et tilstreekkeligt og
stabilt blodtryk, blev den autonome kontrol af hjerte-kredslabets funk-
tion ogséd undersogt.

Sammen med andre studier peger fundene i narvarende af-
handling p4, at vasokonstriktive faktorer forer til en tilstand af cereb-
ral hypoperfusion relativt til hjernens iltbehov under det systemisk in-
flammatoriske respons udlest af intravenes lipopolysakkarid-indgift.
Hjernens kar er fortsat felsomme for @ndringer i PaCO2, og disse &n-
dringer synes sdledes at vare relateret til hyperventilation. Endvidere
synes feberresponset og en gget frigivelse af den potente cerebrale
vasokonstriktor endotelin-1 fra hjernens kar at bidrage. Samtidig re-
sponderer cerebral autoregulation hurtigere og mere effektivt pa akutte
endringer i blodtryk, mens den autonome kontrol af hjerte-kredslebets

funktion er sveekket med reduceret sympaticus-aktivitet til hjerte og



perifere kar og en langsommere arteriel barorefleks. Lipopolysakka-
rid-infusion synes ikke at udlese @ndringer i passage af katekolaminer
eller store neutrale aminosyrer over blod-hjernebarrieren i en sadan
grad at det kan forventes at fore til @ndringer i cerebral heemodyna-
misk funktion. Sammen med andre studier viser fundene i neervaerende
athandling endvidere at den cerebrovaskulare modstand ligeledes er
hej, mens hjernens kars evne til at respondere pa endringer i PaCO2
er bevaret hos kritisk syge patienter indlagt pa intensivafdeling med
sepsis. Pé trods af at hjernens kar fortsat kan autoregulere er den ce-
rebrale autoregulation langsommere end hos raske, og forbedres ikke
af hverken hyperventilation eller noradrenalin-indgift. Den autonome
kontrol af hjerte-kredslebets funktion er samtidig svaekket med @n-
dringer i den arterielle barorefleks svarende til dem der ses efter
lipopolysakkarid-infusion.

Fundene i nervaerende athandling peger pa, at cerebral vaso-
konstriktion ved tidlig sepsis er del af en neuroprotektiv mekanisme,
der gor hjernens kar mere agile i den forstand, at de responderer hurti-
gere og mere effektivt pa pludselige endringer i blodtryk. Dette har
formentlig til hensigt at forhindre det mere ustabile blodtryk, der op-
star som folge af den samtidige svakkelse af den autonome kontrol af
hjerte-kredslebets funktion, i at fordrsage cerebral iskaemi. Grundet
den mere langsomt reagerende cerebrale autoregulation ved mere
avancerede stadier af sepsis kan det ustabile blodtryk udlese cerebral
iskeemi. Dette kan udgere det mekanistiske grundlag for de udbredte
cerebral iskeemiske forandringer der tidligere er dokumenteret hos
septiske patienter, og som antages at bidrage til encefalopati, perma-

nent kognitiv dysfunktion og progression af septisk shock.



Abbreviations

Terms that are strictly used as mathematical operators in footnotes

and appendices are not included in this list.

AAA: aromatic amino acid

AAAD: aromatic L-amino acid decarboxylase

AC: adenylate cyclase

a-jvDOz2: arterial-to-jugular venous oxygen content
difference

a-jvDglc: arterial-to-jugular venous glucose differ-
ence

a-jVDac: arterial-to-jugular venous lactate differ-
ence

Amy: central nucleus of the amygdala

APACHE II: acute physiology and chronic health
evaluation II

BBB: blood-brain barrier

BCAA: branched-chain amino acid

BHa: dihydrobiopterin

BHa: tetrahydrobiopterin

CAL cerebral autoregulation index

cAMP: cyclic adenosine monophosphate

CaOa2: arterial oxygen content

Cp: concentration in brain extracellular fluid
(of a given LNAA)

CBF: cerebral blood flow

CGRP: calcitonin-gene related peptide

CLR: calcitonin receptor-like receptor

CMRO:2: cerebral metabolic rate of oxygen

CPP: cerebral perfusion pressure
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CVC:
CVCO:2R:
CVLM:
CVO2R:
CVRi:
DAG:
DBH:
DHA:
DMV:
ECE:
EOa:
eNOS:
ET-1:
ETa:
ETs:
Fi02:
GC:
cGMP:
HR:
ICA:
ICP:
ICU:
IL-1B:
IL-6:
IMLT:
IPs:

Ja:
Jera1:

Jcgre:

JDop:

cerebrovascular conductance
cerebrovascular carbon dioxide reactivity
caudal ventrolateral medulla
cerebrovascular oxygen reactivity
cerebrovascular resistance index
diacylglycerol

dopamine B-hydroxylase
dehydroascorbic acid.

dorsal nucleus of the vagal nerve
endothelin-converting enzyme

cerebral extraction fraction

endothelial nitric oxide synthase
endothelin-1

endothelin receptor A

endothelin receptor B

inspired oxygen fraction

guanylate cyclase

cyclic guanine monophospate

heart rate

internal carotid artery

intracranial pressure

intensive care unit

interleukin-13

interleukin-6

intermediolateral tract

inositol trisphosphate

transcerebral net exchange of adrenaline
transcerebral net exchange of endothelin-1
transcerebral net exchange of calcitonin
gene-related peptide

transcerebral net exchange of dopamine



Ina:
ke:
Km:
LATI:
LBP:
LC:
LGI:
LL:

LNAA:

LOL
LPS:
MAP:
MCA:

MCAv:

MD-2:

mRoR:

Mx:

Mxa:

NA:
Nam:
NF«B:
NIRS:
NO:
NTS:
OGI:

PaCOa:

PAH:
PaOa:

transcerebral net exchange of adrenaline
elimination constant

Michaelis-Menten constant

large neutral amino acid transporter 1
lipopolysaccharide-binding protein

locus coeruleus

cerebral lactate-glucose index

lower limit of autoregulation

large neutral amino acid

cerebral lactate-oxygen index
lipopolysaccharide

mean arterial blood pressure

middle cerebral artery

middle cerebral artery blood flow veloci-
ty

myeloid differentiation factor 2
modified rate of regulation

time correlation index (based on cerebral
perfusion pressure)

time correlation index (based on mean ar-
terial blood pressure)

noradrenaline

nucleus ambiguous

nuclear factor kB

near-infrared spectroscopy

nitric oxide

nucleus of the solitary tract

cerebral oxygen-glucose index

arterial carbon dioxide tension
phenylalanine hydroxylase

arterial oxygen tension
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PerCOa2:

PL:
PLC:
PKA:
PKC:
PKG:
PS:
PVN:
RAMP:
RCP:
RI:
RoR:
RVLM:
Sa0a2:
SIRS:

SOFA:
TH:
TLR4:
TNF-a:
UL:
Ve:

V max:

22

end-tidal carbon dioxide tension
Gosling's pulsatility index
phospholipase C

protein kinase A

protein kinase C

protein kinase G

permeability surface area product
paraventricular nucleus

receptor modifying protein
receptor component protein
Pourcelot's resistive index

rate of regulation

rostral ventrolateral medulla
arterial oxygen saturation
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Chapter 1. Introduction

“The Brain — is wider than the sky — writes Emily Dickinson,'** a
statement that is true not only for poets, but also for scholars and sci-
entist. Hence, the complexity of the human brain has been a source of
fascination and bewilderment since it was first proposed as the seat of
the mind in antiquity.”®3*®4°7 This complexity also applies to cerebral
haemodynamics, as cerebral blood flow (CBF) comprises ~15 % of
total cardiac output while the brain is responsible for ~20 % of the
human body’s oxygen consumption, despite comprising only 2-3 % of
body weight.*®® The high metabolic requirements of the brain com-
bined with its limited oxygen reserves,* necessitates a tight control of
CBF to maintain a stable supply of substrates, despite changes in cer-
ebral metabolism, cerebral perfusion pressure (CPP), and arterial
blood gases.5195228:299.300.412.413.419,516.59

If the homeostatic mechanisms that control CBF fail, cerebral
ischaemia and consequent neuronal damage may ensue.®237411:419.5%
As will be outlined in the present thesis, this may be particularly rele-
vant in the context of sepsis,’ the systemic inflammatory response to

267,308,487,597

infection, a condition that carries a substantial burden in

terms of mortality and morbidity.!”-268:343:567:568 According to magnetic

d420,430,490

resonance imaging-base and neuropathological stud-

jles, 252:346,490,491,494,508

ischaemic strokes, including occasional water-
shed infarcts as well as vasogenic and cytotoxic oedema, are common
in septic patients. Neuropathological studies have furthermore shown
that diffuse ischaemic changes that are undetectable by conventional
neuroimaging are to some extent present in all patients dying from

septic shock.!>1#14% Accordingly, cerebral ischaemia is thought to

contribute

2 If the substrate supply is entirely abolished, unconsciousness evolves in seconds
i : s 138,220

and the brain’s total energy pool is consumed in minutes.

The word sepsis is Greek (onnoig), and literally means putrefaction.
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Systemic inflammatory response syndrome (SIRS):

e >2 of the following:
0 Heart rate > 90 beats min’!
0 Body temperature < 36 °C or > 38 °C
0 Respiratory rate > 20 breaths min™' or PaCO, < 4.3 kPa
0  White blood cell count < 4 10° cells L or > 12 10° cells L', or
the presence of > 10 % immature neutrocytes
Sepsis:
e The presence of SIRS with documented or suspected infection.
Severe sepsis:

e Sepsis complicated by organ dysfunction or hypoperfusion.

Textbox 1.1. Sepsis definitions.

These criteria are based the 2001 International Sepsis Definitions Conference crite-
ria,’*3% which was effectual when the studies of the present thesis were conducted.
It must, however, be noted that the sepsis definitions have recently been revised.”

both to sepsis-associated —encephalopathy,?6:68:199:493:530 ong_term
cognitive deficits in sepsis survivors,!® and to the progression of septic
shock.!7:4%2

The conspicuous link between febrile illness and brain dys-
function, now termed sepsis-associated encephalopathy,® has been
noted by physicians since the dawn of clinical medicine more than
two millennia ago.>8-198:396:3% With the rise of intensive care medicine
from the mid-20™ century and the resultant introduction of sepsis as a
formal clinical diagnosis®*=% (Textbox 1.1), the clinical relevance of
encephalopathy as a complication in this context was reinvigor-
ated 66-68.146.199.245.403.598.600 The phenomenology of encephalopathy is
so inherently difficult to convey that even the Oxford Handbook of
Clinical Medicine®'® resorts to Joseph Conrad’s Heart of Darkness
(Figure 1.1) in the section on delirium. Charles F. Bolton and co-
workers nevertheless made a fair attempt at describing the natural his-

tory of sepsis- associated encephalopathy based on systematic obser-
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¢ The word encephalopathy originates from the Greek ev (inside), kepain (head),
and maBog (suffering).



Figure 1.1. Fever and encepha-
lopathy in classical literature.

In the finale of Joseph Conrad’s
Heart of Darkness (1899), the
ivory trader Kurtz suffers a severe
bout of jungle fever complicated
by encephalopathy:

“The wastes of his weary
brain were haunted by shadowy
images now — images of wealth
and fame revolving obsequiously
round his unextinguishable gift of
noble and lofty expression....
Sometimes he was contemptibly
childish. He desired to have kings
meet him at railway-stations on
his return from some ghastly No-
where, where he intended to ac-
complish great things....‘Close
the shutter,” said Kurtz suddenly
one day; ‘I can’t bear to look at
this.” 1 did so. There was a si-
lence. ‘Oh, but I will wring your
heart yet!” he cried at the invisible
wilderness.”

Classical literature pro-
vides numerous other illustrative
examples of the link between

fever and encephalopathy, such as Falstaff from Shakespeare's Henry V (1599), the
poet Antonio in Hans Christian Andersen’s The Improvisatore (1835), the mysteri-
ous Madman from Charles Dicken’s Pickwick Papers (1836), Anna Karenina from
Leo Tolstoy’s eponymous novel (1877), and Bishop Gustav Trolle from Johannes V.
Jensen’s The Fall of the King (1901). As with Kurtz, the development of en-
cephalopathy in the context of febrile illness often heralds an untimely death or a
similar unfavourable outcome. Incidentally, this is consistent with contemporary
scientific literature.

Tllustration by Matt Kish reproduced from the illustrated edition of Heart of
Darkness'® with permission from the artist.

vations on patients admitted to the intensive care unit (ICU) in the
1970s and 1980s.°%” They found that sepsis-associated encephalopa-
thy typically involves a change in mental status that occurs within
hours of the onset of sepsis, which is in accordance with other re-
ports.*854955% This involved an initial impairment of attention, which
then progressed to involve orientation and cognition, often with a

gradual decrease in consciousness with concomitant agitation and con-
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fusion,$66:67:25239% Sensis has previously been reported as the most
common non-neurological cause of encephalopathy in ICU patients.®

The occurrence of encephalopathy in septic patients has been
assessed in eight studies published between 1983 and
2017.63,152:426,506,508.567.587.598 Ty these studies, the prevalence varies
greatly (from less than 10 to approximately 70 %), conceivably due to
differences in the diagnostic definitions, patient demography, and
changes in the cause and treatment of sepsis over the more than three
decades where the studies were conducted. Consequently, the prog-
nostic impact of encephalopathy is also difficult to address in these
studies, even though six of the studies reported data on mortal-
ity . 192:426,508,567.587.598 Together, the studies nevertheless indicate that
the development of encephalopathy in septic patients increases the
risk of death.

Studies focusing on survivors of sepsis complicated by the
acute respiratory distress syndrome have found that these patients of-
ten exhibit permanent cognitive deficits after discharge, notably
memory loss and impaired learning.?33-237:251:253 In one cohort, some
aspects of cognitive function had recovered one year after discharge,
but memory loss and impaired learning were nevertheless largely irre-
versible.2>%7 In another study, more than 60 % of survivors still ex-
hibited cognitive dysfunction eight years after discharge.?!

Lastly, several central nervous system nuclei that are involved
in the autonomic regulation of cardiovascular function consistently
show signs of ischaemic damage in patients that have died from septic
shock.*!#% This has led to the theory that damage to these nuclei con-

tributes to the progression of the distributive shock that may evolve in
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4 Some authors have asserted that the term sepsis-associated encephalopathy should
be replaced by sepsis-associated-delirium.'*¢ However, according to the observa-
tions by Bolton and co-workers, the gradual decrease in consciousness does not nec-
essarily involve delirium.®7252 Accordingly, it has been argued that encephalopa-
thy and delirium are not necessarily synonymous terms, as delirium encompasses
specific diagnostic criteria, while encephalopathy may be used in a broader sense to
describe the presence of diffuse brain dysfunction,60065:379,396.602



sepsis.!*2 Approximately one third of patients with severe sepsis de-
velop shock, which is associated with an increase of the ICU mortality
rate by up to 20 %.5¢’

The studies of the present thesis aimed at investigating various
aspects of cerebral haemodynamic function in experimental and clini-
cal sepsis and are briefly outlined in Appendix 1. We developed a hu-
man-experimental model of the acute systemic inflammatory response
of sepsis by means of a continuous lipopolysaccharide (LPS) infusion
(Study A), and this method was used in three subsequent studies (Stud-
ies B, D, and E), while the two remaining studies (Studies C and F) in-
cluded septic patients admitted to the ICU.

In the next chapter, the use of LPS-infusion as a human-
experimental model of early sepsis is reviewed, including a discussion
of how this model relates to other experimental models of sepsis. In
the following six chapters, various aspects of cerebral haemodynamic
function after LPS infusion and in patients with clinical sepsis are re-
viewed. Furthermore, given that the cerebrovasculature is an integral
component of the cardiovascular system, and the blood supply to the
brain ultimately depends on the ability of the cardiovascular system to

3% the thesis also in-

generate an adequate and stable blood pressure,
cludes a chapter on the autonomic regulation of cardiovascular func-
tion in sepsis. On this basis, I will seek to identify changes in cerebral
haemodynamic function that may predispose to cerebral ischaemia in
sepsis, with focus on the changes that occur between the very early
stages, as modelled by LPS infusion in healthy volunteers, and more

advanced stages, as encountered in critically ill, mechanically venti-

lated patients admitted to the ICU.
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Chapter 2. Experimental and clinical sepsis

In the clinical setting, sepsis may be caused by a plethora of patho-
gens, and the clinical presentation is markedly influenced by the site
of infection, temporal factors, various therapeutic interventions, as
well as patient characteristics including genetic predisposition and
comorbidity.!%4** Clinical studies on sepsis are thus burdened with
very heterogeneous study populations, in which the onset time of dis-
ease is far from well-defined. For logistic and ethical reasons, it is
therefore difficult to study septic patients for scientific purposes until
the septic condition has progressed beyond its very early stages.*$32!
This complicates the identification of the fundamental mechanism of
disease, and thus necessitates the use of experimental models of sep-
sis 431483

The most widely used human-experimental model of sepsis is
the human endotoxaemia model, in which a human volunteer receives
an intravenous bolus injection of the endotoxin LPS (Figure
2.1).172290.352432 1 PS comprises the lipocarbohydrate component of
the outer membrane of most Gram-negative bacteria,*>’ and is a potent
activator of the innate immune system (Figure 2.2). The resultant im-
mune response is considered responsible for most of the toxic effects
of Gram-negative bacteria.>%125-36!

After intravenous injection, LPS is contained in the blood
compartment, where it is mainly carried by specific carrier proteins
and platelets.33%3%48 Of note, LPS does not pass the BBB,”>3 but is

86,96

predominantly bound in the liver, and degraded within

minutes e,134,342

¢ In Deventer et al.,'3* six healthy volunteers receive an intravenous bolus injection
of LPS (2 ng kg™"); Figure 2 in the paper provides a clearance curve for the injected
LPS, from which the elimination constant (k) for LPS may be estimated to be 0.14
minute™!. The plasma half-life, Ty, is consequently:

T_an_an & minut
5= T T 014 minutes
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Figure 2.1. Structure of lipopolysaccharide (LPS).

The innermost region of the LPS molecule contains lipid A, a phosphorylated glu-
cosamine disaccharide to which multiple B-hydroxy fatty acids are bound. Lipid A
anchors LPS to the bacterial membrane, so that the rest of the LPS projects from the
cell surface.#034434% It has been estimated that there are around 106 lipid A residues
per Eschericia coli bacterium.'®® A nonrepeating oligosaccharide component is at-
tached to lipid A, and comprises the ‘core’ of LPS.#08443:45 The outermost part of the
LPS molecule, the so-called O-antigen, is bound to the other end of the core oligo-
saccharide, and is thus exposed on the outer surface of the bacterial cell. It varies be-
tween strains and is consequently target for recognition by host antibodies.*** While
lipid A accounts for most of the biological effects of LPS, including the systemic in-
flammatory response,**>#%482 the O-antigen influences the magnitude of the re-
sponse. 9269

Figure 2.2. Molecular basis of the lipopolysaccharide (LPS)-triggered immune
response.

LPS monomers are carried by the LPS-binding protein (LBP) in plasma,**®4%* and
LBP subsequently transfers LPS to CD14, a pattern recognition receptor (PRR) that
is found on innate immune cells.’** CD14 acts as a co-receptor with myeloid differ-
entiation factor 2 (MD-2) and the toll-like receptor 4 (TLR4),?27-278:364:40849%8 of which
the latter is another PRR that specifically binds lipid A.*3!° The association of CD14
with the TLR4-MD-2 complex leads to dimerisation of TLR4, which then activates
the intracellular TLR4 pathway.’!>#” This involves the upstream activation of
MyD88, and which eventually leads to the translocation of nuclear factor kB
(NFxB) into the nucleus.’'*3#34%% This induces the synthesis and release of a wide
variety of inflammatory mediators including tumour necrosis factor a (TNF-o)) and
interleukin-1p (IL-1B).43%518



Despite this, an intravenous bolus injection of LPS triggers an hour-
lasting systemic inflammatory response by initiating toll-like receptor
4 (TLR4)-dependent pathways in resident tissue macrophages and en-
dothelial cells (Figure 2.2).
The minimal pyrogenic dose of well-characterised reference
LPS prepared from Eschericia coli has been identified as 0.1 ng
kg!,!%% whereas the maximum tolerated dose before hepatotoxicity en-
sues in humans is 4.0 ng kg™!.'®* The highest known dose of LPS ad-
ministered in man is 1.0 mg kg™! (self-administration), which led to a
state of shock and multiorgan failure.>*® As of now, no adverse reac-
tions to intravenous LPS administration have been reported in the hu-
man-experimental setting.'®* At doses of 2.0 ng kg™!, which are often
used in this setting, the plasma concentration of LPS briefly increases
to a level similar to that encountered in septic patients early after the
onset of a Gram negative infection (approximately 10 ng L1).44134
However, in patients admitted to the ICU with advanced sepsis, much
higher plasma LPS concentrations (in the mg L' range) are often ob-
served 44340389
The TLR4-dependent systemic inflammatory response to an
intravenous injection of an LPS bolus involves the release of numer-
ous pro- and anti-inflammatory cytokines to the bloodstream, which
will only briefly be reviewed here. Notably, plasma tumour necrosis
factor a (TNF-a) increases almost immediately and peaks 1% to two
hours post-injection, and typically returns to normal levels within
three hours. 195172352520 Relative to this, a slightly delayed increase in
interleukin-6 (IL-6) takes place between 1% and 3 hours post-
injection. 2468 This delay occurs because the IL-6 response is mainly
triggered by TNF-o in an autocrine and paracrine fashion.2#¢428 1L-6
usually peaks at about two hours and remains elevated up to 24 hours
post-injection,163:172290434.320 1t acts in concert with the closely related

139,198,221,322,572

IL-1P to induce fever and stimulate the release of acute

phase reactants from the liver.””'3%1%%322 This is accompanied by
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changes in circulating immune cells; even though white blood cells
are recruited from the bone marrow, a reduced total white blood cell
count is usually observed within the first 1'% hours of injection due to

neutropenia.>** This involves enhanced endothelial adhesion!*2952%

and extravascular migration of neutrocytes triggered by TNF-q.326:7!
Neutrocytes subsequently accumulate in various organs, particularly
the liver and the lungs.**>* Within the next hours, the initial leuko-
penia is converted to a marked leucocytosis, which is facilitated by an

155,289,365,520 as these hor-

increase in plasma cortisol and adrenaline,
mones inhibit neutrocyte adhesion and migration.’'>>%” The neutrocyte
count consequently typically peaks approximately eight hours post-
injection.!7?4?%520 Lymphocytopenia develops within the first 1%

hours after an LPS injection, 64287288

and this involves migration of
lymphocytes from the blood stream into splanchnic lymph nodes,
where activated mature T-cells undergo apoptosis.?®®*3 A gradual re-
covery in lymphocyte counts is evident four to five hours post-LPS,
and normal values are reached between eight and 24 hours.288:46!

In humans, the systemic inflammatory response to an intrave-
nous bolus injection of LPS is highly dose-dependent. Hence, at sub-
pyrogenic doses, subjects do not experience symptoms, and no signifi-
cant change in temperature, heart rate or blood pressure can be de-
tected.'® LPS doses of 2.0-4.0 ng kg™ increase core temperature by
about 2 °C, and are accompanied by characteristic flu-like symptoms,
which peak at 1% to two hours post-injection.?87-3%642 Furthermore,
the heart rate increases, while mean arterial pressure may decrease,
and the subject becomes tachypnoeic with evidence of respiratory al-

Kkalosis, 155:289.365.429,519-521

The systemic inflammatory response may
thus briefly resemble that encountered clinically during the early
stages of sepsis (Textbox 1.1). However, the sudden and brief primary
insult elicited by an intravenous LPS bolus injection differs
fundamentally from clinical sepsis, where the insult is persistent and

evolves over time.!'>12134! Compared to various clinical conditions,



the systemic inflammatory response to an LPS bolus is consequently
very short-lived, and although representative cytokine concentrations
are briefly reached, they may not be of a sufficient duration to induce
representative pathophysiological changes in various target organs.
This also poses a problem when using sub-pyrogenic LPS doses to
study low-grade inflammation, defined as a two- to three-fold increase
in circulating pro-inflammatory cytokines and acute-phase reactants,
which is considered a key player in the pathogenesis of various chron-
ic non-communicable diseases.***!6* Human endotoxaemia has
therefore been widely criticised as being insufficient as a clinical
model, notably in relation to the systemic inflammatory response as-
sociated with sepsis,!>14184

Due to these fundamental problems, we developed a continu-
ous LPS infusion-model in humans.! As summarised in Figure 2.3, we
found that LPS at a dose of 0.3 ng kg™! administered over four hours
induced a less pronounced TNF-a and IL-6 response than a 0.3 ng kg!
bolus injection. The neutrocyte response followed the same pattern,
while lymphocytes decreased similarly in the two groups. As expected
at this LPS dose, the slight increase in core temperature was too small
to be significant in point-by-point comparisons. However, notable dif-
ferences in the kinetics of the cytokine responses were evident, as
TNF-a peaked one hour after cessation of the continuous infusion,
while IL-6 peaked within the following hour, and neutrocytes peaked
after three hours. The systemic inflammatory response thus evolved
more gradually and was more sustained than following bolus injec-
tion.!

A recurring challenge when using LPS bolus injection is defin-
ing the appropriate time point for a given physiological assessment. In
many studies, measurements are made at 1’4 to two hours after the bo-
lus injection, at which time TNF-a, IL-6, and flu-like symptoms ap-
proximately peak. However, this time point precedes the peak core

287,365,429

temperature by several hours, while neutrocytes are typically
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Figure 2.3. Time course of clinical and biochemical variables after a bolus in-
jection vs. continuous infusion of lipopolysaccharide (LPS).

Ten healthy male volunteers received a bolus injection (¢) or a 4-hour continuous in-
fusion (A) of LPS (total dose 0.3 ng kg™"), or placebo (x) in a double-blinded cross-
over study. A: Heart rate; B: Rectal temperature; C: Plasma tumour necrosis factor o
(TNF-a); D: Plasma interleukin-6 (IL-6); E: Plasma cortisol; F: Lymphocyte count;
G: Neutrocyte count. Data are presented as mean + SD. *Overall difference between
baseline (0 hours) and the specific time point, as evaluated by ANOVA; *significant
difference between continuous infusion and placebo by post hoc comparison at the
given time-point; Psignificant difference between bolus injection and placebo by post
hoc comparison at the given time-point; “significant difference between bolus injec-
tion and continuous infusion by post hoc comparison at the given time-point. Repro-
duced from Paper | with permission.



0.3 ng kg* 2.0 ng kg*
Bolus injection 4h infusion Bolus injection 4h infusion
(n=10) (n=22) (n=8) (n=19)
Temperature (°C) 0.1 0.9%F 0.7+ 2.1%7
([-0.2]-0.3) (05— 1.4) (0.4-09) (1.8-23)
White blood cell count (10° L") -0.7 3.4%F -0.8 1.0%§%
([-2.21-0.9) 23-41) ([-2.21-0.8) ([-0.11- 1.9)
Neutrocyte count (10° L) 0.70 4.2% 0.6 AR
(-23]-1.7) (32-5.0) ([-0.8]—2.1) (1.4-3.6)
Lymphocyte count (10° L) 0.7% 0.7 0.7% LO*
([-1.0]-[-0.5])  ([-09]-[-0.6]) | ([-0.8]-[-0.5])  ([-1.3]-[-0.9])
TNF-a (fold change) 8% 8* 371% 40%i#
(5-13) 6-12) (143 - 963) (32-49)
IL-6 (fold-change) 23* 57% 2922%# 956*"
(14— 40) (27-122) (1705 — 5009) (735 1247)
Heart rate (beats min™') 3 12* 14%% 37*#
([21-8) (1-20) (7-22) (31 -40)
MAP (mmHg) 0 -3 3 -9%f
(-51-5) ([-12]-4) ([-6]-12) ([-171-[-3])
PaCO; (kPa) n/a -0.7* -0.8% -0.8%
([-091-[-0.5) | (-1.0]-[-0.6)  ([-1.0]-[-0.7])
pH (units) n/a 0.03* 0.03 0.04*
(0.00 - 0.05) ([-0.01] - 0.08) (0.03 - 0.05)

Table 2.1. Changes in systemic inflammatory response variables to bolus injec-
tion vs. four-hour continuous infusion of lipopolysaccharide (LPS) at two dif-

ferent doses.

Data are presented as changes between baseline and 1% hours post-LPS for bolus in-
jections, and between baseline and 1-1' hour after cessation of the continuous in-
fusions, respectively. For all variables, absolute mean changes with 95 % CI are pre-
sented, except for tumour necrosis factor o (TNF-a) and interleukin-6 (IL-6) where
mean fold-changes with 95 % CI are presented, because the data had to be logarith-
mically transformed. Data are pooled from Studies A-D and Maller et al. 2002.3%
n/a: not available. *Significant change from baseline; fsignificant change from bolus
injection at the same LPS dose; *significant change from lower LPS dose (0.3 ng
kg") when using the same mode of administration (bolus injection or continuous in-

fusion).

Figure 2.4. Symptoms during a four-hour lipopolysaccharide (LPS) infusion.

LPS was infused from 0—4 hours (shaded area) at a dose of 2.0 ng kg™'. Symptoms
were evaluated by a visual analogue scale, represented by a horizonal line, ranging
from ‘none at all’ to ‘worst imaginable’. The presented data are median values from

Studies D and E (n = 19).
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within the normal range as they have just recovered from the initial
neutropenia.?®*#? The associated increase in heart rate and ventilation
likewise continue to increase beyond the cytokine peak and reach their
maximal values more than four hours after the bolus injec-

289.365429.519.521 at which time the mean arterial blood pressure

tion,
(MAP) nadir is also reached.?®**?*° Given that the systemic inflamma-
tory response syndrome is defined by temperature, white blood cell
counts, and cardio-respiratory changes (Textbox 1.1), the 1% to two-
hour time point is clearly not ideal for replicating several aspects of
the acute systemic inflammatory response of sepsis.

In Table 2.1, LPS-induced changes in the various parameters
of the systemic inflammatory response syndrome are reported as dif-
ferences from baseline at the post-LPS cytokine peak following either
a bolus injection or a continuous LPS infusion. At a dose of 0.3 ng
kg!, the TNF-a and IL-6 increase and the lymphocyte decrease are
similar after bolus injection and continuous infusion. In contrast,
changes in core temperature, neutrocyte count, and heart rate were on-
ly observed after the continuous infusion. Hence, even though 0.3 ng
kg™ is typically considered a sub-pyrogenic dose, volunteers receiving
this dose as a four-hour continuous infusion showed evidence of acute
systemic inflammation, both in terms of temperature, cytokine and
immune cell responses, as well as the associated cardio-respiratory
changes. At 2.0 ng kg™!, the cytokine response was less pronounced af-
ter continuous infusion than following bolus injection, but the core
temperature increase was larger,” and the changes in white blood cell
counts and cardio-respiratory parameters were more pronounced. Fur-
thermore, the associated flu-like symptoms peaked around the cessa-

tion of the continuous infusion (Figure 2.4).
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fIn Study E, we continually monitored skin temperature. We found that a sudden
temperature increase set in 2 hours and 22 minutes (mean, 95 % CI 2 hours and 5
minutes to 2 hours and 38 minutes) into the infusion, and peaked 37 minutes (mean,
95 % CI 7 to 66 minutes) after the cessation of the infusion. This indicates that the
one-hour post infusion time point is close to the peak increase in core temperature, at
least at a dose of 2.0 ng kg™



In the present thesis, the continuous infusion model was used in Stud-
ies B, D, and E, and in all studies post-LPS cerebral haemodynamic
assessments were made within two hours after cessation of the infu-
sion (Appendix 1). At this time, all volunteers showed evidence of
acute systemic inflammation with fever, increases in TNF-a, IL-6, and
white blood cell counts with associated cardio-respiratory changes and
flu-like symptoms.

While the emphasis is on human studies in the present thesis,
these are discussed in relation to animal studies as appropriate, based
on the presumption that the validity of a finding in human-
experimental or clinical studies is strengthened if it is supported in an-
imal models.'3* These animal models in various species include intra-
venous infusion of LPS or live bacteria, as well as peritonitis induced
by either caecal ligation and puncture or by the injection of bacteria or
LPS into the peritoneal cavity.’>!78:433:454483585 A g with the human en-
dotoxaemia model, animal models make it possible to standardise the
experimental conditions, so that the study group and the septic condi-
tion become less heterogeneous than in the clinical setting, while also
allowing the study of the very early stages of disease. However, they
additionally permit the induction of a much more severe and protract-
ed systemic inflammatory response than human endotoxaemia, so that
the progression of sepsis can be studied beyond the early stages. The
direct translation from human to animal studies is, however, compli-
cated by vast interspecies differences in immune physiology, includ-
ing LPS sensitivity.!06:453:454

There is currently no consensus as to how the different animal
models of sepsis should be compared to human endotoxaemia and
clinical sepsis. In the present thesis, I handle this by defining five
basic stages of the acute systemic inflammatory response, which is
based on the composite changes in temperature, white blood cell

counts, circulating cytokines, as well as cardio-respiratory changes as
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available in the different studies, and which takes the species and type

of infectious insult into account:

Stage 0:

Stage I:

Stage II:

Stage I11:

Refers to the healthy control state or baseline condi-

tions.

Observed immediately after a bolus injection of LPS
or bacteria and is probably more of an experimental
curiosity or artefact than representative of any clinical
stage. Within 20 minutes of the LPS bolus, and before
any significant changes in core temperature and circu-
lating white blood cells are observed, a sudden drop in
arterial blood pressure with an increase in heart rate is
observed, lasting for about 5 minutes.'>2%520 Blood
pressure and heart rate then quickly reach near-

baseline levels.

A gradual increase in core temperature, heart rate, and
ventilation are observed, and prodromal symptoms of
malaise may set in (in humans). This stage is observed
from 20-30 minutes to one hour after an intravenous
bolus injection of LPS in humans and animals, during
one to three after the initiation of four-hour continu-
ous LPS infusion in humans, and three to four hours
after the induction of peritonitis in animal

models.]2’453’483

Encountered one to three hours after a bolus injection
of LPS in both human and animal studies, from one
hour before to two hours after the cessation of a con-
tinuous LPS infusion in humans, and four to six hours

after the induction of peritonitis in most animal mod-



Stage IV:

Stage V:

els. This stage is characterised by fever with associat-
ed changes in white blood cells (which differ depend-
ing on species), hyperventilation, and tachycardia, and
in some instances a reduction in arterial blood pres-
sure. TNF-a and IL-6 peak during this stage.!78433:483
In human-experimental studies, volunteers quickly re-
cover after the peak of this stage, and neither bolus in-
jection or continuous infusion of LPS thus progress

beyond this stage.'>43

A transitional stage between stage III and V, as en-
countered in some animal models of sepsis using
high-dose endotoxemia, peritonitis-, or bacteraemia-
studies, as well as in some clinical patient
studies *%178:240453483 Dyring this stage, the systemic
inflammatory response reaches a plateau, with contin-
ued fever, persistently high white blood cell counts,
hyperventilation, and IL-6 levels, while TNF-a levels
slowly decrease. Clinical deterioration with progres-

sive organ failure is observed at this stage.

In the present thesis, this is the stage of manifest ad-
vanced sepsis, when patients have been admitted to
the ICU, or when sepsis has been present for more
than 20 hours in animal models.'*>**30 During this
stage a systemic inflammatory response is maintained
with fever, increased white blood cell counts, tachy-
cardia, and high IL-6 levels, while TNF-a levels are
only moderately increased.’*!3 At this stage, shock

and multiorgan failure may have evolved.
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This staging of the systemic inflammatory response is not to be con-
sidered a model of the temporal evolution of the septic conditions as
such, but rather a conceptual framework that renders it possible to
compare findings from various experimental and clinical models of
sepsis in a systematic fashion. Notably, it permits the identification of
stage III in experimental studies, which is considered representative of
early sepsis in the present thesis, because the systemic inflammatory
response criteria are formally fulfilled during this stage. Meanwhile,
stage V is considered representative of advanced sepsis, and the pre-
sent thesis principally focuses on differences between stage 0, 111, and
V. In any event, it must be noted that the time course of the systemic
inflammatory response cannot explain all putative differences ob-
served between the stages, particularly not when considering the dose-
dependency of the systemic inflammatory response combined with the
fact that septic patients are typically exposed to a much higher LPS or
bacterial load than can be achieved in most experimental studies. Re-
gardless of the stages outlined above, notable interspecies differences
exist both in terms of immune function and cerebral haemodynamic
function.t The review in the present thesis is thus based on findings
from human studies, while animal studies are mainly introduced when
they add notable perspectives and/or further strength to conclusions

based on human data.
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8 Notably, humans lack a carotid rete mirabile, which is involved in the regulation of
brain temperature in many animals.?>!48226468 A will be outlined in the present the-
sis, changes in core temperature may be pertinent to the cerebral haemodynamic
changes observed during febrile illness in humans. Due to presence of a carotid rete
mirabile, this is not necessarily the case in dogs, cats, and pigs, that is, animals that
are commonly used in experimental models of sepsis.



Chapter 3. Cerebral blood flow

We investigated global CBF by the Kety-Schmidt technique?’*
272274537 during stage III in healthy volunteers. Global CBF was simi-
lar between conditions even though an increase in the cerebral meta-
bolic rate of oxygen (CMRO2) was concurrently observed" (Figure
3.1A-B). Given that an increase in CMRO2 is normally a potent stimu-
lus for CBF,!96:243:302411412.50559 o findings suggest that an effica-
cious vasoconstrictive influence must concurrently be present in the
cerebrovasculature.

Accordingly, we found evidence of reduced CBF during stage
ITI in a subsequent study,* as middle cerebral artery blood flow veloc-
ity (MCAv, cyclic mean) determined by transcranial Doppler ultra-
sound was lower during stage III than at baseline (Figure 3.2A).
Meanwhile, the transcranial Doppler-derived cerebrovascular re-
sistance index (CVRi) showed no change (Figure 3.2B). The Doppler
probe was, however, detached during the LPS infusion, and since both
MCAv and CVRi are highly insonation angle-dependent, 3613 these
findings should be interpreted with caution. The associated changes in
the less insonation angle-dependent Pourcelot’s Resistive Index (RI)
and Gosling’s Pulsatility Index (PT),20343%613 nevertheless also suggest
that cerebrovascular resistance is increased during stage III (Figure
3.2C-D).

Other human-experimental studies, based on either the Kety-
Schmidt technique or transcranial Doppler ultrasound, have found that
CBEF is also reduced during stage III triggered by a bolus injection of
LPS #4365 In the Kety-Schmidt-based study, CMRO2 was concurrently
found to be unaffected,® thus yielding a similar mismatch between

CBF and CMRO:2 as in our Kety-Schmidt based study.
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Figure 3.1. Global cerebral blood flow (CBF) and cerebral metabolic rate of
oxygen (CMRO) during stage I11 and V.

Data on stage 0 and III are from Paper Il, and are based on the Kety-Schmidt tech-
nique using N,O as the tracer. Data on stage V are pooled from patients with availa-
ble individual data from Bowton et al.”® and Maekawa et al.?® (n = 9), and are pre-
sented as mean + SD. In these two studies, CBF and CMRO, were measured by the
133X e washout technique and the Kety-Schmidt technique (using stable argon as the
tracer), of which the former is an extension of the Kety-Schmidt technique.’”
*Significantly different from stage 0; fsignificantly different from stage III.



Figure 3.2. Transcranial Doppler ultrasound-based assessments of cerebral
blood flow and cerebrovascular resistance during stage 111 and V.

Data on stages 0 and III are from Study D; data on stage V are from Study C (n =
16), and presented as median (IQR). Data on middle cerebral artery blood flow ve-
locity (MCAv) and cerebrovascular resistance index (CVRi) have previously been
reported.> A: MCAv (cyclic mean); B: CVRi; C: Gosling’s Pulsatility Index (PI);
D: Pourcelot’s Resistive Index (RI). All presented values are mean values over a
four-minute period. PI is normally 0.5 to 1.2, and increases as a function of cerebro-
vascular resistance downstream of the insonated vessel. It is, however, also affected
by a number of other mutually interdependent hemodynamic parameters, such as
CPP, pulse pressure, cerebral arterial compliance, and heart rate 4>114115.239.558.5%9 R
is largely dependent on the same parameters as PI; normally, RI > 0.8 is interpreted
as evidence of elevated cerebrovascular resistance.'!>3332 *Sjonificantly different
from stage 0; tsignificantly different from stage III.

Furthermore, based on assessments of the cerebrovascular carbon di-
oxide reactivity at baseline, the reduction in CBF during stage I1I was
found to be of a magnitude that could be explained by the LPS-
induced hyperventilatory response.*®> The transcranial Doppler ultra-
sound-based study correspondingly found that the observed reduction
in MCAV correlated with the reduction in PaCO2.3

In contrast to the abovementioned studies, one human-experi-
mental study also based on the Kety-Schmidt technique, found no
changes in either CBF or CMRO2 measured hourly for five hours after
an intravenous LPS bolus injection.**® In this study, the subjects were

presumably poikilocapnic, but data on PaCO2 were not reported. The
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statistical approach in this study was rather conservative, and the lack
of any statistical difference in CBF between baseline and 1 or 2 hours
post-LPS may potentially reflect a type II error."

Several animal studies focusing on stage III have likewise
found that CBF is unaffected while CMRO: is increased, or that CBF
is reduced without any change in CMRQ7,94153:154.333:410445,578-580
one study in sheep found no changes in either CBF or CMRO2 during

stage I11.4%

Accordingly, cerebrovascular resistance has been shown
to increase, even in cases where CPP is critically reduced due to the
presence of shock,*4153154.170.353.575.578-581.592 Thjg hag been ascribed to
the hyperventilatory response associated with acute systemic inflam-
mation in most of these studies. 3179410445 However, when compar-
ing data from the same experimental model in dogs, cerebrovascular
resistance also increases in isocapnic animals during stage III albeit to
a lesser extent that during poikilocapnia,!33-161410

In terms of global CBF in clinical sepsis, we have not yet ex-
amined this in patients during stage V. However, although data from
Study C show that CVRi is similar during stage 0 and V, MCAv is
lower while RI and PI are higher in the latter, suggesting increased
cerebrovascular resistance (Figure 3.2A-D). Findings from a more re-
cent study that reported Pl-values in septic patients also suggest that
cerebrovascular resistance is frequently increased during stage V.***
Two classic studies of unsedated patients during stage V support this,
as they both reported a mean global CBF in patients of approximately
30 mL 100 g brain tissue™! min™!, which is lower than in healthy condi-
tions.”®3?® CMRO: was also found to be reduced, and when consider-

ing the data from the two studies together, it is evident that CMROz2 is
reduced to a greater extent than CBF (Figure 3.1A-B). Data on global
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" Ten volunteers participated in this study, and comparisons were made between
baseline and five subsequent time points with adjustments for multiple comparisons.
In order to detect a 10 ml 100 g' min™' reduction between baseline and 1-2 hours as
in Moller et al.** with a power of 0.80 and a similar variability in the data, this
would require at least 14 subjects.



CBF and CMRO: from a study on sedated and mechanically ventilat-
ed patients during stage V show a similar pattern.>*

The cerebral flow-metabolism relationship thus appears to dis-
associate in a biphasic manner between stage III and stage V. During
stage III, inverse CBF and CMRO:2 changes take place, with a reduc-
tion in CBF, and thus an increase in cerebrovascular resistance, rela-
tive to CMRO2. Given that the cerebrovascular COz2 reactivity is pre-
served, hyperventilation may contribute to these changes. During
stage V this appears to be reversed, since CMRO2 is reduced more
than CBF, notwithstanding that cerebrovascular resistance remains
high.
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Chapter 4. Cerebrovascular reactivity to acute changes in blood

gases

A critical aspect of the regulation of CBF and the maintenance of a
sufficient oxygen supply to the brain tissue is the ability of the cere-
brovasculature to respond to changes in oxygen (Figure 4.1) and car-

bon dioxide (Figure 4.2).5228257,5535%

Figure 4.1. Relationship between cerebral blood flow (CBF) and PaO..
Hyperoxia increases while hypoxia reduces cerebrovascular resistance,’>24428:488,550
in such a way that a hyperbolic relationship between PaO, and CBF is present, with
miniscule changes in CBF for PaO; levels > 13.3 kPa and marked changes in CBF
at PaO; levels < 7.9 kPa.?" The cerebrovascular oxygen reactivity is increased by an
increase in PaCO, and vice versa for a reduction in PaCO,.3%

Figure 4.2. Relationship between cerebral blood flow (CBF) and PaCO..

The relationship between PaCO, and CBF is sigmoidal, with a reduction in cerebro-
vascular resistance upon an increase in PaCO», and an increase in cerebrovascular
resistance upon a decrease in PaCO». The relationship is near-linear in the 2.5-8.0
kPa range.?23:249:273.275.283452 If PaQ, is reduced, the cerebrovascular carbon dioxide
reactivity is increased, and vice versa for an increase in Pa0O,.3*
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Figure 4.3. Cerebrovascular oxygen reactivity (CVOzR) during stage I11.

Data from.*> The change in middle cerebral artery blood flow velocity (MCAv) from
normoxia (F102 = 21 %) to either inspiratory hyperoxia (F102 = 40 %) or hypoxia
(F10, = 12 %) is shown at each time point. A: Cerebrovascular responses to acute
inspiratory hyperoxia B: Cerebrovascular responses to acute inspiratory hypoxia.
The assessments were based on the cerebrovascular effects to changes in PaO,. We
obtained similar findings when the estimates were based on changes in arterial oxy-
gen content (CaO3).

We examined the cerebrovascular oxygen reactivity (CVO2R) to both
hyperoxia (F1O2 40 %) and hypoxia (F1O2 12 %) in humans during
stage III, while monitoring and adjusting end-tidal PCO: to keep
PaCO: constant.”> The hyperoxia and hypoxia affected arterial oxy-
genation to the same extent at baseline and during stage 111,52 and we
found no changes in CVO:2R to either intervention (Figure 4.3). In ac-

cordance with maintained CVO2R during stage III, we have previous-



Poikilocapnia Isocapnia

Acid-base status

PrCO> (kPa) 4.7(0.7) 5.3 (0.13)F
PaCO; (kPa) 4.8(0.5) 5.1(0.3)t
pH (unts) 7.44 (0.02) 7.42 (0.05)F
Base excess (mM) 0.5(24) 0.4 (3.7)
Oxygenation

Pa0; (kPa) 11.2(1.4) 12.1 (1.1)
Sa0; (%) 97 (1) 98 (1)
Ca0, (mM) 8.5(0.5) 8.4(0.5)
Cardiovascular variables

Heart rate (beats min™') 93 (15) 95 (16)
MAP (mmHg) 82 (11) 83(9)
Cerebral haemodynamic variables

a-jvDO; (mM) 3.0(0.3) 2.7(0.3)t
EO; (%) 36 (3) 32 (3)t

Table 4.1. Systemic and cerebral haemodynamic effects of adding carbon diox-
ide to the inspired air during stage I11.

Previously unpublished data from Study D. Data are presented as mean (SD). CO»
was added to the inspired air to maintain isocapnia during stage III in seven of the
volunteers. According to our protocol, paired arterial-jugular venous blood samples
were obtained at the cessation of the four-hour lipopolysaccharide infusion (‘poikil-
ocapnia’), that is, immediately before end-tidal PCO; (PerCO2) was adjusted, and
twenty minutes later after breathing a gas mixture of normoxic air (FiO2 =21 %), in
which sufficient CO, was added to normalise PerCO». CaO»: arterial oxygen con-
tent; EO,: cerebral oxygen extraction fraction; MAP: mean arterial blood pressure.
tSignificantly different from poikilocapnia.

ly found that the CBF change to nine hours of inspiratory hypoxia
(F102 12 %) in humans that receive intravenous LPS (corresponding to
stage 1II) is similar to the change in humans that receive intravenous
saline, corresponding to stage O (Taudorf et al., unpublished
findings). In a study on dogs, it was found that the CBF increase to
15 minutes of hypoxia at a targeted SaO2 of 75 % and 50 % during
stage III was similar to that of control animals.'**

No previous studies have formally tested the cerebrovascular
carbon dioxide reactivity (CVCO2R) during stage III in humans.
However, carbon dioxide was added to the inspired (normoxic) air for

20 minutes to maintain isocapnia during stage III in Study D, and the

effects of the resultant increase in PaCO2 may thus be assessed (Table
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Normoventilation Hyperventilation

Acid-base status

PaCO; (kPa) 53(5.0-6.5) 47 (42-5.1)*
pH (units) 7.43 (7.40 —7.44) 7.46 (7.40-7.48)
Base excess (mM) 1.6 ([-1.6] - 7.8) 0.4 ([-23]-5.7)
Oxygenation

Fi02 (%) 40 (38 —48) 40 (38 —48)
Pa0, (kPa) 10.8 (9.9 - 13.0) 11.0 (9.9 - 12.5)
Sa0; (%) 97 (97 - 98) 98 (97 —98)
Ca0, (mM) 6.1 (5.5-6.4) 6.3 (5.5-6.6)
Cardiovascular variables

Heart rate (beats min™') 74 (62 -77) 64 (58 —74)
MAP (mmHg) 71 (70 —74) 75 (70 -179)
Cerebral haemodynamic variables

MCAv (cm sec™) 57 (33— 68) 32 (21 - 40)*
CVRi (mmHg sec cm!) 13(1.1-27) 25Q2.1-3.9)%

Table 4.2. Systemic and cerebral haemodynamic effects mechanical hyperventi-
lation during stage V.

Data from Paper V. Data are presented as median (IQR). Seven critically ill patients
admitted to the ICU with severe sepsis or septic shock were mechanically hyperven-
tilated, targeting a PaCO; reduction of 1020 %. CaO;: arterial oxygen content;
CVRi: cerebrovascular resistance index; MAP: mean arterial blood pressure; MCAv:
middle cerebral artery blood flow velocity. *Significantly different from baseline.

4.1). We obtained paired arterial-jugular venous blood samples imme-
diately before and after this intervention. By assuming that CMRO:2
did not change over these 20 minutes, the resultant reduction in arteri-
al to jugular oxygen difference (a-jvDO2) may indicate that CBF in-
creased by 12 (4-20) %. This corresponds to a median CVCO2R of 43
(IQR 5-68) % kPa’l. There is no consensus regarding the normal
range of CVCO:2R in humans, with reported values ranging from 8 to
45 % kPal in different studies.!”"263338 From our findings it may nev-
ertheless be inferred that CVCO2R is still present during stage I11, alt-
hough this needs to be confirmed in studies where paired comparisons
are made for CVCO2R between stage 0 and stage III. According to
studies in dogs CVCO2R is maintained albeit slightly reduced during

stage IH.94’153’410



Figure 4.4. Cerebrovascular carbon dioxide reactivity (CVCO:2R) during stage
V.

Data are obtained from Bowton et al. (n = 9),”® Matta & Stow (n = 10),3* Bowie et
al. (n = 12),” Thees et al. (n = 10),>* Kadoi et al. (n = 20)** and Berg & Plovsing
(n=7),Y and are all presented as mean + SD, except for our own findings which are
presented as median (IQR). In all studies, CVCO2R was assessed during a reduction
in PaCO; achieved by mechanical hyperventilation. One study used the '33Xe wash-
out technique to determine the associated CBF changes,’® while the remaining used
transcranial Doppler ultrasound. There is no well-defined normal range for
CVCO2R, but the range of values reported in healthy volunteers under baseline con-
ditions in previous studies is illustrated by the shaded area.!-77-263:338

While CVO2R has not yet been examined during stage V, CVCO2R
has been addressed in several clinical studies.":7778:263343539 [n me-
chanically ventilated septic patients admitted to the ICU with sepsis,
we assessed CVCO2R by increasing minute ventilation, aiming at a
reduction in PaCO2 of 10-20 %.Y To ensure steady state, we main-
tained mechanical hyperventilation for 30 minutes; the effects of this
on arterial blood gas values are summarised in Table 4.2. Mechanical
hyperventilation caused a 36 (18-48) % increase in CVR, and a con-
sequent 22 (11-37) % reduction in MCAv, corresponding to a median
CVCO2R of 30 (IQR 27-66) % kPa''. Our findings thus indicate that
CVCO2R is maintained during stage V, which is in line with previous
studies (Figure 4.4).

Together, the available studies thus indicate that the cerebro-

vasculature remains capable of responding to both PaO2 and PaCO:2
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changes during stage III. It remains to be determined whether the cere-
brovascular reactivity to changes in PaOz2 is affected during stage V,
while the ability to respond to changes in carbon dioxide is maintained
at this stage. However, based on our findings, the presence of a slight
reduction in CVCO2R during stage III and/or stage V cannot be dis-

carded.



Chapter 5. Cerebral autoregulation

The concept of cerebral autoregulation was first described by the Dan-
ish clinical physiologist Niels A. Lassen in a seminal paper published
in Physiological Reviews in 1959.2° Cerebral autoregulation refers to
the ability of the cerebrovasculature to keep CBF relatively constant
across a range of CPPs," and may both be considered a static and a dy-
namic phenomenon. Hence, static cerebral autoregulation describes
the cerebrovascular changes to changes in CPP at steady state, which
encompasses the ‘autoregulatory plateau,” which is enclosed by an

upper and a lower limit (Figure 5.1).

Figure 5.1. The static cerebral autoregulation curve.

Static cerebral autoregulation is mediated by adjustments in cerebrovascular re-
sistance which reduce the impact of steady-state changes in cerebral perfusion pres-
sure (CPP) on cerebral blood flow (CBF).3%22829%413 This involves cerebral vasocon-
striction upon an increase in CPP, and cerebral vasodilation in response to a reduc-
tion in CPP. At the ‘autoregulatory plateau,” which is enclosed by a lower (LL) and
an upper limit (UL), CBF changes less than 10 % per 10 mmHg change in
CPP.33:228.320.603 The LL is located at a CPP of 60—90 mmHg and the UL at 140—150
mmHg, and outside these limits, CBF varies passively with CPP,2%301,386.387.515 Be.
low the LL, oxygen extraction is increased to match the cerebral metabolic require-
ments; when CBF reaches about 20 ml 100 g brain tissue™! min™' (typically at a CPP
of <25 mmHg>") this mechanism fails and the so-called ischaemic threshold is
reached (dashed horizontal line). The curve’s intersect with the abscissa is the criti-
cal closing pressure, and is normally reached at a CPP of < 20 mmHg.*"

i The cerebrovascular adjustments to changes in MAP and not CPP is considered in
most studies of cerebral autoregulation. This may be justified because CPP varies

linearly with MAP, given that that intracranial pressure (ICP) is constant:

CBF = CPP _ MAP — ICP
T CVR CWR
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Figure 5.2. Slope of the cerebral autoregulatory plateau during stage 111 and V.

Previously published data from Studies C and E.>* Slopes of the regression lines be-
tween a noradrenaline-induced increase in mean arterial blood pressure (above the
lower limit of autoregulation) and the corresponding change in middle cerebral ar-
tery blood flow velocity (MCAV) are shown. Data for stage V (n = 14) are presented
as median (IQR). TSignificantly different from stage III.

We examined static cerebral autoregulation during stage III by using
intravenous noradrenaline to increase MAP by 25-30 mmHg while
measuring MCAv by transcranial Doppler ultrasound in healthy hu-
mans at baseline and during stage I1I triggered by LPS.> At baseline,
MAP was increased from 91 (86-98) to 110 (106— 116) mmHg, and
during stage 111, from 74 (73-83) to 104 (101-106) mmHg. On the ba-
sis of a dual linear regression method,?*®*4” we inferred that all MAP
values at baseline and stage III exceeded the lower limit of autoregula-
tion, and that the slope of the autoregulatory plateau was similar be-
tween these stages (Figure 5.2). No other studies have examined static
cerebral autoregulation during stage III in humans, but studies in both
rats and dogs have likewise found that static cerebral autoregulation is
maintained, 5161410462

In patients during stage V, MAP was below the lower limit of
autoregulation in two of fourteen patients (at a MAP of 77 and 84
mmHg, respectively); in the remaining patients, MAP was located
above the lower limit.>* As MAP was increased from 75 (69-81) to 95

(88—110) mmHg by noradrenaline infusion, the slope of the autoregu-



latory plateau was found to be similar to the baseline slope in healthy
volunteers (Figure 5.2).

Our findings agree with a previous transcranial Doppler ultra-
sound-based study by Matta & Stow, in which static cerebral autoreg-
ulation to an increase in MAP induced by phenylephrine was found to
be preserved in septic patients during stage V.3** However, in a tran-
scranial Doppler ultrasound-based study by Taccone et al. where nor-
adrenaline was used to increase MAP in a similar manner to our study,
static cerebral autoregulation was reported to be impaired in two thirds
of patients, particularly in the patients with the highest PaCO2
levels.®? The quantitation of static autoregulation in this study differs
substantially from our approach, in that we assessed the regression
line slope between MCAv and MAP during the MAP increase, while

Taccone et al. used the cerebral autoregulation index (CAI =

AMAP%
ACVR%

), and dichotomously defined CAI > 2 as evidence of impaired

autoregulation. This does nevertheless not readily explain the differ-
ence between the findings between studies, as a reassessment of our
data yields a CAI of less than 2 in all our patients (median 0.5, IQR
0.2-0.8). However, baseline MAP values were 65 (SD 6) mmHg in
the study by Taccone et al. and thus tended to be lower than in our
study, while the lower limit of autoregulation was not accounted for.
If MAP was below the lower limit of autoregulation prior to the MAP
increase, this would result in a falsely high CAI. Indeed, the propor-
tion of patients with CAI > 2 increased with PaCOz2, which, consistent
with the known effects of hypercapnia on the cerebrovasculature, may
be explained by a right-shift of the lower limit of autoregulation,?23413
However, increased PaCO: levels are unlikely to cause the right-shift
of the lower limit of autoregulation per se, since another study found
that the lower limit of autoregulation was right-shifted during stage V
in rats that were kept normocapnic.*!®

In contrast to static cerebral autoregulation, dynamic cerebral

autoregulation specifically refers to the acute cerebrovascular changes
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that occur within seconds from a change in CPP, including the cere-
brovascular responses to oscillations in CPP at different
frequencies, 04400604613 Several conceptually different methods for as-
sessing dynamic cerebral autoregulation exist, and the methods of rel-
evance to this thesis are described in Appendix 2.

By using transfer function analysis, we found that dynamic
cerebral autoregulation to spontaneous oscillations in MAP (as a
proxy for CPP) was enhanced during stage I1I in poikilocapnic human
volunteers.** Specifically, we found that transfer gain was reduced
while phase was increased (Figure 5.3), which implies that the cere-
brovasculature both buffers the effect of a change in MAP more effec-
tively and responds faster to such a change.* When we assessed dy-
namic cerebral autoregulation to an acute MAP reduction triggered by
thigh cuff deflation during stage IIT under poikilocapnic conditions,"!
we similarly found that the cerebrovasculature responded faster than
at baseline (Figure 5.4).

In another study based on transfer function analysis, we dimin-
ished the reduction in PaCO: during stage III by adjusting end-tidal
PCO3, so that none of the volunteers became overtly hypocapnic.>
Gain was consequently unaffected, while an increase in phase re-
mained, although this was less pronounced than during poikilocapnia
(Figure 5.3). We also examined whether dynamic autoregulatory
function becomes more sensitive to changes in PaO: in this context by
exposing volunteers to an FiO2 of 12 % and 40 % for 20 minutes
each. These interventions caused no changes in transfer function anal-
ysis-based indices of dynamic cerebral autoregulation, neither at base-

line nor during stage II1.5



Figure 5.3. Dynamic cerebral autoregulation to spontaneous blood pressure os-
cillations during stage Il and V.

Previously published data from Studies C-E3%% Dynamic cerebral autoregulation
was assessed by transfer function analysis, and only gain and phase values in the
0.07—0.20 Hz range where coherence > 0.40 are shown. Data for stage V (n = 14)
are presented as median (IQR). A: Gain; B: Phase. *Significantly different from
stage 0; fsignificantly different from stage III during poikilocapnia; #significantly
different from stage III during isocapnia.
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Figure 5.4. Dynamic cerebral autoregulation to a thigh-cuff deflation-induced
reduction in blood pressure during stage 111 and V.

Data from Paper VI. Data for stage V (n = 6) are presented as median (IQR). mRoR:
modified rate of regulation. *Significantly different from stage 0.

Since previous findings suggest that a steady state increase in MAP
achieved by intravenous administration of the selective a-adrenergic
agonist phenylephrine improves dynamic cerebral autoregulation,®"
we examined whether this is also the case in response to noradrenaline
during stage I11.Y We found that while a noradrenaline-induced steady
state MAP increase reduced gain at baseline, it did not cause any fur-
ther changes in dynamic cerebral autoregulation during stage III under
poikilocapnic conditions (Figure 5.5).

Two other studies have used transfer function analysis to ex-
amine dynamic cerebral autoregulation during stage III in humans, but
in contrast to our studies they injected LPS as a bolus (2.0 ng
kg).83% In accordance with our findings, one of these studies also
found a reduction in gain and increase in phase during poikilocapnia,
and furthermore reported that these changes correlated with the con-
comitant reduction in PaCO2.%* The other study assessed dynamic cer-
ebral autoregulation at baseline and 2, 4, 6, and 8 hours after LPS,

presumably under poikilocapnic conditions, and analysed trends over



Figure 5.5. The dynamic cerebral autoregulatory adaptive response to a nora-
drenaline-induced blood pressure increase during stage 111 and V.

Data from Studies B and D which have in part been published in Paper I1l. Dynamic
cerebral autoregulation was assessed by transfer function analysis during saline and
noradrenaline infusion during stage 0 and III (n = 7 for both), and during an increase
in the noradrenaline infusion rate during stage V (n = 6). Only gain and phase values
in the 0.07—0.20 Hz range where the corresponding coherence > 0.40 are shown.
Data are presented as the median (95 % CI) change induced by the noradrenaline-
induced increase in blood pressure. A: Change in gain; B: Change in phase.
*Significant effect of a noradrenaline-induced increase in blood pressure.

time by a mixed model analysis.**’ No changes in either gain or phase
were reported; however, given that only the 2 hour time point can be
argued to reflect stage III, while the highly dynamic acute systemic in-
flammatory response to the LPS bolus had expectedly ceased at the re-
maining time points (see Chapter 2), the study design may render it
difficult to detect any relevant changes between baseline and stage II1.

When evaluating dynamic cerebral autoregulation by transfer
function analysis in patients during stage V, we found that gain was
similar while phase was lower than in healthy volunteers, and the lat-

ter furthermore correlated inversely with PaCO2.%* These findings im-
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ply that the dynamic cerebral autoregulatory responses to a spontane-
ous change in MAP is slower than in healthy conditions, even though
the magnitude of response as such is similar. In contrast to these find-
ings, we found similar values to healthy volunteers when assessing
dynamic cerebral autoregulation to an acute MAP reduction induced
by thigh cuff deflation"" (Figure 5.4). The latter results were probably
biased by greater intravascular volume depletion in patients, which re-
sulted in smaller and slower MAP changes in response to thigh cuff
deflation, so that the cerebrovasculature was not challenged to the
same extent as in healthy volunteers.

No other studies have used transfer function analysis or thigh
cuff deflation to investigate dynamic cerebral autoregulation during
stage V, but five studies have used the so-called moving correlation
coefficient, Mxa. These studies largely agree with our findings in that
they all report a slowing of dynamic cerebral autoregulatory responses
to spontaneous MAP oscillations, 8480481513 and in one of this studies
this was particularly noted in patients with high PaCO: levels.>'3

Since the slowing of the dynamic cerebral autoregulatory re-
sponses during stage V may be related to PaCO2, we investigated
whether a reduction in PaCO2 by 30 minutes of mechanical hyperven-
tilation would improve the response time of the cerebrovasculature to
spontaneous oscillations in MAP.V However, the correlation between
PaCO:2 and phase ceased during hyperventilation, and no improve-
ment in either gain or phase was observed; if anything, a slight weak-
ening in dynamic cerebral autoregulation occurred, as indicated by
slightly higher gain values during hyperventilation."

While the impact of acute changes in PaO2 on dynamic cere-
bral autoregulation has not yet been addressed during stage V, we
have examined the effect of a vasopressor-induced steady state in-

crease in MAP.!!

Hence, the noradrenaline-induced MAP increase of
approximately 20 mmHg in Study C was maintained for 20 minutes in

seven of the patients, so that dynamic cerebral autoregulation could be



assessed by transfer function analysis. In accordance with the findings
during stage I1I, we found no changes in either gain or phase in this
subgroup (Figure 5.5).

In summary, the existing studies indicate that although static
cerebral autoregulation is largely unaffected both during stage III and
stage V, notwithstanding that the lower limit of autoregulation may be
right-shifted to higher MAP-values during the latter, notable changes
in the dynamic properties of the cerebrovasculature occur. Hence, the
cerebrovasculature responds both faster and more effectively to acute
MAP changes during stage III, which appears to be closely related to
the associated hyperventilatory response. This enhancement of dy-
namic cerebral autoregulation is resistant to short-term changes in
PaO2 and is unaffected by a noradrenaline-induced steady state in-
crease in MAP. During stage V, the dynamic autoregulatory responses
become slower, a change that may be facilitated by higher PaCOz> lev-
els. Despite this, mechanical hyperventilation does not improve the
cerebrovascular response time. Furthermore, there is no effect of a
noradrenaline-induced steady state increase in MAP on dynamic cere-

bral autoregulation during stage V.
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Chapter 6. Vasoactive peptides

Several circulating vasoactive peptides may profoundly affect cerebral
haemodynamic function. The present thesis focuses on the vasocon-
strictor endothelin-1 (ET-1)**?* and the vasodilator calcitonin-gene re-
lated peptide (CGRP),! two of the most potent vasoactive peptides in
the cerebrovasculature (Figure 6.1).

In an earlier study, we found that a cerebrovascular release of
ET-1 is present in healthy volunteers at baseline, and this appeared to
be abolished during stage III induced by an intravenous bolus injec-
tion of LPS (Figure 6.2). Due to the highly dynamic systemic inflam-
matory response following an LPS bolus injection, we repeated the
study using a continuous LPS infusion to induce a more protracted
systemic inflammatory response.'! Once again, we found a cerebral
release of ET-1 at baseline, but in this study, we found that the cere-
brovascular release was increased during stage III (Figure 6.2). The
net cerebral release of ET-1 probably comprises a small fraction of the
total production in the cerebrovasculature, because ET-1 is mainly re-

569,576 and the increased net cerebral release during

leased abluminally,
stage III is thus probably associated with a substantial increase in the
perivascular release within the brain. Although we found that the
plasma levels of ET-1 concurrently increased," which is in accord-
ance with findings from stage III in several previous human and ani-

mal studies,>”>7%%3 the contribution of the cerebrovasculature to the

increase in circulating ET-1 levels in our study is probably miniscule.)

IBy assuming steady state conditions with a constant and continuous production of
ET-1, the whole-body release of ET-1 (Jyypgr—1) to the plasma compartment per
minute may be calculated on the basis of a previously published human plasma
clearance value (Cgr_; = 0.066 L kg™ min')4%%:

Jwser1 = Cer1 - Cer1 - Mpoay

where cgr_; is the plasma concentration of ET-1 and Mo, is body weight. By as-
suming a brain weight of 1500 g (Mp,4in), the total release of ET-1 from the cere-
brovasculature to plasma per minute (Jqin,gr—1) May likewise be calculated:

Joraingr-1 = JET-1 - Mbrain
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Where Jgr_, is the transcerebral net exchange of ET-1 (as provided in Figure 7.2).
In Study B, Jprqiner1 comprises 0.5 % (mean, SD 0.3 %) of Jyp gry during stage 0
and increases to 0.8 % (mean, SD 0.4 %) (p < 0.05) during stage III.



Figure 6.1. Endothelin-1 (ET-1) and calcitonin-gene related peptide (CGRP).
ET-1 is a peptide composed from 21 amino acids, which is produced in the endothe-
lium throughout the cardiovascular system, including the macro-, -meso-, and micro-
vascular levels of the cerebrovasculature.?!>337 [t is formed in endothelial cells
from pre-proET-1, a large precursor peptide of approximately 200 amino acid resi-
dues, which is cleaved to Big ET-1, an inactive peptide of 41 amino acid residues,
by a furin-like neutral endopeptidase.?!>>*? Big ET-1 is then converted to the biolog-
ically active ET-1 by the endothelin-converting enzyme (ECE).?!%%%?
ET-1 is continuously released from the endothelial cell, mainly to the abluminal
side, from where it locally affects vascular tone,?!*38336%576 while ET-1 released at
the luminal side of the endothelium is considered a spill-over.?*>5%37¢ In the cere-
brovasculature, ET-1 binds to endothelin receptor A (ET ) on vascular smooth mus-
cle cells (and pericytes),!314235105% which triggers constriction through (PLC) phos-
pholipase C-dependent pathways,®2050%335.542 ET-]-induced vasoconstriction has
been documented both in large cerebral arteries, the mesovascular arterial system on
the  brain  surface, in intracortical arterioles and in  cerebral
capillaries,>150:162.188.254404473 ET.] binds with an equal affinity to ETg receptors on
the abluminal side of the endothelium, which modulates ET-1-induced vasocon-
striction through pathways that involve nitric oxide (NO)-signaling.?!*#?>33 ET-1 is
cleared from the circulation within minutes,****! mainly in the lungs,'*!*576 but its
vasoconstrictive effects may last for up to an hour,3!-566
Calcitonin-gene related peptide (CGRP) is composed from 37 amino acids,

and is generated through alternative splicing of RNA transcripts of the calcitonin

ene. 81265467 CGRP is present in both the central and peripheral nervous sys-
tem.$1265467 In the peripheral nervous system, it is mainly located in perivascular
sensory nerves, including those from the trigeminal ganglion, which innervate the
macrovascular cerebral arteries and the mesovascular arterial network at the cortical
surface. CGRP causes local vasodilation by binding to a complex consisting of the
seven transmembrane calcitonin receptor-like receptor (CLR), the single transmem-
brane ‘receptor activity-modifying protein 1’ (RAMPI1), and receptor component
protein (RCP) on vascular smooth muscle.“” This complex then activates adenylate
cyclase (AC), which increases intracellular cyclic adenosine monophosphate
(cAMP), and subsequently activates protein kinase A (PKA). In cerebral vessels,
this causes vascular smooth muscle cell relaxation and thus vasodilation, primarily
by the opening of large conductance Ca?*-activated K*-channels.?!-2¢>4¢” The result-
ant vasodilation has been documented in cerebral arterial vessels, and is more prom-
inent in smaller than in larger vessels.?> On the vascular level, this vasodilatory ef-
fect has furthermore been found to overrule the vasoconstrictive effects of
ET-1.3%35" In the circulation, CGRP has a half-life of about 10 minutes,®! while its
vasodilatory effects may last for several hours.®> ¢cGMP: cyclic guanosine mono-
phosphate; DAG: diacylglycerol; eNOS: endothelial nitric oxide synthase; ETg: en-
dothelin receptor B; GC: guanylate cyclase; IP3: inositol trisphosphate; PKC: pro-
tein kinase C; PKG: protein kinase G
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Figure 6.2. Transcerebral net ex-
change of endothelin 1 (Jet-1) dur-
ing stage I11.

Data are presented from a previous
study (grey data points), and from
Paper VII (black data points). By
convention, a positive value indicates
a net cerebral uptake (net cerebral in-
flux), while a negative value indi-
cates a net cerebral release (net cere-
bral efflux) of ET-1. *Significantly
different from stage 0 in Berg et al.
2017.V1

Figure 6.3. Transcerebral net ex-
change of calcitonin gene-related
peptide (Jcere) during stage I11.
Data are presented from a previous
study (grey data points),** and
from Paper VII. By convention, a
positive value indicates a net cere-
bral uptake (net cerebral influx),
while a negative value indicates a
net cerebral release (net cerebral
efflux) of CGRP.



Although a number of studies have reported that the circulating levels
of ET-1 in blood are elevated in septic patients and correlate with se-
verity of disease,’”#?2427:552577 the transcerebral net exchange of ET-1
has not yet been examined during stage V.

In terms of CGRP, we have found no transcerebral exchange,
either at baseline or during stage III, and the circulating levels in
blood were also unaffected, regardless of whether stage III was trig-
gered by a bolus injection or a continuous infusion of LPS (Figure
6.3). The transcerebral net exchange of CGRP has not been examined
during stage V, but elevated plasma CGRP levels have been reported
in several studies of critically ill septic patients, and similarly to ET-1,
these correlate with severity of disease.?!-22:43.260

In summary, the cerebrovascular release of the cerebral vaso-
constrictor ET-1 is enhanced during stage III, which likely reflects an
increased cerebrovascular production and abluminal release of ET-1.
No concurrent changes in the transcerebral net exchange of the cere-
bral vasodilator CGRP are observed. Although both the circulating
levels of ET-1 and CGRP in blood are elevated during stage V, it is
currently unknown whether their cerebrovascular net exchange is af-

fected at this stage.
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Chapter 7. Blood-brain barrier function

The BBB plays a major role for the regulation of cerebral haemody-
namics as it functions to ensure a stable microenvironment within the
brain by controlling the passage of substances between the blood
stream and brain extracellular compartment.8%411:59357 In the present
thesis, the focus is the BBB-dependent catecholaminergic homeostasis
within the brain, and in this context two classical hypotheses relating
to cerebral haemodynamic function in sepsis are considered: the cen-
tral monoamine hypothesis and the false neurotransmitter hypothesis.
The central monoamine hypothesis refers to the cerebral hae-
modynamic changes that occur during stage III and has mainly been
investigated in dogs. According to this hypothesis, the inverse changes
in CBF and CMRO: are caused by the passage of catecholamines,
principally noradrenaline from the blood stream across a disrupted
BBB into the brain extracellular space.'>>!>* In contrast to normophys-
iological conditions, where the BBB is largely impermeable to cate-

cholamines, 23384385

circulating catecholamines are thus thought to in-
crease in CMRO:2 relative to CBF by activating -adrenergic pathways
within the brain.>’®3%%38! In our human-experimental studies of stage
111, we nevertheless did not find any support for this. Even though
inverse changes in CBF and CMRO2 were evident, the transcerebral
net exchange of catecholamines was unaffected during stage III
(Figure 7.1). Furthermore, an increase in the circulating
catecholamines, which have been proposed to facilitate the cerebral
uptake of catecholamines by generating a blood-to-brain concentration
gradient,'3*380:581 js not consistently present at this stage in our studies.
According to the central monoamnine hypothesis, noradrenaline
infusion would expectedly increase the a-jvDO2 during stage III;
based on data from stage IIT in Study D, there is no evidence of this,

and there is furthermore no other evidence of noradrenaline-induced
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Figure 7.1. Transcerebral net exchange of catecholamines during stage I11.

Data from Paper VII. A: Transcerebral net exchange of adrenaline (J»); B: Transcer-
ebral net exchange of noradrenaline (Jxa); C: Transcerebral net exchange of dopa-
mine (Jpop). By convention, a positive value indicates a net cerebral uptake (net cer-
ebral influx), while a negative value indicates a net cerebral release (net cerebral ef-
flux) of the given catecholamine.



Saline Noradrenaline

a-jvDO, (mM) 3.18 (0.46) 3.26 (0.50)
ajvDy. (mM) 0.44(0.13) 0.48 (0.22)
a-jvDyac (mM) -0.10 (0.11) -0.08 (0.07)
OGI (fraction) 7.73 (1.98) 7.25(3.76)
LGI (fraction) 0.23 (0.25) 0.18 (0.19)
LOI (fraction) 0.03 (0.03) 0.02 (0.02)

Table 7.1. Effect of noradrenaline infusion on the arterial-to-jugular venous
oxygen difference (a-jvDO2) and indices of cerebral intermediary metabolism
during stage Il1.

Previously unpublished data from Study E. Data are presented as mean (SD). a-
jvDgL: arterial-to-jugular venous glucose difference; a-jvDi,.: arterial-to-jugular ve-
nous lactate difference; LGI: cerebral lactate-glucose index; LOI: cerebral lactate-
oxygen index; OGI: cerebral oxygen-glucose index.

changes in cerebral intermediary metabolism (Table 7.1). A study in
pigs likewise found no effects of noradrenaline infusion on CMRO2
during stage T11.3%

The false neurotransmitter hypothesis relates to the transport
of large neutral amino acids (LNAAs; Table 7.2) across the BBB,
which is important for neurotransmitter homeostasis within the central
nervous system.*”"% The LNAA transport system is predominantly
saturable and thus competitive, so that a change in the plasma concen-
tration of one LNAA affects the transport and intracerebral concentra-
tions of all LNAAs.!"” According to the false neurotransmitter hy-
pothesis, an increase in aromatic amino acids (AAAs) relative to
branched-chain amino acids (BCAAs) will thus lead to the intracere-
bral accumulation of AAAs.!”>"17% This gives rise to AAA degradation
products which function as ‘false neurotransmitters’ which disrupt
central noradrenergic neurotransmission by displacing noradrenaline
from presynaptic terminals (Figure 7.2). This has been proposed to
occur in sepsis, where increased skeletal muscle protein breakdown
releases both BCAAs and AAAs to the bloodstream. A relative in-
crease in AAAs nevertheless occurs, since BCAAs are cleared

from the circulation to a greater extent than AAAs for the purpose of
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Name

Phenylanine

Tyrosine

Tryptophan

Valine

Leucine

Isoleucine

Histidine

Methionine

Structure

‘\v
&

\(kon

NH;

Group

Aromatic amino acid
(neutral non-polar aromatic side chain)

Aromatic amino acid
(neutral polar aromatic side chain)

Aromatic amino acid
(neutral polar aromatic side chain)

Branched-chained amino acid
(neutral non-polar branched aliphatic side chain)

Branched-chained amino acid
(neutral non-polar branched aliphatic side chain)

Branched-chained amino acid
(neutral non-polar branched aliphatic side chain)

Basic amino acid
(basic, aromatic side chain)

Sulfur-containing amino acid
(neutral non-polar sulfur-containing side chain)



Table 7.2. Large neutral amino acids (LNAAS).
LNAAs are characterised by large, neutral side chains and by facilitated diffusion
across the blood-brain barrier by the so-called L-system.

LNAAs that are classified as aromatic amino acids have an aromatic ring in

their side chain; apart from phenylalanine, tyrosine, and tryptophan, methionine also
has an aromatic ring, but it is usually classified as a so-called sulphur-containing
amino acid along with the small neutral amino acid cysteine.
LNAAs classified as branched-chain amino acids have an aliphatic side-chain with
a branch (a central carbon atom bound to three or more carbon atoms); due to the
hydrophobicity of this side chain, the individual amino acids tend to ‘stick together’
in large clusters in vivo.

Histidine is typically classified as an LNAA, because it may be neutral in
vivo, even though it is positive at neutral pH; furthermore, its main mode of
transport is through the L-system like the other LNAAs. 222376

Technically, glutamine is also an LNAA, but is not included in most mod-
els of the LNAA transport across the BBB, as it is mainly transported across the
BBB by active transport through the so-called N-system.??>377

Threonine, which is a small neutral amino acid is sometimes also classified
as an LNAAs because it is also transported by the L-system???; it is, however not in-
cluded here, because its main mode of transport is active transport by the so-called
ASC-system along with the other small neutral amino acids glycine, alanine, serine,
and cysteine.’*

75



76

Figure 7.2. False neurotransmitters.

Within the central nervous system, catecholamine are synthesised from the aromatic
amino acids phenylalanine and tyrosine through a number of decarboxylation and
hydroxylation reactions. 4528

If the capacity of phenylalanine hydroxylase (PAH) is overwhelmed by ex-
cessive phenylalanine levels, phenylalanine is instead decarboxylated to phenyle-
thylamine, which is converted to phenylethanolamine by the dopamine f-
hydroxylase (DBH). If tyrosine levels increase beyond the capacity of the tyrosine
hydroxylase (TH), tyrosine is decarboxylated to tyramine, which is a precursor of
octopamine. Like catecholamines, phenylethanolamine and octopamine have a phe-
nolic ring and a B-hydroxyl group on a short carboxyl side chain.

Noradrenergic presynaptic terminals are unable to distinguish phenylethan-
olamine and octopamine from catecholamines, and they are therefore designated
‘false neurotransmitters’. They consequently undergo presynaptic reuptake in cate-
cholaminergic nerve terminals, which leads to the displacement and consequent de-
pletion of noradrenaline.'”*#'4 BBB: blood-brain barrier; LAT1: large neutral amino
acid transporter 1; AAAD: aromatic L-amino acid decarboxylase; BH2/BH4: di- and
tetrahydrobiopterin; DHA: dehydroascorbic acid. Reproduced from Paper VIII with
permission.

hepatic acute phase reactant synthesis.’7-14218L182187.564 Although the
putative cerebral haemodynamic consequences of the AAA-derived
false neurotransmitters have never been explicated in detail, the in-
volved central noradrenergic pathways principally originate from the
locus coeruleus, and encompass extensive ramifications throughout
the cerebrovasculature which function to optimise neurovascular cou-

pling.*6



Stage 0 Stage 111

Unidirectional influx ~ Unidirectional efflux ~ Unidirectional influx ~ Unidirectional efflux

(nmol min”' g'!) (nmol min™' g') (nmol min”' g!) (nmol min”' g!)
Phenylalanine 10.2 (9.2 -10.6) 10.5 (6.3 —12.3) 122 (113 -12.7)* 12.4(10.9 — 14.1)
Tyrosine 4.6(3.3-5.1) 3.1([-1.6] - 6.6) 45@4.1-47) 6.4(33-9.7)
Tryptophan 6.6 (6.1 —7.4) 7.8(4.9-9.1) 58(5.3-6.8) 6.5(52-17.7)
Valine 3.6(3.5-3.7) 0.6 ([-6.6] — 5.0) 3.6(34-3.8) 27(1.5-17.1)
Leucine 15.7 (14.7 - 17.0) 13.1(7.8 - 14.0) 153 (15.0-17.1) 12.3(10.3 - 18.0)
Isoleucine 4.3(3.9-4.6) 2.8(0.0-3.7) 4.6(4.3-52) 33(23-62)
Histidine 3.2(3.0-3.5) 4.4 (0.5-5.0) 2.6(24-3.1)* 2.4 (1.8-17.5)
Methionine 0.6 (0.6 —0.7) 0.1([-0.3]1-0.8) 0.4 (0.4-0.5)* 0.7 (0.5 -1.0)

Table 7.3. Blood-brain barrier transport of large neutral amino acids during
stage I1I.

Data from Paper VIII (n = 12). Results are presented as median (IQR). AAA: aro-
matic amino acid; BCAA: branched-chain amino acid. *Significantly different from
stage 0.

The generation of false neurotransmitters could thus potentially con-
tribute to the impairment of neurovascular coupling, which has been
reported in animal studies of stage III and in patient-based studies of
stage V463464

We found that circulating phenylalanine levels increased,
while all other LNAAs except for isoleucine, decreased during stage
IIL" This was associated with an increased cerebral delivery of phe-
nylalanine. We estimated the BBB permeability (permeability-surface
area product, PS1) to phenylalanine from blood to brain by using av-
erage values of the maximal transport velocity (V},,4,) and the apparent
Michaelis-Menten constant (K,,) of phenylamine transport across the
BBB from a previous study on healthy humans.?®® While this ap-
proach did not account for the effect of competing LNAAs on the ap-
parent K,,, our findings suggested that the combination of an in-
creased concentration in arterial blood and an increased PSi led to an
increased unidirectional cerebral influx of phenylalanine.! From our
data, we could, however, not determine if this was associated with an
increased intracerebral concentration of phenylalanine and/or a con-
currently increased BBB permeability to phenylalanine from brain to
blood (PS2).
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We later developed a mathematical model that permits the estimation
of both in- and efflux of all the individual LNAAs across the BBB, as
well as changes in their brain extracellular concentrations.!!” Based on
this model, we critically reassessed the BBB transport of all LNAAs
(Table 7.3). Our findings showed that while the cerebral influx of
phenylalanine increased, there was only a trend towards a modest in-
crease in its brain extracellular fluid concentration (Figure 7.3 How-
ever, a parallel increase in the brain extracellular concentration of the
other AAA tyrosine was observed (Figure 7.3), and since no changes
in its BBB transport occurred, this was interpreted to be derived from
phenylalanine.V™ These findings agree with a study on rats during
stage IV progressing into stage V, where the cerebral influx of phe-
nylalanine was likewise found to be increased.?*® As in our study, this
was most likely converted to tyrosine, as an increase in the brain con-
tent of tyrosine concurrently took place, even though the tyrosine lev-
els in blood were reduced.

The increase in brain extracellular fluid tyrosine observed in
our study was not of a magnitude to overwhelm the capacity of the ty-
rosine hydroxylase, which has a K,,, of 140 uM,'” and was thus un-
likely to give rise to the tyrosine-derived false neurotransmitter octo-
pamine. We therefore interpreted the tyrosine increase to reflect a
means of 'detoxification' of excess phenylalanine within the brain to
prevent the formation of phenylethanolamine.Y"" Given that the phe-
nylalanine hydroxylase has a K,,, of about 40 uM,3!'#5 this pathway is
expectedly insufficient during extensive increases in the brain extra-
cellular concentrations of phenylalanine, presumably present in some
septic patients with reported cerebrospinal fluid concentrations of

more than 300 uM during stage V33533



Figure 7.3. Changes in brain extracellular fluid concentrations of phenylalanine
and tyrosine during stage I11.

Data from Paper VIII (n = 12). Results are presented as median (IQR) difference in
estimated brain extracellular concentrations (Cj). Phe: phenylalanine; Tyr: tyrosine.
*Significant increase from stage 0 to III.

In summary, the inverse changes in CBF and CMRO:2 during stage 111
do not appear to depend on an increased cerebral influx of cat-
echolamines across the BBB. In terms of the saturable carrier-
mediated LNAA transport across the BBB, an increased cerebral in-
flux of phenylalanine is prevented from causing intracerebral phe-
nylethanolamine accumulation during stage III, as phenylalanine is
'detoxified' to tyrosine. When the septic condition progresses into
stage V, the intracerebral levels of phenylalanine may, at least in some
cases, increase to such an extent that this potentially neuroprotective
pathway is overwhelmed, so that the false neurotransmitter phenyleth-

anolamine is formed.
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Chapter 8. Autonomic regulation of cardiovascular function

The focus of the present chapter is the acute regulation of MAP by the
autonomic nervous system, including arterial baroreflex function. As
this involves the occurrence of spontaneous blood pressure oscilla-
tions through periodic variations in heart rate and systemic vascular
resistance, the mechanisms of such spontaneous oscillations and their
relation to the autonomic regulation of the cardiovascular system are
briefly reviewed in Appendix 3.

We examined the arterial baroreflex during stage III in humans
by assessing the changes in heart rate to an acute reduction in MAP
induced by thigh cuff deflation."' The MAP reduction was similar at
baseline and during stage 111, but the associated cardio-acceleratory re-
sponse was reduced (Table 8.1). In contrast, MAP was increased to
the same extent by noradrenaline at baseline and during stage III, and
the associated reduction in heart rate was likewise similar (Table 8.1),
which suggests that the sensitivity of the arterial baroreflex arm is spe-
cifically impaired in relation to reductions in MAP. Another human-
experimental study by Sayk et al. also found that arterial baroreflex
function is modulated during stage I11.#7® This study showed that the
arterial baroreflex-mediated increase in heart rate, as well as the skele-
tal muscle sympathetic nervous response (recorded by microneurogra-
phy in the peroneal nerve), to a MAP reduction induced by nitroprus-
side were both reduced during stage III. In accordance with our find-
ings, the corresponding changes in response to a phenylephrine-
induced MAP increase were concurrently unaffected.*’s

We interpreted the change in baroreflex function to specifically
involve the afferent baroreflex arm,"! and thus to originate somewhere
between the arterial baroreceptors (in the carotid sinus and aortic arch)
and the nucleus of the solitary tract in the medulla oblongata. Howev-

er, a recent study by Brassard et al. showed that the vascular response
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Stage 0 Stage 111 Stage V

Thigh-cuff deflation

AMAP (mmHg) 15 (12— 18) 15(12-17) 9 (8 —11)*
Time to MAP nadir (seconds) 4.7 (4.0-5.0) 53(33-6.3) 10.3 (9.3 -12.4)*
AHR/AMAP (beats min' mmHg™") 1512-1.7) 0.8 (0.6 — 1.0)* 0.6 (0.4 — 0.9)*
NA infusion

NA infusion rate increase (ug kg min™") 0.19 (0.15 - 0.26) 0.17 (0.14 — 0.24) 0.73 (0.60 — 0.78)
AMAP (mmHg) 19 (16 —23) 27 (24 - 32)* 17 (15 -20)
AMARP per NA infusion rate increase 11(9-14) 19 (9 - 24) 3(2-3)*
(mmHg per 0.1 pg kg min™)

AHR/AMAP (beats min' mmHg™") 0.24 ([-0.02] - 0.77) 0.42 (0.22 - 0.88) 0.07 ([-0.18] - 0.25

Table 8.1. Cardiovascular responses to induced blood pressure changes during
stage Il and V.

Data from Studies B and D, that have in part previously been published.""** Based
on thigh-cuff deflation in 9 healthy volunteers and 6 patients, and noradrenaline in-
fusion in 9 healthy volunteers and 11 patients (the latter was completed in 14 pa-
tients, but data from three of these were not included in this analysis because of
abundant supraventricular premature beats). HR: heart rate; MAP: mean arterial
blood pressure. *Significantly different from stage 0; fsignificantly different from
stage III.

to tyramine, which triggers the release of noradrenaline from peri-
vascular sympathetic nerve terminals, was reduced in the femoral cir-
culation during stage TIL,% thus indicating that changes in the efferent

baroreflex arm are also present.

As our findings show that the cardi-
ovascular response and thus the postsynaptic sensitivity to infused ex-
ogenous noradrenaline is concurrently maintained (Table 8.1), the
findings by Brassard et al. may be interpreted to reflect noradrenaline
depletion from perivascular sympathetic nerves during stage III.

We did not supplement our arterial baroreflex assessments dur-
ing stage III with direct measures of sympathetic output to the cardio-
vascular system, but Sayk et al. found a reduction in both heart rate
variability and skeletal muscle sympathetic nervous activity in the pe-
roneal nerve during stage ITI.*”® Several animal studies have also re-
ported that sympathetic output to the circulation is reduced from stage
I and onwards through stage III with a concomitant reduction in arte-

rial baroreflex sensitivity,6%197-200-286.397.562



Stage V Normal range§

Frequency Spectral power Frequency Spectral power
(Hz) (mmHg?) (Hz) (mmHg?)
High-frequency 0.31(0.25-0.36) 0.69 (0.28 —2.11) 0.20-0.40 0.1-1.0
oscillations
Middle-frequency 0.02 (0.01 - 0.03) 0.49 (0.21 - 1.24) 0.07-0.20 2-6
oscillations
Low-frequency 0.009 (0.006 — 0.010) 0.93 (0.48 — 1.45) 0.02-0.07 20— 40

oscillations

Table 8.2. Spontaneous blood pressure oscillations during stage V.

Data from Paper IV (n = 65). The data are presented as median (IQR). The reported
frequencies and spectral powers are based on patients in which they were present.
High-frequency oscillations were present in 55 (85 %) patients, middle-frequency
oscillations were present in 59 (91 %) patients, and low-frequency oscillations were
present in 51 (78 %) patients. §There are no established normal ranges for the spec-
tral power in the different frequency ranges in the healthy state (stage 0). The report-
ed spectral power values here are the normal ranges based resting continuous blood
pressure recordings in the healthy volunteers from Study C and Study E (n = 19) in
the established high-, middle-, and low-frequency ranges, and are consistent with
those previously reported by others,!3-160.232.604

In septic patients during stage V, we found that the cardio-
acceleratory response to a thigh cuff deflation-induced reduction in
MAP was reduced to a similar extent as observed during stage I1IV!
(Table 9.1), which is supported by findings from other clinical stud-
ies.2%*%9 In accordance with previous studies,'® the systemic vessels
remained sensitive to noradrenaline during stage V, but the sensitivity
was reduced, as indicated by a smaller MAP increase per increment in
the noradrenaline infusion rate (Table 9.1). This implies that the sym-
pathetic component of the efferent baroreflex arm also is impaired on
the post-synaptic level in peripheral arterial vessels at this stage. In the
same group of patients, the spontaneous MAP variability in the so-
called middle-frequency range was found to be remarkably low,*
which is in agreement with other clinical studies showing that the var-

20,423,594

iability ~ of  both  blood  pressure and  heart

20,35,99,100,189,285,423,594

rate is reduced in this frequency range during

stage V. The reduction in heart rate and blood pressure variability has

been found to be associated with the severity of sepsis, 23318

may
predict the subsequent development of shock,2*!9%!% and is further-

more reversed upon recovery from shock.*?>»** Given that the varia-
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bility of the middle-frequency oscillations in heart rate and blood
pressure may, at least to some extent, be interpreted to reflect the
sympathetic output to the cardiovascular system (Appendix 3), these
findings were taken to support the concept that the development of
distributive shock in septic patients is facilitated by failure of the au-
tonomic nervous system.'”4%?

Modulations of autonomic cardiovascular regulation may not
only affect the spontaneous blood pressure variability at predefined
frequency ranges, but also the distinct frequencies at which blood
pressure oscillates. We therefore performed spectral analyses of con-
tinuous invasive blood pressure recordings during stage V in a cohort
of 65 mechanically ventilated septic patients." This cohort of patients
was comparable to the patient group in the abovementioned initial
study (see Table Al.1 in Appendix 1). The main finding in this larger
cohort was that spontaneous middle- and low-frequency blood pres-
sure oscillations were suppressed to much lower frequencies than in
the healthy state, and that they were entirely absent in many patients."
In the patients with maintained low- and middle-frequency oscilla-
tions, the contribution of these oscillations to the overall blood pres-
sure variability varied markedly (Table 8.2).

Although our findings differ from previous studies, they do not
necessarily disagree with the contention that sympathetic output to the
circulation is reduced during stage V. Hence, the amplitude of the os-
cillations that introduce the variability in blood pressure depends not
only on sympathetic output, but also on the various homeostatic con-
trol mechanisms that buffer the effects of this on blood pressure,
which apart from the baroreflex, include endothelial modulation of
vascular tone and vasopressin release from the posterior pituitary (Ap-
pendix 3), mechanisms that have also been found to be impaired dur-

il’lg stage AV _26,242,39 1,489



Continuous LPS infusion Continuous LPS infusion Patients

(0.3 ng kgt) (2.0 ng kg™)
Stage 0 Stage 111 Stage 0 Stage 111 Stage V
Noradrenaline (pmol dL™") 66 (51-106) 66 (51-106) | 101 (90-232) 75 (50-121) 26 (11-48)
Adrenaline (pmol dL) 18(8-23) 41 (31-64)* | 25 (16-80) 50 (32-75) | 546 (118-1919)

Table 8.3. Circulating catecholamine levels during stage 111 and V.

Data from Studies B, C, and E (n = 12, 4, and 9, respectively). The data are present-
ed as median (IQR). Data from Study B are reported in Paper VII, while data from
Studies C and E have been reported elsewhere.*! The data from stage V is from the
four patients in Study C that did not receive intravenous noradrenaline, adrenaline,
or dopamine; due to the low number of patients, no statistical comparisons were
made between this group and healthy volunteers. *Significantly different from stage
0.

Given that the pacemaker-like activity of the network of autonomic
nuclei involved in cardiovascular homeostasis may be pertinent to the
frequencies at which spontaneous blood pressure oscillations occur,
the suppression of middle- and low-frequency oscillations to lower
frequencies may reflect a reduced output from the brainstem to the
cardiovascular system through the sympathetic nervous system. Ac-
cordingly, we proposed that it represent a physiological correlate of
the structural neuronal damage in several areas of the central nervous
system involved in the autonomic regulation of cardiovascular func-
tion,' as previously reported in patients with septic shock.*'** Apart
from brainstem nuclei (the nucleus of the solitary tract, the dorsal nu-
cleus of the vagal nerve, and the locus coeruleus), this involves the
supraoptic nucleus and paraventricular nucleus in the hypothalamus
and the central nucleus of the amygdala in the temporal lobe.*'#** In
healthy conditions, these may continuously exert an excitatory influ-
ence on the pacemaker function of the network of autonomic nuclei in
the brainstem, notably through their direct projections to the rostral
ventrolateral medulla (Appendix 3). As the excitatory input to the ros-
tral ventrolateral medulla ceases due to damage to the higher areas, the
frequency of the oscillations the network of autonomic nuclei may de-
crease, thus resulting in the observed suppression of middle- and low-

frequency blood pressure oscillations.
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In our study of septic patients during stage V, we found that the 30-
day mortality rate was more than threefold as high in patients with ab-
sent versus preserved low-frequency oscillations.’ This may reflect
that the most severe cases of sepsis exhibit such extensive structural
damage that the pacemaker-like function of the network of autonomic
nuclei is attenuated altogether. Our findings thus lend further support
to the concept that failure of the autonomic system contributes to the
development and progression of shock in septic patients.

Under normophysiological conditions, circulating catechola-
mines are primarily released from the adrenal glands, the spleen, and
lungs, while only a small proportion originates from perivascular
sympathetic nerves, and catecholamine concentrations in blood thus
provide a poor measure of the sympathetic output to the circulation.'*®
According to our findings, this is also the case during systemic in-
flammation, as the reduced sympathetic output to the circulation has
been found to coincide with increased noradrenaline and adrenaline
levels both at stage IIT and V.2%478 This likely reflects that sympathetic
nerve activity to the circulation may decrease while it concurrently in-
creases to the spleen, kidneys, and adrenal glands.3™*!%%° In our stud-
ies, a small increase in adrenaline was present during stage I1I induced
by an LPS dose of 0.3 ng kg'!' but not 2.0 ng kg'!, and we furthermore
found that both noradrenaline and adrenaline levels were elevated dur-
ing stage V (Table 9.3).

In summary, a reduction of the tonic sympathetic output to the
circulation takes place from stage III with a concomitant reduction in
the baroreflex sensitivity to acute reductions in MAP. These changes
progress into stage V and are likely important to the development of
shock.



Chapter 9. General discussion

In the work that forms the basis of the present thesis, we used a con-
tinuous LPS infusion model to trigger a systemic inflammatory re-
sponse like that encountered during early sepsis, here designated stage
III. Together with other human-experimental and animal studies of
stage III, our studies indicate that an increase in cerebrovascular re-
sistance occurs, resulting in a reduction in global CBF relative to
CMRO:. This is accompanied by an improvement of dynamic cere-
bral autoregulatory function, while static cerebral autoregulation is
unaffected, and the cerebrovasculature remains capable of responding
adequately to changes in PaCO2. Meanwhile, the sympathetic output
to the circulation is reduced, and the arterial baroreflex-dependent
cardiovascular response to an acute reduction in MAP becomes less
effective.

The more advanced stages of disease with manifest organ fail-
ure, here designated stage V, were assessed by clinical studies of me-
chanically ventilated septic patients admitted to the ICU. Along with
other studies, our findings indicate that cerebrovascular resistance re-
mains high into stage V, and that both static cerebral autoregulation
and CVCO:zR are maintained, although a right-shift of the lower limit
of cerebral autoregulation to slightly higher CPPs may be present. In
contrast to the early stages of sepsis, the dynamic autoregulatory re-
sponses become slower, while the sympathetic output to the circula-
tion remains reduced with an impairment of the arterial baroreflex-
dependent cardiovascular response to an acute reduction in MAP.

The increased cerebrovascular resistance during stage III is
likely facilitated by the LPS-induced hyperventilatory response, given
that the ability of the cerebrovasculature to respond to changes in
PaCO: is preserved. It nonetheless remains to be established whether
CVCO2R is equally effective during stage III when compared to base-

line conditions, and it therefore cannot be ruled out that other vaso-
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constrictive influences are also involved, particularly when consider-
ing that several animal studies have found residual cerebral vasocon-
striction during stage III when animals are kept isocapnic. While our
findings do not support any involvement of circulating catecholamines
as proposed by the ‘central monoamine hypothesis,” they do point to-
wards the cerebral vasoconstrictor ET-1 as an additional contender in
this context, as the cerebrovascular release of ET-1 is increased during
stage I1I. The increase in core temperature due to the fever response
may also cause cerebral vasoconstriction independently of changes in
PaCO:.3"!!! The mechanism of this is a matter of debate but may in-
volve increased sympathetic output to the cerebrovasculature.’">!'! In-
deed, increased sympathetic output to the cerebrovasculature from the
superior cervical ganglion has previously been highlighted as a possi-
ble mechanism of cerebral vasoconstriction during stage I11.%!¢! This
remains a possibility, as sympathetic tone may theoretically be region-
ally increased in some vascular beds even though overall the sympa-
thetic output to the circulation is reduced, but there is currently no ex-
perimental data that directly support this to occur in the cerebrovascu-
lature during stage II1.

The increase in cerebrovascular resistance during stage III is
unlikely to predispose to cerebral ischaemia per se, as it is associated
with an enhancement of dynamic cerebral autoregulation, involving
both an improved ability of the cerebrovasculature to buffer the effect
of a given MAP change on CBF as well as a faster cerebrovascular re-
sponse time, thus signifying a more ‘agile’ cerebrovasculature. This
appears to be triggered, at least in part, by the associated hyperventila-
tory response, which is consistent with most previous studies of dy-
namic cerebral autoregulation during voluntary
hyperventilation.”'4613 Hence, findings indicate that the response
time of the cerebrovasculature was improved to a lesser extent during
stage III during isocapnia than during poikilocapnia. The finding that

an improvement in the response time nevertheless persisted may re-



flect that the development of fever also contributed, since similar
changes are observed following passive heating to comparable core
temperatures.”’*'#! In any event, the enhancement of dynamic cerebral
autoregulation was resistant to any acute changes in PaO2, and unlike
healthy baseline conditions, no further enhancement of dynamic cere-
bral autoregulation was observed in response to a vasopressor-induced
MAP increase, in our case by noradrenaline. This may reflect that the
near-maximal capacity for enhancing dynamic cerebral autoregulation
is reached during stage IlI, conceivably due to the combined effects of
hyperventilation and fever.

The relative cerebral hypoperfusion during stage III, where
CBF is reduced relatively to CMRO2, appears to be converted to a
state of relative hyperperfusion during the progression of sepsis, de-
spite a consistently increased cerebrovascular resistance, as CMRO2 is
reduced relatively to CBF during stage V. While the lower limit of au-
toregulation may be shifted to higher CPPs, static cerebral autoregula-
tion is maintained above this limit. Dynamic cerebral autoregulatory
assessments also indicate that the cerebrovasculature maintains its
ability to respond to a given change in CPP, but with a prolonged re-
sponse time. Hence, from the ‘agile’ state observed during stage III,
the cerebrovasculature seems to become increasingly indolent as sep-
sis progresses into more advanced stages. In line with the known cere-

brovascular effects of PaCO2 in healthy conditions,!40:149-329:401.,604

re-
sults from correlation analyses suggest that this may be related to the
PaCO: levels in patients, but our attempt to restore the response time
of the cerebrovasculature by short-term mechanical hyperventilation
was nevertheless unsuccessful. Furthermore, a noradrenaline-induced
steady state increase in MAP likewise had no effect. A factor that may
contribute to the slowing of dynamic cerebral autoregulation is the

presence of anaemic hypoxaemia which is present in most septic pa-

tients admitted to the ICU,*>?47 since hour-lasting hypobaric hy-
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poxia may impair dynamic cerebral autoregulation despite concomi-
tant hyperventilation.?’

We and others have found evidence of an increased cerebral
influx of phenylalanine across the BBB due to changes in circulating
LNAAs during stage III. According to our findings, this does, howev-
er, not cause changes in the brain extracellular fluid concentration of
phenylalanine or its metabolite tyrosine to such an extent that signifi-
cant amounts of false neurotransmitters are likely formed. Neurovas-
cular coupling, an aspect of cerebral haemodynamic function that was
not specifically addressed in our studies, has recently been found to be

464 and while this remains to be con-

impaired during stage III in rats,
firmed in humans, it is not likely to be caused by any effect of false
neurotransmitters on catecholaminergic homeostasis within the brain.
As the septic condition progresses and the changes in circulating
LNAAs become more pronounced, the intracerebral levels of phenyl-
alanine may in some cases increase to such an extent that the false
neurotransmitter phenylethanolamine is formed. This theoretically
contribute to the impairment of neurovascular coupling which remains
impaired at this stage.*** It must, however, be noted, that although
several animal studies have provided evidence of noradrenaline

V,179180.264 which is consistent

depletion within the brain during stage
with the false neurotransmitter hypothesis, elevated false neurotrans-
mitter levels have only been reported in plasma'®! but not within the
brain at any stage of sepsis.

Changes in the autonomic regulation of cardiovascular func-
tion are already present during stage Il and persist into stage V, and
involve reduced sympathetic output to the circulation with a slower
and less effective arterial baroreflex. This will predispose to more
random, extensive, and protracted reductions in MAP than under nor-
mophysiological conditions, and thus impose a greater strain on cere-

brovascular homeostasis.*3*38255 The more agile dynamic autoregula-

tion observed during stage III may prevent this from critically affect-



ing oxygen availability to the brain tissue. However, cerebral ischae-
mia may ensue if this mechanism fails and the cerebrovasculature in-
stead becomes slower as observed during stage V. The impact of this
may be compounded by cerebral microvascular perfusion heterogenei-
ty, which increases as sepsis progresses according to animal

101,531,532

studies, conceivably due to changes in haemorheology, endo-

thelial function, pericyte contraction and nitric oxide scavenging.*7-10
This renders capillary gas exchange less effective owing to so-called
functional shunting of red blood cells that pass through the capillary
bed at transit times that are too short to permit sufficient oxygen ex-
traction.!>#46% This is consistent with the state of relative cerebral
hyperperfusion observed during stage V, and furthermore increases
the cerebral ischaemic threshold to higher CPP-values.®*$!® This is
particularly critical in the septic brain, where the ability of the mito-
chondria to utilise oxygen may concurrently be reduced.*””

The reported changes in cerebral haemodynamic function pro-
vide a mechanistic basis for the occurrence of cerebral ischaemia in
septic patients. Hence, a slowly reacting cerebrovasculature in terms
of dynamic cerebral autoregulatory responses, and increased cerebral
microvascular perfusion heterogeneity in combination with disordered
autonomic regulation of cardiovascular function may give rise to the
signs of diffuse cerebral ischaemia observed in almost all septic pa-
tients.*904914% Furthermore, a right-shifted autoregulation curve com-
bined with an upward shift of the ischaemic threshold may predispose
to global cerebral ischaemia, particularly in cases with large-amplitude
blood pressure low-frequency oscillations that may traverse the lower
limit of autoregulation.” This may give rise to the occasional water-
shed infarctions observed in some patients. 346353430490 The jmplica-
tions of this in relation to sepsis-associated encephalopathy is support-
ed by studies in septic patients showing that patients with encephalo-
pathy have slower dynamic cerebral autoregulatory responses than pa-

tients without encephalopathy,'® that slower dynamic autoregulatory
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responses at admission to the ICU is associated with the subsequent

16" and that the severity of encephalo-

development of encephalopathy,
pathy is associated with the degree of hypotension.’*5375% Moreover,
a recent study reported that patients who subsequently died from sep-
sis had slower dynamic cerebral autoregulatory responses than pa-
tients who survived. Although this study was not appropriately de-
signed to draw any definitive conclusions regarding the prognostic
impact of changes in dynamic cerebral autoregulation, it is consistent
with studies showing that the development of encephalopathy is an in-
dependent predictor of death in septic patients. Hence, a slowly react-
ing cerebrovasculature may both incite symptoms of encephalopathy
and trigger ischaemia in autonomic nuclei, of which the latter will de-
teriorate cardiovascular function further, thus imposing a greater strain
on the cerebrovasculature, in effect comprising a circulus vitiosus that
may ultimately lead to septic shock and death.

As of now, no interventions that may restore cerebral haemo-
dynamic function in ICU patients with sepsis have been identified. An
obvious contender is the maintenance of a sufficient MAP to ensure
adequate cerebral perfusion, notably by treatment with intravenous
noradrenaline which is currently the vasopressor of choice in septic
patients.?® One randomised study examined the effects of targeting a
MAP of 80-85 mmHg vs. 65-70 mmHg by intravenous noradrena-
line,** that is, expectedly just above and below the lower limit of auto-
regulation in most patients. There were no effects of this on 28-day
mortality, but even though neurocognitive measures were allegedly
obtained in a sub-study,? these findings have not yet been reported. If
this is found to reduce the occurrence of encephalopathy and/or im-
prove long-term cognitive function, the findings of the present thesis
suggest that this is due to other effects than changes in dynamic cere-
bral autoregulation, such as an increase of MAP above a slightly right-
shifted lower limit of autoregulation or perhaps a restoration of neuro-

vascular coupling.*** Hyperventilation is theoretically another poten-



tially advantageous intervention in this context, but even though it
may enhance dynamic cerebral autoregulation during stage III, we
found no evidence that an approximatel kPa reduction in PaCO2 had a
similar effect during stage V. It nevertheless cannot be ruled out that
this would have been the case if a greater reduction in PaCO2 had
been targeted and/or the reduction had been maintained for a longer
period. Moreover, although it needs to be examined in formal clinical
trials, there may be other yet unexplored beneficial effects of hyper-
ventilation-induced cerebral vasoconstriction, such as a left-shift of
the lower limit of autoregulation or reduced cerebral microvascular
perfusion heterogeneity.*'>¢!° Lastly, due to the possible involvement
of anaemic hypoxaemia in the observed sepsis-associated changes in
dynamic cerebral autoregulation, blood transfusion may potentially
improve cerebrovascular function and cerebral oxygenation, but this
has not yet been examined in any studies.

When considering the changes in cerebral haemodynamic
function during sepsis as highlighted in the present thesis, any inter-
ventions implemented in the ICU to prevent cerebral ischaemia would
expectedly be optimised by individualising treatment according to
continuously monitored physiological variables. Several reviews have
therefore recommended that standard ICU monitoring of systemic
haemodynamics and respiration should be supplemented with moni-
toring of cerebral haemodynamics, notably dynamic cerebral autoreg-
ulation.2”29233% However, no studies have yet documented any benefi-
cial effect of continuous cerebral haemodynamic monitoring on clini-
cal outcome in septic patients, which may partly reflect the lack of a
suitable monitoring modality. While transcranial Doppler remains the
method of choice for assessing changes in CBF at the bedside,*®® it is
not suitable for continuous monitoring in the clinical setting, particu-
larly not in unsedated and potentially encephalopathic patients, as it
requires a fixation rack which is uncomfortable for the patient and

easily displaced, thus rendering the continuous signal unusable. At-
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tempts have therefore been made to substitute transcranial Doppler by
near-infrared spectroscopy (NIRS) in this context.®#!%13 NIRS is
easy to use and poses no immediate discomfort to the patient as it only
involves the placement of an optode, typically on the patient’s fore-
head 3339226 It theoretically provides a real-time index of cerebral ox-
ygenation, by estimating the relative concentrations of oxy- and deox-
yhaemoglobin in the cerebral cortical microvasculature through their
absorption of near-infrared light emanated from the optode. Given that
the signal is not contaminated by blood in extracerebral tissues, and
that arterial blood gases and core temperature as well as the cerebral
metabolic rate of oxygen are stable, changes in the derived index of
cerebral oxygenation will principally depend on CBF.33362526 Tt may
thus both provide a snapshot estimate of the oxygen availability to the
brain tissue at a given time, as well a means to assess temporal chang-
es in cerebral haemodynamic function indirectly when continuously
recorded. However, as outlined in the present thesis, neither arterial
blood gases, core temperature, or the cerebral metabolic rate of oxy-
gen can be assumed to be constant during the clinical course of sepsis.
Furthermore, a number of studies in healthy volunteers indicate that
the NIRS-derived signal is readily contaminated by blood flow chang-
es in the forehead skin, which leads to opposing changes in CBF and
cerebral oxygenation assessed by NIRS during intravenous infusion of
vasopressors, including noradrenaline. 38127

Given that vasopressor-induced changes in CBF are particular-
ly relevant in the ICU setting, we examined the effects of noradrena-
line infusion on transcranial Doppler- vs. NIRS-derived estimates of
CBF changes in septic patients.>*® We found that for a given nora-
drenaline-induced change in CBF estimated by transcranial Doppler,
the corresponding NIRS estimate was anything from 18 % lower to 45
% higher.* In terms of the cerebral haemodynamic effects of sponta-
neous oscillations in blood pressure, a previous study on septic pa-

tients reported a high correlation between dynamic cerebral autoregu-



lation assessments by transcranial Doppler and NIRS.>'* We subse-
quently compared the two modalities by appropriate Bland-Altman
plots in a similar group of patients, and conversely found that the
agreement between transfer function analysis-based dynamic cerebral
autoregulatory assessments was unequivocally poor.’! We interpreted
this to reflect the impact of sepsis-associated microvascular dysfunc-
tion on the NIRS-signal, as this may render the cutaneous blood flow
changes to blood pressure oscillations entirely unpredictable.’! In any
event, these findings do not support NIRS as a suitable modality for
monitoring cerebral haemodynamics in septic patients. It may be a
better option to monitor brain tissue oxygenation invasively and sup-
plement this with continuous assessments of CPP for guiding various
therapeutic interventions to prevent cerebral ischaemia. This has pre-
viously been suggested for patients with traumatic brain injury, in
which changes in cerebral autoregulation, neurovascular coupling, and
cerebral microvascular perfusion heterogeneity are also thought to
predispose to cerebral ischaemia.®® However, further studies are re-
quired to identify the target values for brain tissue oxygenation and
CPP and to elucidate if monitoring of these variables improves clinical

outcome in septic patients.
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Chapter 10. Methodological limitations

"Perhaps no other organ of the body is less adapted to an experimental
study of its circulation than the brain," the American physiologist Carl
Wiggers notoriously wrote in a paper on the cerebrovascular effects of
adrenaline in 1905.3% Despite more than a century of methodological
advances, this statement does in many respects still seem relevant to-
day, at least in human studies. While the limitations of LPS-infusion
as a human-experimental model of early sepsis has been discussed in
detail in Chapter 2, and spectral analysis for assessing autonomic reg-
ulation of cardiovascular function is discussed in Appendix 3, the fol-
lowing section will mainly focus on the potential caveats of the Kety-
Schmidt and transcranial Doppler ultrasound techniques used in Stud-
ies B-E.

Two fundamental assumption of the Kety-Schmidt technique
are that 1) there is tracer diffusion equilibrium between blood and
brain tissue at the initiation and termination of blood sampling, and 2)
that blood from the internal jugular vein represents mixed cerebral ve-
nous blood from the whole brain.*’® In terms of the first assumption,
the Kety-Schmidt technique yields an average whole-brain CBF value.
However, blood flow differs between the different compartments
within the brain, and areas with a relatively low perfusion may not
reach diffusion equilibrium with the arterial blood during the satura-
tion phase. For example, grey and white matter contribute differently
to the measured average global CBF value, as blood flow is four times
higher in grey than in white matter.!””-2*%27 Consequently, incomplete
diffusion equilibrium between arterial blood and white matter may
lead to an under-representation of this compartment, and thus lead to a
systematic overestimation of average global CBF.3%3%447 This over-
estimation has previously been found to be approximately 10 % when
using the Kety-Schmidt technique in desaturation phase,*?’ and the

CBF values obtained in our setup are consistent with a similar overes-
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timation.>” The second assumption is challenged by the fact that the
internal jugular veins also drain extracranial tissues, which may com-
prise up to 20 % of the total tissue mass that they drain.*’® However,
due to the low perfusion rate of the extracranial tissues (estimated to
be 5 ml 100 g min! in humans,'®* and thus < 10 % of CBF), the ad-
mixture of blood of extracranial origin in the internal jugular veins is
< 3 %.327 Blood is nonetheless typically only obtained from one inter-
nal jugular vein, and since the cerebral venous drainage is lateralised,
so that blood from the cortex typically drains into the right internal
jugular vein, whereas blood from the deep grey and white matter, the
brainstem and cerebellum is typically drained by the left internal jugu-

lar Veil’l,6l‘l7l’296’496’514

it may be questioned whether this provides a
valid estimate of mixed venous blood from the whole brain. In early
studies, the interindividual variability of CMRO2 estimates based on
the Kety-Schmidt technique was found to be much lower when based
on bilateral internal jugular venous blood samples, which was taken to
suggest that part of the interindividual variation could be due to varia-
tions in the anatomy of the cerebral venous drainage.’*>3% However, a
later study found no relation the interindividual CMRO2 variability
and the cerebral venous drainage imaged by magnetic resonance -
angiography.’?’ Although unilateral internal jugular venous blood and
mixed cerebral venous blood are not identical due to the lateralisation
of cerebral venous drainage, the impact of this on CBF and CMRO:2
estimates obtained by the Kety-Schmidt technique are thus probably
negligible compared to other random errors of a technical nature.??”-%’

In terms of transcranial Doppler, it may be problematic that the
insonation angle and cross-sectional area of the insonated vessel, in
this case MCA, are unknown. Indeed, the correlation between absolute
MCAv and global CBF is poor, and changes in the cyclic mean of
MCAVv may only provide a valid estimate of changes in global CBF if

both the insonation angle and the cross-sectional area are

constant.®*>% While the former may be achieved by the use of a fixa-



tion rack, it remains controversial whether the MCA may dilate or
constrict during various physiological challenges, including changes
in Pa02, PaCO2, and blood pressure.”!*>231:28! Hence, a 10 % increase
in the MCA diameter (approximately 0.04 cm) may lead to a 20 % in-
crease in the cross-sectional area of the vessel, and any concomitant
change in CBF will be correspondingly underestimated by the change
in MCAv.

PaOz-induced changes in cerebrovascular tone involve the cer-
ebral arterial vessels both up- and downstream of the penetrating arte-
riole at the brain surface.!'%?#573 Although the majority of the cere-
brovascular response takes place in small arteries and arterioles, the
tone of the large basal arteries such as the MCA is also sensitive to
oxygen.!10284573 Indirect observations based on the power of the
backscattered Doppler signal, which should theoretically be propor-
tional to the cross-sectional area of the insonated vessel,?® initially
suggested that the diameter of the MCA does change after 20 minutes
of inspiratory hypoxia at a PaO2 of approximately 7 kPa.**® However,
later comparisons of volumetric flow changes in the internal carotid
artery (ICA) with flow velocity changes in the ipsilateral MCA, which
should be similar as the MCA is the main recipient of blood from the
ICA®" indicate that MCAv underestimates CBF slightly during se-
vere short-term hypoxia (step-wise reduction to PaO2 < 4.7 kPa at
three 15-minute steps) and overestimates it during short-term hyperox-
ia (PaO2 > 40 kPa for 15 minutes) due to dilation and constriction of
the MCA, respectively.” Similar findings have been made after six
hours at an F102 of 12 %,2*7 and definitive proof of a hypoxia-induced
increase the MCA diameter (of approximately 15 %) was recently
made by high-resolution magnetic resonance imaging in healthy vol-
unteers after breathing at an F102 of 12 % for three hours.*!

While hypocapnia mainly constricts the vessels downstream of
the penetrating arteriole at the brain surface, hypercapnia both dilates

up- and downstream vessels.?*>>7* In terms of the large basal arteries,
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including the MCA, studies on patients undergoing cerebral angi-
ography from 1960s and 1970s suggested that they do respond active-
ly to changes in PaCO2,”%%*! but it nevertheless appears to be a widely
held view that this is not the case.>*! A commonly used citation to
support this notion is a classical paper by Giller et al. on patients un-
dergoing craniotomy, in which the MCA was observed directly during
manipulations in PaCO2.'%* However, they did in fact observe approx-
imate 2 % change in MCA diameter over a 1.3 kPa range of PaCO:2
values. The method for assessing the MCA diameter certainly pro-
vides a rather crude estimate of MCA diameter, but the very small re-
ported change nonetheless superseded other studies where indirect
methods pointed towards notable PaCO:z-induced changes.’!443%:560
When two, now widely cited, magnetic resonance imaging-based stud-
ies on healthy, conscious volunteers reported that MCA diameter nei-
ther changes during hypo- or hypercapnia,*¥¢-°! this was considered a
final validation of transcranial Doppler for assessing CVCO2R. The
resolution (1.5 T) was, however, relatively poor in these studies, so
that the pixel size was equal to 20 % of average MCA diameter, thus
rendering it impossible to detect small yet significant changes in MCA
diameter.?’! Indeed, recent magnetic resonance imaging-based studies
with higher resolution (3 and 7 T) have provided conclusive evidence
of dilatation and constriction of the MCA during hyper- and hypocap-
nia, respectively.!?%-108:365 In accordance with findings based on com-
parisons of volumetric flow in ICA and MCAv,’® these studies fur-
thermore indicate that MCA diameter remains unchanged within + 1
kPa change in PaCO2 from baseline.

The validity of transcranial Doppler for assessing static and
dynamic cerebral autoregulation depends on MCA constancy during
steady state and acute blood pressure changes, respectively. The asso-
ciated changes in cerebrovascular resistance involve cerebral arterial
vessels at both the macro-, meso-, and microvascular

1,40:41,167,224,324,325,517
>

leve and although they are primarily mediated by



the small arterial vessels downstream of the penetrating arteriole at the
brain surface, notable changes in the large basal arteries may also oc-
cur. Hence, an early study on patients undergoing cerebral angi-
ography, where a steady state increase in blood pressure was induced
by infusion of a combined o- and B-adrenergic agonist, demonstrated
that MCA diameter is reduced by approximately 15 % upon an in-
crease in systolic blood pressure of approximately 50 mmHg, which
was much less than in downstream vessels.>* In the aforementioned
study by Giller et al. the MCA diameter was found not to change sys-
tematically over a 30 mmHg range of MAP values which were
achieved by nitroprusside and phenylephrine infusions.'®> However,
studies comparing volumetric flow in the ICA to MCAv do in accord-
ance with the cerebral angiography-based findings, suggest that the
MCA does vasoconstrict and -dilate slightly during steady state in-
creases and decreases in MAP, respectively.’®3!7 Few studies have
focused on MCA diameter during acute changes in MAP. In the clas-
sical first study of dynamic cerebral autoregulation by Aaslid et al., a
thigh-cuff deflation-induced MAP reduction in healthy volunteers was
not found to trigger any concomitant changes in MCA diameter, as the
power of the backscattered Doppler signal remained constant. In oth-
er studies on anaesthetised patients, volumetric ICA flow and MCAv
have been found to correlate both during thigh-cuftf deflation-induced
and spontaneous changes in MAP 313373 As of now, no studies have
yet used high-resolution techniques, such as magnetic resonance im-
aging, to assess MCA constancy, to either steady state or acute chang-
es in MAP.

Together, the available studies thus highlight that transcranial
Doppler likely underestimates both CVO2R and CVCO:2R during hy-
poxia and hypercapnia, respectively, while overestimating the same
parameters during hyperoxia and hypocapnia. However, rather severe
changes in arterial blood gases, which exceed those induced in the

studies of the present thesis, are likely required before physiologically
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relevant bias is introduced to the cerebral haemodynamic estimates. In
terms of blood pressure changes, transcranial Doppler may likewise
tend to underestimate the CBF change to a reduction and overestimate
it to an increase in MAP. This is notably evident in relation to steady-
state changes in MAP, where static autoregulatory function may con-
sequently seem less effective during increases than decreases in MAP.
In the present thesis, static cerebral autoregulation was only assessed
upon an increase in MAP; since static cerebral autoregulation during
stage 11l and V was evaluated by comparing the autoregulatory plateau
to baseline values obtained by identical experimental procedures in
healthy volunteers, a concomitant reduction in MCA diameter is un-
likely to affect the overall conclusions based on our results. In terms
of dynamic cerebral autoregulation, there are currently not sufficient
experimental data available to determine whether any noteworthy
changes in MCA diameter occur upon acute changes in MAP; if pre-
sent, such diameter changes could be critical to the interpretation of
our findings, as well as to the hundreds of papers on transcranial Dop-
pler-based dynamic cerebral autoregulatory assessments that have
been published since the first paper on the topic by Aaslid et al. from
1989.613

Another major limitation of both the Kety-Schmidt technique
and transcranial Doppler ultrasound is that neither method provides
information on compartmental or regional changes in cerebral haemo-
dynamic function. Hence, the Kety-Schmidt technique provides
whole-brain values only, and transcranial Doppler-based estimates
specifically reflect changes in the cerebrovasculature downstream of
the insonated vessel (provided that the diameter of the insonated ves-
sel is constant as outlined above). In case of the MCA, which received
approximately 20% of total CBF,%! this includes large regions of the
ipsilateral cerebral hemisphere, including both grey and white
matter.>3%%% Both CVO2R and CVCO2R are greater in grey than in

229,541

white matter, while dynamic cerebral autoregulation is faster in



white than in grey matter,”*® but compartmental changes between grey
and white matter will go undetected by any of these methods. Fur-
thermore, differences between different regions of the brain may also
go unnoticed. In the healthy state, CVO2R and CVCO:2R are generally
greater in the posterior parts of the brain, including the basal nuclei

and brainstem 60,93,229,395,589

while the lower limit of autoregulation is
set at lower CPP values in the brainstem than in the cerebral
cortex.*%4% None of the studies in the present thesis provide data to
elucidate whether any of these cerebral haemodynamic variables are
affected differently in cerebral cortex, basal nuclei, and brainstem in
sepsis.

As our estimates of the BBB transport of LNAAs are also
based on CBF-values measured by the Kety-Schmidt technique com-
bined with arterial-to-jugular venous differences of LNAAs, com-
partmental or regional differences in BBB-function are not detected
by this method either. This may be particularly problematic in the case
of differences between grey and white matter, since both blood flow,
LNAA metabolism, and PSi-values are higher in the former to such
an extent that white matter changes may be unintentionally disregard-
ed. 248327502 However, previous studies have shown that whole-brain
BBB transport parameters for LNAAs closely follow those in grey

matter, 499502

and the changes in catecholaminergic neurotransmission,
which according to the false neurotransmitter hypothesis are thought
to be triggered by changes in the BBB transport of LNAAS, principal-
ly take place in grey matter. Hence, our whole-brain based model may
still be relevant to elucidate such changes. Another limitation that may
potentially bias our estimates of the BBB transport of LNAAs is that
we exclusively focused on carrier-mediated saturable LNAA
transport, and thus did not take non-saturable transport, for example
by simple diffusion, into account. A recent human-experimental study

by Bongiovanni et al. concluded that the BBB transport of LNAAs in

humans is non-saturable, and thus mainly occurs by diffusion,”! which
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would render our mathematical model of LNAA transport flawed.
However, Bongiovanni et al. used kinetic constants from isolated hu-
man capillaries obtained from cadavers up to 30 hours post-mortem,???
while we used constants obtained in vivo in rats.’* We have previous-
ly found that in vivo constants from rats provide the most physiologi-
cally reliable BBB-transport estimates in humans when compared to
other previously published constants.'!” The conclusions by Bongio-
vanni et al. are thus likely biased by the Km-values obtained post-
mortem, which are up to 40-fold lower than values obtained in vivo.
The discrepancy between in vivo and post mortem-based values most
likely reflects the effects of inevitable biological decay processes
when conducting studies in cadavers, as well as the changes in lu-
minal vs. abluminal BBB transport of LNAA which are triggered
when a cerebral capillary is isolated experimentally.**® It may thus be
justified to consider the BBB transport of LNAAs to be mainly satu-
rable, but it must nonetheless be kept in mind that any changes in non-
saturable transport is not accounted for in our BBB model.V!!:!!7

A main finding in the present thesis is that dynamic cerebral
autoregulatory responses become slower during advanced sepsis. This
is, however based on comparisons between healthy, young male vol-
unteers and a group of patients that were older, included females, suf-
fered from various comorbidities, and furthermore received different
sedatives.> The question is therefore whether it is at all feasible to
compare dynamic cerebral autoregulation in these two very different
groups. However, age per se does not appear to affect estimates of dy-
namic cerebral autoregulation.*? In terms of gender, only two of the
patients were females, and in any event this does not likely contribute
to the observed slower dynamic autoregulation in patients, as females
have previously been reported to exhibit slightly more effective dy-
namic cerebral autoregulation than males.'** None of the included pa-
tients suffered from any comorbidities that are known to affect dy-

namic cerebral autoregulation (e.g. cerebrovascular



disease,!?127447:58% dementia,'®?! or diabetes mellitus®’’*"!). Fur-
thermore, patients were mainly sedated by propofol, remifentanil, and
midazolam, none of which have been found to slow dynamic cerebral
autoregulatory responses in humans,!63-380:543

In addition to the abovementioned technical limitations relat-
ing to our cerebral haemodynamic assessments, it may also be ques-
tioned whether it is at all appropriate to use LPS infusion to study the
cerebral pathophysiology during the early stages of sepsis without
concurrently assessing neurocognitive function. Apart from flu-like
symptoms, previous studies largely agree that volunteers experience
slight depressive symptoms and increased anxiety in the first hours
208291292.294356 11t the

after a LPS bolus injection at a pyrogenic dose,

findings in terms of neurocognitive function up to eight hours post-

d,207’208 d,294

LPS are conflicting, as both improve reduce and unaffect-

ed’>3% performance has been reported. We did not assess changes in
cerebral haemodynamic function translated into changes in neurocog-
nitive function in our studies for two principal reasons. Firstly, our
aim was not to investigate the pathophysiology of sepsis-associated
encephalopathy per se, but rather to elucidate whether acute systemic
inflammation invokes changes in cerebral haemodynamic function
that may predispose to or protect from cerebral ischaemia. Although
encephalopathy may arguably represent a clinical manifestation of
cerebral ischaemia in the clinical setting, we did not expect to trigger
cerebral ischaemia in our experimental setup; if so, our experiments
would be highly unethical. Secondly, even if changes in neurocogni-
tive performance could be detected, it would be difficult to infer this
was caused by the perception of illness or by the actual systemic in-
flammatory response, since flu-like symptoms may be associated with
changes in neurocognitive function regardless of whether these symp-

toms are caused by febrile illness or not.”
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Chapter 11. Conclusion

In the studies that form the basis of the present thesis, we developed a
continuous LPS-infusion model in humans that replicates several criti-
cal aspects of the systemic inflammatory response during the very ear-
ly stages of sepsis. Using this model, we found that cerebral vasocon-
strictive influences, which include hyperventilation, the fever re-
sponse, and an enhanced cerebrovascular release of ET-1 lead to a
state of cerebral hypoperfusion relative to cerebral oxidative metabo-
lism during the acute systemic inflammatory response. This renders
the cerebrovasculature more agile, in the sense that dynamic cerebral
autoregulatory responses buffer the effects of acute MAP changes on
CBF more effectively. Although it remains speculative, the raison dé-
tre for this phenomenon may be to prevent the concurrent failure of
autonomic cardiovascular control, which encompasses less effective
arterial baroreflex responses, from causing cerebral ischaemia. As the
septic condition progresses into more advanced stages, as evaluated by
studies on critically ill patients admitted to the ICU with sepsis, this
potentially neuroprotective mechanism fails, as our findings indicate
that the cerebrovasculature instead becomes slower. Although this
may be related to the presence of anaemic hypoxaemia and PaCO2
levels in patients, the exact mechanisms remain to be elucidated, and
we have not yet identified any interventions that may restore dynamic
cerebral autoregulation in this context. In any event, the presence of a
slowly reacting cerebrovasculature combined with impaired autonom-
ic regulation of cardiovascular function, whether it sets in during the
very early or later stages of sepsis, may provide a mechanistic basis
for the widespread cerebral ischaemic changes observed in almost all
severely septic patients, and which are believed to contribute both to
encephalopathy, long-term cognitive deficits in sepsis-survivors, and

to the development and progression of shock.
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Appendix 1. Overview of Studies A-F

Study A was conducted from February to May 2005 (ethical approval
no. KF-11032/02). In a randomised, cross-over, single-blind fashion,
ten healthy males aged 24 (mean, SD 5) years were studied on three
separate study days on which they received (i) an intravenous bolus
injection of Escherichia coli lipopolysaccharide (0.3 ng kg™) followed
by an intravenous four-hour continuous infusion of saline; (ii) an in-
travenous saline bolus followed by a four-hour continuous infusion of
lipopolysaccharide (total dose, 0.3 ng kg'); and (iii) an intravenous
bolus injection of saline followed by an intravenous four-hour contin-
uous infusion of saline. Blood from an antecubital vein was obtained
hourly for eight hours after the initial bolus injection (Figure Al.1).

Data from this study are included in one publication.'

Figure Al.1. Experimental setup, Study A.
xxx: lipopolysaccharide or saline (double-blinded).
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Study B was conducted in May 2006 (ethical approval no. KF-01-
290011). Twelve healthy male volunteers aged 26 (mean; SD 4) years
were included. Global cerebral blood flow, cerebral oxidative metabo-
lism and transcerebral exchange were evaluated by the Kety-Schmidt
technique and paired arterial-jugular venous blood samples (Figure
Al.2). Measurements were done at baseline and 1 hour after the cessa-
tion of an intravenous four-hour continuous infusion of LPS (total
dose 0.3 ng kg™!). Data from this study are included in four published

papers 1L VILVIILSS

Figure A1.2. Experimental setup, Study B.
LPS: lipopolysaccharide.



Study C was conducted from November 2009 to June 2011 (ethical
approval no. HA-2009-020 with amendments). Sixteen mechanically
ventilated patients aged 59 (mean, SD 12) years (2 females) admitted
to a tertiary ICU with severe sepsis or septic shock were included.
Cerebral haemodynamic function was evaluated by transcranial Dop-
pler ultrasound at baseline (n = 16), during noradrenaline infusion (n =
9), mechanical hyperventilation (n = 7), and in response to thigh cuff
deflation (n = 6) (Figure A1.3). Patient characteristics are summarised
in Table Al.1. Data from this study are included in six different pa-
pers. Since different patients are included in different papers depend-
ing on the available measures, an overview of the patients in

relation to published papers is provided in Table A1.2.

Figure A1.3. Experimental setup, Study C.
NA: noradrenaline.
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N
Age (years)
Males (%)

APACHE Il
SOFA

Infectious focus
Abdomen (%)
Blood (%)
Soft tissue (%)
Lung (%)
Unknown or other (%)

Total ICU stay (days)

30-day mortality (%)

Table Al.1. Patient characteristics.

Study C
16
59 (12)
88
22 (18-30)

10 (7-13)

13

38

25

6 (5—14)

25

Study F
65
63 (11)
64
25 (11-31)

9 (7-12)

23
38
14

8 (4-15)

25

APACHE II: acute physiology and chronic health evaluation II (score); ICU:
intensive care unit; SOFA: sequential organ failure assessment (score). Age
is presented as mean (SD), while the remaining variables data are presented
as % of total patients within the given study or as median (IQR).



Patient Papers
1 VI,51,53,391
2 VI1,51,53,391,546
3 51,53,391
4 51,53,391
5 VI1,51,53,391,546
6 V.,51,53,391,546
7 VI1,51,53,391,546
8 V.V1,51,53,391,546
9 V,53,391,546
10 V,53,391
11 V,53,391
12 V,53,391

13 53,391
14 53,391
15 V,53,391
16 VI,53,391

Table Al1.2. Publications based on Study C.
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Study D was conducted in September 2010 (ethical approval no. H2-
2010-04). Ten healthy male volunteers aged 23 (mean, SD 2) were in-
cluded. Cerebral haemodynamic function was evaluated by transcrani-
al Doppler ultrasound and paired arterial-jugular venous blood sam-
ples during inspiratory normoxia (F102: 21 %), hyperoxia (F102: 40
%), and hypoxia (F102: 12 %) (Figure Al.4). CO2 was added to the
inspired air ad hoc to achieve an end-tidal PCO2 (PerCO2) of 5.5-5.8
kPa during these interventions. Measurements were done at baseline
and after intravenous four-hour continuous infusion of LPS (total dose
2.0 ng kg"). Data from this study are included in two published pa-

pers. 52102

Figure Al.4. Experimental setup, Study D.
LPS: lipopolysaccharide.



Study E was conducted in November and December 2010 (ethical ap-
proval no. HA-2009-020 with amendments). Nine healthy male volun-
teers aged 23 (mean, SD 2) were included. Cerebral haemodynamic
function was evaluated by transcranial Doppler ultrasound and paired
arterial-jugular venous blood samples (Figure A1.5). Blood pressure
was manipulated by thigh-cuff deflation and noradrenaline administra-
tion at baseline and after four-hour infusion of LPS (total dose 2.0 ng
kg!). Data from this study are included in five published

papers 11I,V1,53,391,392

Figure A1.5. Experimental setup, Study E.
LPS: lipopolysaccharide; NA: noradrenaline.
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Study F is a retrospective analysis of blood pressure recordings
from 65 mechanically ventilated patients aged 63 (mean, SD 11)
years (21 females) admitted to a tertiary ICU with severe sepsis
or septic shock between November 2009 and October 2012 (Figure
AL.6). Patient characteristics are summarised in Table A1.1 The study

forms the basis of one published paper.'V

Figure A1.6. Setup, Study F.



Appendix 2. Methods for assessing dynamic cerebral autoregula-

tion

Background
Between the 1960s and early 1980s, several scientists argued that the
cerebrovascular response to a steady state change in MAP (or CPP) is
initiated  within  eight seconds, and complete within a
minute,206-282:375:525:595 The high temporal solution offered by the tran-
scranial Doppler ultrasound technique subsequently rendered Aaslid et
al. capable of documenting that the cerebrovascular response to a sud-
den drop in MAP induced by thigh-cuff deflation is in fact much faster
than this, as it was initiated within two and complete within fifteen
seconds.®’® The title of their paper published in 1989 was “Cerebral
Autoregulation Dynamics in Humans,” and this led to the now widely
used term dynamic cerebral autoregulation.

Although both linear and non-linear models of dynamic auto-

regulation have been developed,'#*400472

only linear models are con-
sidered here, and the focus of the present Appendix is the specific
methods that have previously been used by us or others to evaluate
dynamic cerebral autoregulation in experimental or clinical sepsis by
transcranial Doppler ultrasound. These encompass the classical rate of
regulation (RoR),"! the time correlation method,>*#18480481529 apq
transfer function analysis. V525384349 The two former of these quan-
tify dynamic cerebral autoregulation in the time domain, which indi-
cates that a MAP-induced change in MCAv (as a proxy for CBF) is
considered a function of time, and thus estimates the response time of
the cerebrovasculature. In contrast, transfer function analysis quanti-
fies dynamic cerebral autoregulation in the frequency domain, which
implies that the ability of the cerebrovasculature to respond to MAP
oscillations at different frequencies is specifically considered. In the
latter scheme, dynamic cerebral autoregulation is thus considered a

“filter’ that functions to dampen the impact of MAP oscillations on
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CBF. Of note, assessments of dynamic cerebral autoregulation in the
time and frequency domain have previously been found to agree poor-
ly, and it remains to be established whether this is due to physiological
or methodological matters,>>® and at present, there is no established

gold standard for assessing dynamic autoregulation.

Rate of regulation (RoR)

The cerebrovascular response to an acute and transient reduction in
blood pressure triggered by the rapid deflation of bilateral thigh-cuffs
that have been inflated to supra-systolic pressures for > 2 minutes is
evaluated by RoR*:

ACVC
_ Atime
RoR =\ map

where ACVC is the change in the cerebrovascular conductance (see

Appendix 4) during the time period from 1.0 to 3.5 seconds (Atime) af-
ter thigh-cuff deflation, and AMAP is the corresponding change in
MAP. According to this definition, a RoR of 0.2 sec! signifies a per-
second adjustment of 20 % of the CVC change necessary to fully
compensate for the change in MAP, and an increase in RoR thus indi-
cates improved dynamic autoregulation, while a reduction indicates
the opposite.

This 1.0-3.5 second time interval was originally put forth by
Aaslid et al.%"® on the basis of two assertions: (1) the baroreflex re-
sponse does not set in until after this time period, such that only cere-
bral autoregulation and not the baroreflex is involved in the restoration
of CBF during this time interval, and (2) the change in CVC is rela-
tively linear during this period, allowing a slope of the response to be
derived. However, the claim that the baroreflex does not respond with-
in the first 3.5 seconds after thigh-cuff deflation is not accurate. The

cardio-acceleratory response to an acute blood pressure reduction sets
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¥ Sometimes the rate of recovery is used instead, which uses the cerebrovascular re-
sistance index instead of CVC.



in within 0.5 seconds of baroreceptor unloading, and RoR thus reflects
the integrated response of the arterial baroreflex and dynamic cerebral
autoregulation.’¥? Moreover, the onset of both the blood pressure re-
duction and the dynamic autoregulatory response exhibit substantial
interindividual variation, and may thus take place outside the 1.0-2.5
second interval. A modified RoR (mRoR) has therefore been intro-
duced, in which the 2.5 seconds following the post-deflation CVC na-
dir is used, as this presumably represents the point where the dynamic

cerebral autoregulatory response sets off.3!2

Time correlation method
The time correlation method assesses the dependency of changes in
MCAV on spontaneous changes in MAP by providing the so-called

),116:310.607 which measures the linear correlation

mean flow index (Mxa
between 30 consecutive 5-10 second averages of MCAv and MAP.! It
is essentially a Pearson correlation coefficient and ranges from —1.0
(negative correlation) to +1.0 (positive correlation). A positive value >
0.15 is generally interpreted as disturbed autoregulation, while lower
values, including negative values, are interpreted as signs of intact au-
toregulation.!!>!!® The calculation may be repeated with a moving
time window, and Mxa may thus be used to continuously monitor dy-
namic cerebral autoregulation.!’> In contrast to the frequency domain
methods, the time domain method does not require stationarity, and is
claimed to be equally valid for detecting impaired autoregulation
when linearity is not fulfilled.''? Hypercapnia-induced changes in dy-
namic cerebral autoregulation detected by this method have been
found to correlate reasonably well with the corresponding changes in
RoR.#2!

!'When ICP is concurrently measured, and the index is based on CPP it is typically
termed Mx; when MAP is used, as in the studies on septic patients reviewed in the
present thesis, #18480481.529 it ig ysually termed Mxa.?!*®® Mxa is normally slightly
higher than Mx, but the difference decreases with the degree of impairment of dy-
namic cerebral autoregulation.®*
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Transfer function analysis

Cole A. Giller was the first to describe the relation between oscillatory
patterns of blood pressure and MCAVv in the frequency domain.'®! The
approach was refined during the subsequent years, and in 1998, Rong

%04 in which a transfer

Zhang et al. published a now classical paper,
function analysis-based approach for studying the dynamics of tuber-
oglomerular feedback in the kidney?** was successfully used to de-
scribe the frequency-dependent behaviour of dynamic cerebral auto-
regulation.

In transfer function analysis, two temporal signals that include
an input (in this case MAP) and an output (in this case MCAVv) are
transformed to the frequency domain by a fast Fourier transformation.
This yields the autospectrum™ of the input signal, Sy, (f), the au-
tospectrum of the output signal, S, (f), and the cross-spectrum” be-
tween in- and output, Sy, (f). Under the assumption of linearity, si-
nusoids at the input will be transformed into sinusoids of the same
frequency at the output. The transfer function, H(f), between sinusoid
waveforms (oscillations) at the in- and output is defined:

Sy ()
Sx(f)

This is subsequently quantified by three parameters: gain, phase, and

H(f) =

coherence.
Gain (or transfer magnitude), [H(f)|, of the transfer function
quantifies the dampening of the amplitude of an input waveform at a

given frequency as it is transferred to the output (Figure A2.1), and is
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™An autospectrum shows a variable as a function of its own frequency (see Figure
A7.1, Appendix 7). If a continuous blood pressure recording from a resting subject is
subjected to spectral analysis, the autospectrum shows the spectral power of blood
pressure (‘variability’) at different frequencies, that is, how much blood pressure os-
cillations at a given frequency contribute to the overall variability in blood pressure.

" A cross-spectrum is obtained by spectral analysis of the cross-correlation between
in- and output, where the cross-correlation is a measure of the similarity between the
two.



Figure A2.1. Gain.
Gain denotes the dampening (or amplification) of a waveform’s amplitude as it is
transferred from an input to an output signal.

Figure A2.2. Phase.
Phase denotes the displacement of a waveform as it is transferred from an input to an
output signal.
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obtained from the real part |[Hg (f)| and imaginary part |H; (f)| of

the complex transfer function:

IH(OI = {[Hr (D] + [H; (H]*}

In the context of cerebral autoregulation, gain describes the ability of
the cerebrovasculature to buffer the impact of oscillations in CPP at
specific frequencies on CBF (evaluated by MAP and MCAvV) through
adjustments in cerebrovascular resistance. An increase in gain will
thus indicate less efficacious dynamic cerebral autoregulation and vice
versa.

Phase, |®(f)|, describes the displacement of an output wave-
form relative to an input waveform with the same period (Figure
A2.2), and is obtained from real part |Hg (f)| and imaginary part

|H; (f)| of the complex transfer function:

Hi(f)
Hr(F)

|®(f)| = arctan [

The phase shift can be expressed in degrees from 0 to 360, or in radi-
ans from 0 to 2z, thus ranging from no phase shift to a phase shift of
one full period. In relation to dynamic cerebral autoregulation, chang-
es MCAv recover faster than the changes in MAP when dynamic cer-
ebral autoregulation is intact. 1**2%3 This causes a displacement of the
waveforms in such a manner that MCAv oscillations appear to lead
the corresponding MAP oscillations.!3%?*3 This shift renders the phase
value mathematically negative, but the tradition in the literature on
dynamic cerebral autoregulation is nonetheless to define it as a ‘phase
lead’ and provide it as a positive number.*> According to this defini-
tion, a positive phase value indicates the presence of autoregulation,
whereas as phase value < 0 indicates absence of

autoregulation, 233293536604 Tn terms of physiological interpretation,



phase may be considered to reflect the time delay of the autoregulato-
ry response, with higher values indicating a faster response time and
vice versa for lower values.#>136233.293.356.604 ~ Accordingly, phase (in
the 0.07-0.20 Hz range, see below) is the transfer function analysis-
based parameter that shows the best correlation with RoR in healthy
volunteers.>*®

The third parameter of the transfer function is coherence (or
the mean magnitude-squared coherence function), MSC(f), which de-

scribes the linearity between input and output:

IS4y (D)

MSC = Y
D= 5hs,, Pl

Coherence is thus like a correlation coefficient of linear regression,
ranging from zero to one, reflecting the fraction of the spectral power
at the output that can be linearly explained by the spectral power at the
input. Coherence approaching unity in a specific frequency range in-
dicates that the signals are linearly related, whereas coherence approx-
imating zero may reflect 1) that the relationship between the signals is
nonlinear or that they are entirely unrelated, 2) the presence of sub-
stantial noise in the signals, or 3) that the spectral power of the input is
trivial 191:194:399402604 1y reation to assessments of dynamic cerebral
autoregulation, coherence is typically used to ensure sufficient lineari-
ty between MAP and MCAv for the gain and phase estimates to be
valid. Most researchers therefore exclude gain and phase values when
the corresponding coherence is < 0.4 or < 0.5.42137:604

From the very early transfer function analysis-based studies on
dynamic cerebral autoregulation, three frequency ranges were noted in

healthy volunteers®®04603;

° These are typically referred to as the high-, low-, and very low-frequency range.
The terminology is thus different than for the corresponding frequency ranges in
blood pressure, which are designated high, middle, and low frequency ranges, re-
spectively (see Appendix 3).
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- 0.02-0.07 Hz (approximately one cycle per minute), where the
relationship between MAP and MCAv tends to be nonlinear,

thus yielding low coherence values;

- 0.07-0.20 Hz (six cycles per minute), characterised by increas-

ing coherence, increasing gain, and decreasing phase;

- 0.20-0.30 Hz (twelve to eighteen cycles per minute), with a

high coherence, relatively large gain, and minimal phase lead.

From this, it is clear that dynamic cerebral autoregulation has the
characteristics of a high-pass filter that becomes increasingly ineffec-

tive at higher frequency MAP oscillations, 37313604

presumably be-
cause the adaptive changes in cerebrovascular resistance are not fast
enough to counteract MAP oscillations at higher frequencies.!®* Due
to the nonlinear relationship between MAP and MCAv at frequencies
below 0.07 Hz, and the characteristically ineffective dynamic autoreg-
ulation at frequencies at frequencies above 0.20 Hz, the 0.07-0.20 Hz
range is often considered best at providing valid estimates of dynamic
cerebral autoregulation, notwithstanding that there currently is no in-
ternational consensus in relation to this.!* In the review present thesis,
I exclusively report transfer function parameters from the 0.07-0.20
Hz range.

There are two major limitations of transfer function analysis
for assessing dynamic cerebral autoregulation that deserve mention
here. Firstly, transfer function analysis provides no information as to
whether dynamic cerebral autoregulatory responses differ in response
to increases or decreases in MAP. Indeed, autoregulatory responses
appears to be more effective and faster upon decreases than increases
in MAP in healthy conditions.?>%** Secondly, transfer function analy-
sis is typically based on the cerebrovascular responses to spontaneous

oscillations in MAP. It is possible that the small magnitude and



changeability of spontaneous MAP pressure oscillations are not suffi-
cient to show more subtle deficiencies in dynamic cerebral autoregula-
tion. Indeed, previous studies have reported changes in dynamic auto-
regulation upon induced, but not spontaneous oscillations in
MAP 3218 Accordingly, the sensitivity of transfer function analysis
may thus be enhanced by dynamically forcing systematic changes in
MAP, for example by squat-stand manoeuvres or repeated thigh-cuff

inflation-deflations.?!%26¢
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Appendix 3. Spontaneous cardiovascular oscillations

Background

In the 18™ century, Stephen Hales and Albrecht von Haller were the
first to document the presence of spontaneous and systematic cardio-
vascular oscillations in vertebrates.?!?!7 When instruments that per-
mitted continuous recordings of heart rate and blood pressure, includ-
ing the application of spectral analysis for assessing these variables
(Figure A3.1), were later developed, it was evident that these oscilla-
tions encompass high-, middle-, and low-frequency
oscillations,3+36:176:230,332,334,344,405.406,549 Thege oscillations are thought
result from a combination of external perturbations and the homeostat-

ic control mechanisms that attempt to oppose their
effects,38331388,393,394,406

Figure A3.1. Spectral analysis of blood pressure.

Idealised autospectrum of blood pressure in a healthy subject (solid line) with spec-
tral peaks at 0.14—0.35 Hz, 0.07—0.14 Hz, and 0.02—0.07 Hz. These peaks corre-
spond to high- (HF), middle- (MF), and low-frequency (LF) blood pressure oscilla-
tions, respectively. Each peak reflects to which extent oscillations at the given fre-
quency contribute to the overall variability (spectral power) in blood pressure. The
dashed line is the autospectrum of blood pressure in a representative septic patient
(stage V) from paper 1V, where the MF and LF spectral peaks were found to be sup-
pressed to lower frequencies than in the healthy state (Chapter 8). The curves have
been smoothened and noise removed for clarity.
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Figure A3.2. Main pathways involved in the autonomic regulation of cardiovas-
cular function.

The figure is based on data from a number of
publications. 11,56,57,64,123,124,128,129,209,210,212,307,316,347,372,446,448—

451,465,466,470,471,474,475,524,533,563,570

Briefly, the rostral ventrolateral medulla (RVLM) is typically considered the princi-
pal ‘vasomotor centre’ of the brainstem.20%#48:465466 [t contains a collection of glu-
tamatergic neurons, most of which also synthesise adrenaline.’?223

A small subpopulation of the RVLM neurons are non-adrenergic and exhib-
it intrinsic pacemaker properties.’?>°?* These are thought to synchronise sympathetic
vasomotor outflow from the central nervous system by modulating the activity of the
glutamatergic cells.?!'!> The RVLM sends excitatory projections caudally to the in-
termediolateral tract (IMLT), which contains sympathetic preganglionic
neurons.'1?3 An increase in the activity of the RVLM causes an increase in sympa-
thetic output to the cardiovascular system, and thus an increase in heart rate and sys-
temic vascular resistance. 2048465466 Thig is modulated by feedback from the cardi-
opulmonary and arterial baroreceptors, which send projections back to the nucleus
of the solitary tract (NTS).307333337451 An increase in arterial blood pressure will thus
enhance impulses from the arterial baroreceptors to the NTS; the NTS in turn sends
excitatory signals to the dorsal nucleus of the vagal nerve (DMV) and nucleus am-
biguous (NAm), which then enhance the output of the vagal nerve to the heart and
thus reduce heart rate’’>4%; furthermore, NAm sends direct inhibitory impulses to
the RVLM and thus reduces the sympathetic output to the cardiovascular system, in
effect reducing both heart rate and systemic vascular resistance.*’ The main path-
way for arterial baroreceptor activation to reduce blood pressure is, however, by in-
creasing the activity in the caudal ventrolateral medulla (CVLM), which continuous-
ly restrains the RVLM output.'?

While being tonically inhibited from the CVLM, the RVLM is coupled to
overall homeostasis of the body through numerous excitatory inputs, from areas in-
volved in body fluid homeostasis, thermoregulation, immune function, and behav-
iour, some of which are shown here.

IX: ninth cranial nerve (glossopharyngeal nerve); X: tenth cranial nerve
(vagal nerve); Amy: central nucleus of the amygdala; LC: locus coeruleus; PVN:
paraventricular nucleus.
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The homeostatic control is based on a complex interplay between au-
tonomic nuclei within the central nervous system and baroreflex feed-
back (Figure A3.2). The mechanisms of spontaneous high-, middle-,

and low-frequency oscillations will briefly be reviewed below.

High-frequency oscillations

High-frequency oscillations are synchronous with respiratory activity
and occur at 0.14-0.35 Hz in humans. They involve a reduction in ar-
terial blood pressure during inspiration and an increase during expira-
tion. These changes encompass two components: 1) changes in sys-
temic vascular resistance caused by impulses from the respiratory cen-
tre to the vasomotor centre in the medulla oblongata (Traube-Hering

Waves),276*332

and 2) the mechanical effects of the respiration on the
heart.!!8:158547 The latter of these is believed to be the main contributor
to the high-frequency blood pressure oscillations, as left ventricular
preload is reduced during inspiration, and restored during expiration,
resulting in concomitant changes in stroke volume,!!8158.215:457:458,547
The high-frequency oscillations in heart rate, so-called respira-
tory sinus arrhythmia, involve an increase in heart rate during inspira-
tion and a reduction during expiration, mainly due to a central feed

forward mechanism.'®

Respiratory sinus arrhythmia functions to
buffer the impact of the respiration-induced changes in stroke volume
on cardiac output, but oscillations in cardiac output and thus in arterial

blood pressure nonetheless ensue, 158

Middle-frequency oscillations
Middle-frequency oscillations occur at 0.07-0.14 Hz in healthy hu-
mans. The oscillations in arterial blood pressure are also known as

Mayer waves, named after the German physiologist Sigmund Mayer.”
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P Paradoxically, the blood pressure waves originally demonstrated by Sigmund
Mayer in cats are not middle-frequency oscillations as they occurred at a frequency
of 0.05 Hz. The middle-frequency oscillations typically occur at approximately 0.30
Hz in cats, and the oscillations demonstrated by Mayer are thus likely low-frequency



They result from fluctuations in systemic vascular resistance due to
changes in sympathetic output to the vascular beds of several regional
circulations, including the kidney, mesentery and skeletal
muscles. 21276611 Heart rate also exhibits middle-frequency oscilla-
tions, which appear to buffer the blood pressure oscillations in the up-
right position, and to enforce them in the supine position.'>

There are two main theories regarding the mechanism of mid-
dle-frequency oscillations: the central pacemaker theory and the baro-
reflex loop theory. According to the central pacemaker theory, the
middle-frequency oscillations are caused by a central rhythm generat-
ed by autonomic nuclei within the brainstem.?!>®!! Indeed, a group of
non-adrenergic, so-called pre-sympathetic vasomotor neurons within
the rostral ventrolateral medulla show such intrinsic pacemaker-like
activity.>?*523 The rostral ventrolateral medulla is part of a complex
network of autonomic nuclei in the brainstem which may function as a
pacemaker that drives oscillations in the sympathetic output to the
cardiovascular system, and which is continually under the influence of
baroreceptor feedback as well as input from other areas of the brain,
that are involved in blood pressure regulation, fluid homeostasis, im-
mune responses, and behaviour (Figure A7.2).

As of now, definitive evidence linking the activity of a central
pacemaker in the brainstem to the generation of middle-frequency os-
cillations is nevertheless lacking.3** According to the baroreflex loop
theory, a given change in blood pressure is sensed by the arterial baro-
receptors, and heart rate and systemic vascular resistance are conse-
quently adjusted with a slight time delay in an attempt to buffer the in-
itial change. Since this response is slightly shifted in time, it causes its
own opposite change in blood pressure, which is then again sensed by

the baroreceptor system. According to mathematical modelling, this

oscillations.>**3* Since middle-frequency blood pressure oscillations nevertheless
traditionally are designated Mayer waves, this may have led to misclassification of
spontaneous blood pressure oscillations in some studies, particularly in relation to
interspecies comparisons.
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could cause systematic blood pressure waves, consistent with middle-
frequency oscillations.'#”?'4333 The link between these oscillations
and baroreflex function is nevertheless ambiguous, since middle-
frequency oscillations are reduced, but not abolished, by sino-aortic
denervation in animals.**’ Furthermore, different interventions that in-
crease (nitro-glycerine infusion), decrease (moderate physical exer-
cise) or do not affect arterial baroreflex sensitivity (myocardial is-
chaemia) in humans have all been reported to increase the amplitude
of these oscillations.**> More recently, the baroreflex loop theory was
modified as the middle-frequency oscillations were proposed to repre-
sent transient oscillatory responses to hemodynamic perturbations ra-

147,261

ther than true feedback oscillations. Consequently, their ampli-

tude is suggested to reflects a composite of the strength of the trigger-
ing perturbation and arterial baroreflex function.'#726!

Since middle-frequency oscillations in blood pressure depend
critically on the sympathetic output to the cardiovascular system, their
amplitude, as evaluated by their spectral power, and thus their contri-
bution to the overall variability in blood pressure, has often been used
as a measure of sympathetic activity. Accordingly, an increase in
sympathetic output to the cardiovascular system induced by either or-

185295358 or pharmacologically induced hypotension’

thostatic stress
increases the spectral power of middle-frequency blood pressure oscil-
lations. This relationship is, however, not clear cut, since other inter-
ventions that are likewise associated with an increased sympathetic
output, such as arterial hypertension and heart failure show no change
and a reduction, respectively, in the spectral power of middle-
frequency blood pressure oscillations.”*3%3 Concomitant changes in
baroreflex function and/or endothelial function may act as confound-
ing factors in this context. In terms of the latter, changes in vascular
shear stress due to the blood pressure oscillations is thought to cause
cyclic variations in nitric oxide release from the endothelium, which

consequently reduces the amplitude of the blood pressure oscilla-



tions. 367368511 The middle-frequency blood pressure variability per se
is thus not a robust quantitative index of sympathetic output to the
cardiovascular system, 37333

A classical notion is that the specific frequency of the middle-
frequency blood pressure oscillations depends on the output from a
central pacemaker in the brainstem, a view that was mainly based on
animal studies showing a preterminal frequency reduction during as-
phyxia-induced shock.®'! Notwithstanding that the specific frequency
also depends on the time delay in the baroreflex arch, the size and ge-
ometry of the vascular tree,”®! a change in the output from a central
pacemaker may indeed cause a shift of the frequency, so that an as-
sessment of the predefined 0.07-0.14 Hz range may misestimate the
actual middle-frequency spectral power. Along with changes in baro-
reflex function, this may, at least to some extent, contribute to the dis-
crepant findings regarding the relationship between sympathetic out-
put to the cardiovascular system and middle-frequency oscillations, as

outlined above.

Low-frequency oscillations

In healthy humans, low-frequency oscillations occur at 0.03-0.07 Hz.
Like middle-frequency oscillations, the low-frequency blood pressure
oscillations appear to be caused mainly by fluctuations in systemic

vascular resistance,**®

while the concomitant changes in heart rate
largely depend on baroreflex influences.'*” Even though the latter may
affect the amplitude of the oscillations, baroreflex influences do not
appear to be critical to the generation of these oscillations as such.
Hence, the oscillations in blood pressure persist despite aberration of

the arterial baroreflex,? and the same central pacemaker mechanism

9 Preiss and Polosa** found that spontaneous blood pressure oscillations were pre-
sent at approximately 0.10 Hz in cats, and these were accompanied by similar oscil-
lations in preganglionic sympathetic neuronal activity. The oscillations in pregangli-
onic sympathetic neuronal activity remained when the blood pressure oscillations
were abolished, either mechanically or by means of a-adrenergic receptor blockade.
Montano et al.**” observed that spontaneous blood pressure oscillations at a similar
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that has been suggested for middle-frequency oscillations is likely in-
volved.*** Accordingly, the specific frequency of these oscillations at
a given time may potentially reflect the output from the network of
central autonomic nuclei to the cardiovascular system through the
sympathetic nervous system.

Apart from baroreflex influences and changes in vascular shear
stress,>** the amplitude of low-frequency blood pressure oscillations
appears to be dampened by cyclic changes in the release of vasopres-
sin from the posterior pituitary gland®®>3** and similar cyclic changes
in the renin-angiotensin system.!%83-204262 Fyrthermore, the activation
of pathways related to regional thermoregulation may increase their

amphtude 10,145,279,416
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frequency, also in cats, remained after section of baroreflex afferents. Together,
these studies indicate that spontaneous blood pressure oscillations at approximately
0.10 Hz in cats occur independently of baroreflex influences, and both studies con-
cluded that their findings were consistent with the presence of a central pacemaker.
However, both studies wrongly classified the spontaneous oscillations as Mayer
waves, and thus middle-frequency oscillations, although oscillations that occur at
0.10 Hz in cats are in fact low-frequency oscillations.



References

Ackerman RH. The relationship of regional cerebrovascular CO: reactivity to blood
pressure and regional resting flow. Stroke. 1973;4(5):725-731.

Adam N, Kandelman S, Mantz J, Chrétien F, Sharshar T. Sepsis-induced brain
dysfunction. Expert Review of Anti-Infective Therapy. 2013;11(2):211-221.

Adamis D, Treloar A, Martin FC, Macdonald AJD. A brief review of the history of
delirium as a mental disorder. History of Psychiatry. 2007;18(4):459—469.

Aderem A, Ulevitch RJ. Toll-like receptors in the induction of the innate immune
response. Nature. 2000;406(6797):782-787.

Adner M, Jansen I, Edvinsson L. Endothelin-A receptors mediate contraction in human
cerebral, meningeal and temporal arteries. Journal of the Autonomic Nervous System.
1994;49(Suppl):S117-S121.

de Aguilera EM, Irurzun A, Vila JM, Aldasoro M, Galeote MS, Lluch S. Role of
endothelium and calcium channels in endothelin-induced contraction of human cerebral
arteries. British Journal of Pharmacology. 1990;99(3):439-440.

Ainslie PN, Celi L, McGrattan K, Peebles K, Ogoh S. Dynamic cerebral autoregulation
and baroreflex sensitivity during modest and severe step changes in arterial PCOs.
Brain Research. 2008;1230:115-124.

Ainslie PN, Duffin J. Integration of cerebrovascular CO: reactivity and chemoreflex
control of breathing: mechanisms of regulation, measurement, and interpretation.
American Journal of Physiology. Regulatory, Integrative and Comparative Physiology.
2009;296(5):R1473-R1495.

Ainslie PN, Hoiland RL. Transcranial Doppler ultrasound: Valid, invalid, or both?

135



Journal of Applied Physiology. 2014;117(10):1081-1083.

10.  Akselrod S, Gordon D, Madwed JB, Snidman NC, Shannon DC, Cohen RJ.
Hemodynamic regulation: investigation by spectral analysis. American Journal of
Physiology. 1985;249(4):H867-H875.

11.  Amendt K, Czachurski J, Dembowsky K, Seller H. Bulbospinal projections to the
intermediolateral cell column: a neuroanatomical study. Journal of the Autonomic
Nervous System. 1979;1(1):103—107.

12.  Andreasen AS, Krabbe KS, Krogh-Madsen R, Taudorf S, Pedersen BK, Mgller K.
Human endotoxemia as a model of systemic inflammation. Current Medicinal
Chemistry. 2008;15(17):1697—1705.

13.  Andreasen AS, Pedersen-Skovsgaard T, Berg RMG, Svendsen KD, Feldt-Rasmussen
B, Pedersen BK, et al. Type 2 diabetes mellitus is associated with impaired cytokine
response and adhesion molecule expression in human endotoxemia. Intensive Care
Medicine. 2010;36(9):1548-1555.

14.  Anel R, Kumar A. Human endotoxemia and human sepsis: limits to the model. Critical
Care. 2005;9(2):151-152.

15.  Angleys H, @stergaard L, Jespersen SN. The effects of capillary transit time
heterogeneity (CTH) on brain oxygenation. Journal of Cerebral Blood Flow and
Metabolism. 2015;35(5):806-817.

16.  Angus DC, van der Poll T. Severe sepsis and septic shock. New England Journal of
Medicine. 2013;369(9):840-851.

17.  Annane D, Bellissant E, Cavaillon J-M. Septic shock. Lancet. 2005;365(9453):63-78.

18.  Annane D, Bellissant E, Sebille V, Lesieur O, Mathieu B, Raphael JC, et al. Impaired

pressor sensitivity to noradrenaline in septic shock patients with and without impaired

136



19.

20.

21.

22.

23.

24.

25.

26.

27.

adrenal function reserve. British Journal of Clinical Pharmacology. 1998;46(6):589—
597.

Annane D, Sharshar T. Cognitive decline after sepsis. Lancet. Respiratory Medicine.
2015;3(1):61-69.

Annane D, Trabold F, Sharshar T, Jarrin I, Blanc AS, Raphael JC, et al. Inappropriate
sympathetic activation at onset of septic shock: a spectral analysis approach. American
Journal of Respiratory and Critical Care Medicine. 1999;160(2):458-465.

Arnalich F, Hernanz A, Jiménez M, Lopez J, Tato E, Vazquez JJ, et al. Relationship
between circulating levels of calcitonin gene-related peptide, nitric oxide metabolites
and hemodynamic changes in human septic shock. Regulatory Peptides.
1996;65(2):115-121.

Armnalich F, Sanchez JF, Martinez M, Jiménez M, Lopez J, Vazquez JJ, et al. Changes
in plasma concentrations of vasoactive neuropeptides in patients with sepsis and septic
shock. Life Sciences. 1995;56(2):75-81.

Arts MG, Roevros JM. On the instantaneous measurement of bloodflow by ultrasonic
means. Medical and Biological Engineering. 1972;10(1):23-34.

Asfar P, Meziani F, Hamel J-F, Grelon F, Megarbane B, Anguel N, et al. High versus
low blood-pressure target in patients with septic shock. New England Journal of
Medicine. 2014;370(17):1583-1593.

Asfar P, Teboul J-L, Radermacher P. High versus low blood-pressure target in septic
shock. New England Journal of Medicine. 2014;371(3):282-284.

Astiz ME, DeGent GE, Lin RY, Rackow EC. Microvascular function and rheologic
changes in hyperdynamic sepsis. Critical Care Medicine. 1995;23(2):265-271.

de Azevedo DS, Salinet ASM, de Lima Oliveira M, Teixeira MJ, Bor-Seng-Shu E, de

137



28.

29.

30.

31.

32.

33.

34.

35.

138

Carvalho Nogueira R. Cerebral hemodynamics in sepsis assessed by transcranial
Doppler: a systematic review and meta-analysis. Journal of Clinical Monitoring and
Computing. 2017;31(6):1123-1132.

De Backer D, Biston P, Devriendt J, Madl C, Chochrad D, Aldecoa C, et al.
Comparison of dopamine and norepinephrine in the treatment of shock. New England
Journal of Medicine. 2010;362(9):779-789.

Bailey DM, Evans KA, James PE, McEneny J, Young IS, Fall L, et al. Altered free
radical metabolism in acute mountain sickness: implications for dynamic cerebral
autoregulation and blood-brain barrier function. Journal of Physiology.
2009;587(1):73-85.

Bailey DM, Jones DW, Sinnott A, Brugniaux J V, New KJ, Hodson D, et al. Impaired
cerebral haemodynamic function associated with chronic traumatic brain injury in
professional boxers. Clinical Science. 2013;124(3):177—-189.

Bain AR, Nybo L, Ainslie PN. Cerebral vascular control and metabolism in heat stress.
Comprehensive Physiology. 2015;5(3):1345-1380.

Baker MA, Chapman LW. Rapid brain cooling in exercising dogs. Science.
1977;195(4280):781-783.

Bakker A, Smith B, Ainslie P, Smith K. Near-infrared spectroscopy. In: Ainslie PN,
editor. Applied Aspects of Ultrasonography in Humans. InTech; 2012. p. 65-88.
Barcroft J, Nisimaru Y. Undulatory changes of blood-pressure. Journal of Physiology.
1932;74(3):311-320.

Barnaby D, Ferrick K, Kaplan DT, Shah S, Bijur P, Gallagher EJ. Heart rate variability
in emergency department patients with sepsis. Academic Emergency Medicine.

2002;9(7):661-670.



36.

37.

38.

39.

40.

41.

42.

43.

44,

Bartoli F, Baselli G, Cerutti S. AR identification and spectral estimate applied to the R-
R interval measurements. International Journal of Biomedical Computing. 1985;16(3—
4):201-215.

Basler T, Meier-Hellmann A, Bredle D, Reinhart K. Amino acid imbalance early in
septic encephalopathy. Intensive Care Medicine. 2002;28(3):293-298.

Baudrie V, Laude D, Elghozi J-L. Optimal frequency ranges for extracting information
on cardiovascular autonomic control from the blood pressure and pulse interval
spectrograms in mice. American Journal of Physiology. Regulatory, Integrative and
Comparative Physiology. 2007;292(2):R904-R912.

Baue AE. Multiple, progressive, or sequential systems failure. A syndrome of the
1970s. Archives of Surgery. 1975;110(7):779-781.

Baumbach GL, Heistad DD. Effects of sympathetic stimulation and changes in arterial
pressure on segmental resistance of cerebral vessels in rabbits and cats. Circulation
Research. 1983;52(5):527-533.

Baumbach GL, Heistad DD. Regional, segmental, and temporal heterogeneity of
cerebral vascular autoregulation. Annals of Biomedical Engineering. 1985;13(3—
4):303-310.

van Beek AH, Claassen JA, Rikkert MGO, Jansen RW. Cerebral autoregulation: an
overview of current concepts and methodology with special focus on the elderly.
Journal of Cerebral Blood Flow and Metabolism. 2008;28(6):1071-1085.

Beer S, Weighardt H, Emmanuilidis K, Harzenetter MD, Matevossian E, Heidecke C-
D, et al. Systemic neuropeptide levels as predictive indicators for lethal outcome in
patients with postoperative sepsis. Critical Care Medicine. 2002;30(8):1794-1798.

Behre G, Schedel I, Nentwig B, Wormann B, Essink M, Hiddemann W. Endotoxin

139



45.

46.

47.

48.

49.

50.

51.

140

concentration in neutropenic patients with suspected gram-negative sepsis: correlation
with clinical outcome and determination of anti-endotoxin core antibodies during
therapy with polyclonal immunoglobulin M-enriched immunoglobulins. Antimicrobial
Agents and Chemotherapy. 1992;36(10):2139-2146.

Behrens A, Lenfeldt N, Ambarki K, Malm J, Eklund A, Koskinen L-O. Transcranial
Doppler pulsatility index: not an accurate method to assess intracranial pressure.
Neurosurgery. 2010;66(6):1050—1057.

Bekar LK, Wei HS, Nedergaard M. The locus coeruleus-norepinephrine network
optimizes coupling of cerebral blood volume with oxygen demand. Journal of Cerebral
Blood Flow and Metabolism. 2012;32(12):2135-2145.

Berg RMG, Moller K, Bailey DM. Neuro-oxidative-nitrosative stress in sepsis. Journal
of Cerebral Blood Flow and Metabolism. 2011;31(7):1532—1544.

Berg RMG, Maoller K, Rossel PJH. An ethical analysis of proxy and waiver of consent
in critical care research. Acta Anaesthesiologica Scandinavica. 2013;57(4):408-416.
Berg RMG, Pedersen BK. Metabolic components of neuroendocrine allostatic
responses: implications in lifestyle-related diseases. In: Soreq H, Friedman A, Kaufer
D, editors. Stress - From Molecules to Behavior: A Comprehensive Analysis of the
Neurobiology of Stress Responses. Weinheim, Germany: Wiley-VCH Verlag GmbH &
Co.; 2009. p. 331-343.

Berg RMG, Pedersen M, Moller K. Static cerebral blood flow autoregulation in
humans. Current Hypertension Reviews. 2009;5(2):140-157.

Berg RMG, Plovsing RR. Near-infrared spectroscopy versus transcranial Doppler
ultrasound for assessing dynamic cerebral autoregulation by transfer function analysis

in sepsis. Scandinavian Journal of Clinical and Laboratory Investigation.



52.

53.

54.

55.

56.

57.

58.

59.

2016;76(1):88-91.

Berg RMG, Plovsing RR, Evans K a, Christiansen CB, Bailey DM, Holstein-Rathlou
N-H, et al. Lipopolysaccharide infusion enhances dynamic cerebral autoregulation
without affecting cerebral oxygen vasoreactivity in healthy volunteers. Critical Care.
2013;17(5):R238.

Berg RMG, Plovsing RR, Ronit A, Bailey DM, Holstein-Rathlou NH, Meller K.
Disassociation of static and dynamic cerebral autoregulatory performance in healthy
volunteers after lipopolysaccharide infusion and in patients with sepsis. American
Journal of Physiology. Regulatory, Integrative and Comparative Physiology.
2012;303(11):R1127-R1135.

Berg RMG, Strauss GI, Tofteng F, Qvist T, Edvinsson L, Fahrenkrug J, et al.
Circulating levels of vasoactive peptides in patients with acute bacterial meningitis.
Intensive Care Medicine. 2009;35(9):1604-1608.

Berg RMG, Taudorf S, Bailey DM, Lundby C, Larsen FS, Pedersen BK, et al. Effects
of lipopolysaccharide infusion on arterial levels and transcerebral exchange kinetics of
glutamate and glycine in healthy humans. APMIS. 2012;120(9):761-766.

Berridge CW. Noradrenergic modulation of arousal. Brain Research Reviews.
2008;58(1):1-17.

Berridge CW, Schmeichel BE, Espafia RA. Noradrenergic modulation of
wakefulness/arousal. Sleep Medicine Reviews. 2012;16(2):187-197.

Beutler B, Rietschel ET. Innate immune sensing and its roots: the story of endotoxin.
Nature Reviews. Immunology. 2003;3(2):169-176.

Bindra J, Pham P, Chuan A, Jaeger M, Aneman A. Is impaired cerebrovascular

autoregulation associated with outcome in patients admitted to the ICU with early

141



60.

61.

62.

63.

64.

65.

66.

67.

68.

142

septic shock? Critical Care and Resuscitation. 2016;18(2):95-101.

Binks AP, Cunningham VJ, Adams L, Banzett RB. Gray matter blood flow change is
unevenly distributed during moderate isocapnic hypoxia in humans. Journal of Applied
Physiology. 2007;104(1):212-217.

Bisaria KK. Anatomic variations of venous sinuses in the region of the torcular
Herophili. Journal of Neurosurgery. 1985;62(1):90-95.

Bishop CC, Powell S, Rutt D, Browse NL. Transcranial Doppler measurement of
middle cerebral artery blood flow velocity: a validation study. Stroke. 1986;17(5):913—
915.

Bleck TP, Smith MC, Pierre-Louis SJ, Jares JJ, Murray J, Hansen CA. Neurologic
complications of critical medical illnesses. Critical Care Medicine. 1993;21(1):98-103.
Van Bockstaele EJ, Pieribone VA, Aston-Jones G. Diverse afferents converge on the
nucleus paragigantocellularis in the rat ventrolateral medulla: Retrograde and
anterograde tracing studies. Journal of Comparative Neurology. 1989;290(4):561-584.
Bolton CF. Electrophysiologic studies of critically ill patients. Muscle & Nerve.
1987;10(2):129-135.

Bolton CF, Young GB. Sepsis and septic shock: central and peripheral nervous system.
In: Sibbald WJ, Sprung CL, editors. New Horizons: Perspectives on Sepsis and Septic
Shock. Fullerton, CA: Society of Critical Care Medicine; 1986. p. 157-171.

Bolton CF, Young GB. Neurological complications in critically ill patients. In:
Aminoff MJ, editor. Neurology and General Medicine: The Neurological Aspects of
Medical Disorders. New York, NY: Churchill Livingstone; 1989. p. 713-729.

Bolton CF, Young GB, Zochodne DW. The neurological complications of sepsis.

Annals of Neurology. 1993;33(1):94-100.



69.

70.

71.

72.

73.

74.

75.

76.

Bond RF, Scott CG, Clevenger JC, Bond CH, Abel FL. Effect of systemic endotoxin
on skeletal muscle vascular conductance during high and low adrenergic tone.
Circulatory Shock. 1990;30(4):311-322.

Bone RC, Sprung CL, Sibbald W1J. Definitions for sepsis and organ failure. Critical
Care Medicine. 1992;20(6):724-726.

Bongiovanni R, Mchaourab AS, McClellan F, Elsworth J, Double M, Jaskiw GE.
Large neutral amino acids levels in primate cerebrospinal fluid do not confirm
competitive transport under baseline conditions. Brain Research. 2016;1648(A):372—
379.

van den Boogaard M, Ramakers BP, van Alfen N, van der Werf SP, Fick WF,
Hoedemaekers CW, et al. Endotoxemia-induced inflammation and the effect on the
human brain. Critical Care. 2010;14(3):R81.

Borgstrom L, Jéhannsson H, Siesjo BK. The relationship between arterial PO and
cerebral blood flow in hypoxic hypoxia. Acta Physiologica Scandinavica.
1975;93(3):423-432.

van de Borne P, Montano N, Pagani M, Oren R, Somers VK. Absence of low-
frequency variability of sympathetic nerve activity in severe heart failure. Circulation.
1997;95(6):1449-1454.

van de Borne P, Rahnama M, Mezzetti S, Montano N, Porta A, Degaute JP, et al.
Contrasting effects of phentolamine and nitroprusside on neural and cardiovascular
variability. American Journal of Physiology. Heart and Circulatory Physiology.
2001;281(2):H559-H565.

Du Boulay GH, Symon L. The anaesthetist’s effect upon the cerebral arteries.

Proceedings of the Royal Society of Medicine. 1971;64(1):77-80.

143



71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

144

Bowie RA, O’Connor PJ, Mahajan RP. Cerebrovascular reactivity to carbon dioxide in
sepsis syndrome. Anaesthesia. 2003;58(3):261-265.

Bowton DL, Bertels NH, Prough DS, Stump DA. Cerebral blood flow is reduced in
patients with sepsis syndrome. Critical Care Medicine. 1989;17(5):399-403.

Bozza FA, D’Avila JC, Ritter C, Sonneville R, Sharshar T, Dal-Pizzol F.
Bioenergetics, mitochondrial dysfunction, and oxidative stress in the pathophysiology
of septic encephalopathy. Shock. 2013;39:10-16.

Bradbury MW. The Concept of a Blood-Brain Barrier. Chichester, UK: John Wiley;
1979.

Brain SD, Grant AD. Vascular actions of calcitonin gene-related peptide and
adrenomedullin. Physiological Reviews. 2004;84(3):903-934.

Brain SD, Williams TJ, Tippins JR, Morris HR, Maclntyre I. Calcitonin gene-related
peptide is a potent vasodilator. Nature. 1985;313(5997):54-56.

Brandenberger G, Follenius M, Muzet A, Ehrhart J, Schieber JP. Ultradian oscillations
in plasma renin activity: their relationships to meals and sleep stages. Journal of
Clinical Endocrinology and Metabolism. 1985;61(2):280-284.

Brassard P, Kim Y-S, van Lieshout J, Secher NH, Rosenmeier JB. Endotoxemia
reduces cerebral perfusion but enhances dynamic cerebrovascular autoregulation at
reduced arterial carbon dioxide tension. Critical Care Medicine. 2012;40(6):1873—
1878.

Brassard P, Zaar M, Thaning P, Secher NH, Rosenmeier JB. Sympathetic
vasoconstrictor responsiveness of the leg vasculature during experimental endotoxemia
and hypoxia in humans. Critical Care Medicine. 2016;44(4):755-763.

Braude Al, Carey FJ, Zalesky M. Studies with radioactive endotoxin. II. Correlation of



87.

88.

89.

90.

91.

92.

93.

94.

physiologic effects with distribution of radioactivity in rabbits injected with lethal
doses of E. coli endotoxin labelled with radioactive sodium chromate. Journal of
Clinical Investigation. 1955;34(6):858-866.

Brauner JS, Rohde LE, Clausell N. Circulating endothelin-1 and tumor necrosis factor
a: early predictors of mortality in patients with septic shock. Intensive Care Medicine.
2000;26(3):305-313.

Brian JE, Faraci FM, Heistad DD. Recent insights into the regulation of cerebral
circulation. Clinical and Experimental Pharmacology and Physiology. 1996;23(6—
7):449-457.

Bright R. Reports of Medical Cases, Selected with a View of Illustrating the Symptoms
and Cure of Diseases, by a Reference to Morbid Anatomy. London: Richard Taylor for
Longman, Rees, Orme, Brown, and Green; 1828.

Brooks HF, Osabutey CK, Moss RF, Andrews PLR, Davies DC. Caecal ligation and
puncture in the rat mimics the pathophysiological changes in human sepsis and causes
multi-organ dysfunction. Metabolic Brain Disease. 2007;22(3-4):353-373.

Brothers RM, Zhang R, Wingo JE, Hubing KA, Crandall CG. Effects of heat stress on
dynamic cerebral autoregulation during large fluctuations in arterial blood pressure.
Journal of Applied Physiology. 2009;107(6):1722-1729.

Buras JA, Holzmann B, Sitkovsky M. Animal models of sepsis: setting the stage.
Nature Reviews. Drug Discovery. 2005;4(10):854-865.

Busija DW, Heistad DD. Atropine does not attenuate cerebral vasodilatation during
hypercapnia. American Journal of Physiology. 1982;242(4):H683-H687.

Buyniski JP, Smith M, Bierwagen ME. Effect of gram-negative endotoxin on cerebral

circulation. European Neurology. 1972;6(1):253-258.

145



95.

96.

97.

98.

99.

100.

101.

102.

146

Capuron L, Lamarque D, Dantzer R, Goodall G. Attentional and mnemonic deficits
associated with infectious disease in humans. Psychological Medicine.
1999;29(2):291-297.

Carey FJ, Braude Al, Zalesky M. Studies with radioactive endotoxin. III. The effect of
tolerance on the distribution of radioactivity after intravenous injection of Escherichia
coli endotoxin labeled with >'Cr. Journal of Clinical Investigation. 1958;37(3):441—
457.

Cartmell T, Poole S, Turnbull A V, Rothwell NJ, Luheshi GN. Circulating interleukin-
6 mediates the febrile response to localised inflammation in rats. Journal of
Physiology. 2000;526(3):653-661.

Chédotal A, Richards LJ. Wiring the brain: the biology of neuronal guidance. Cold
Spring Harbor Perspectives in Biology. 2010;2(6):a001917.

Chen W-L, Chen J-H, Huang C-C, Kuo C-D, Huang C-I, Lee L-S. Heart rate
variability measures as predictors of in-hospital mortality in ED patients with sepsis.
American Journal of Emergency Medicine. 2008;26(4):395—401.

Chen W-L, Kuo C-D. Characteristics of heart rate variability can predict impending
septic shock in emergency department patients with sepsis. Academic Emergency
Medicine. 2007;14(5):392-397.

Christenson JT, Kuikka JT, Owunwanne A, Al-Sarraf AA. Cerebral circulation during
endotoxic shock with special emphasis on the regional cerebral blood flow in vivo.
Nuclear Medicine Communications. 1986;7(7):531-540.

Christiansen CB, Berg RMG, Plovsing R, Ronit A, Holstein-Rathlou N-H, Yndgaard S,
et al. Dynamic cerebral autoregulation after cardiopulmonary bypass. Thoracic and

Cardiovascular Surgeon. 2016;64(7):569-574.



103.

104.

105.

106.

107.

108.

109.

110.

111.

Claassen JAHR, Diaz-Arrastia R, Martin-Cook K, Levine BD, Zhang R. Altered
cerebral hemodynamics in early Alzheimer disease: a pilot study using transcranial
Doppler. Journal of Alzheimer’s Disease. 2009;17(3):621-629.

Claassen JAHR, Meel-van den Abeelen ASS, Simpson DM, Panerai RB, International
Cerebral Autoregulation Research Network (CARNet). Transfer function analysis of
dynamic cerebral autoregulation: a white paper from the International Cerebral
Autoregulation Research Network. Journal of Cerebral Blood Flow and Metabolism.
2016;36(4):665-680.

Conrad J. Heart of Darkness (illustrated by Matt Kish). New York: Tin House Books;
2013.

Copeland S, Warren HS, Lowry SF, Calvano SE, Remick D. Acute inflammatory
response to endotoxin in mice and humans. Clinical and Diagnostic Laboratory
Immunology. 2005;12(1):60-67.

Coverdale NS, Gati JS, Opalevych O, Perrotta A, Shoemaker JK. Cerebral blood flow
velocity underestimates cerebral blood flow during modest hypercapnia and
hypocapnia. Journal of Applied Physiology. 2014;117(10):1090-1096.

Coverdale NS, Lalande S, Perrotta A, Shoemaker JK. Heterogeneous patterns of
vasoreactivity in the middle cerebral and internal carotid arteries. American Journal of
Physiology. Heart and Circulatory Physiology. 2015;308(9):H1030-H1038.

Coyle JT. Tyrosine hydroxylase in rat brain: cofactor requirements, regional and
subcellular distribution. Biochemical Pharmacology. 1972;21(14):1935-1944.
Craigen ML, Jennett S. Pial arterial response to systemic hypoxia in anaesthetised cats.
Journal of Cerebral Blood Flow and Metabolism. 1981;1(3):285-296.

Crandall CG, Gonzalez-Alonso J. Cardiovascular function in the heat-stressed human.

147



Acta Physiologica. 2010;199(4):407—423.

112. Czosnyka M, Brady K, Reinhard M, Smielewski P, Steiner LA. Monitoring of
cerebrovascular autoregulation: facts, myths, and missing links. Neurocritical Care.
2009;10(3):373-386.

113. Czosnyka M, Miller C, Participants in the International Multidisciplinary Consensus
Conference on Multimodality Monitoring. Monitoring of cerebral autoregulation.
Neurocritical Care. 2014;21(Suppl 2):S95-S102.

114. Czosnyka M, Piechnik S, Richards HK, Kirkpatrick P, Smielewski P, Pickard JD.
Contribution of mathematical modelling to the interpretation of bedside tests of
cerebrovascular autoregulation. Journal of Neurology, Neurosurgery, and Psychiatry.
1997;63(6):721-731.

115. Czosnyka M, Richards HK, Whitehouse HE, Pickard JD. Relationship between
transcranial Doppler-determined pulsatility index and cerebrovascular resistance: an
experimental study. Journal of Neurosurgery. 1996;84(1):79-84.

116. Czosnyka M, Smielewski P, Kirkpatrick P, Menon DK, Pickard JD. Monitoring of
cerebral autoregulation in head-injured patients. Stroke. 1996;27(10):1829—1834.

117. Dahl RH, Berg RMG. A mathematical approach for assessing the transport of large
neutral amino acids across the blood-brain barrier in man. Acta Neurobiologiae
Experimentalis. 2015;75(4):446-456.

118. Daly MDB. Interactions between respiration and circulation. In: Cherniack NS,
Widdicombe JG, editors. Handbook of Physiology. Supplement 11: The Respiratory
System 11, Control of Breathing. Bethesda, MD: American Physiological Society; 1986.
p. 529-594.

119. Damas P, Canivet JL, de Groote D, Vrindts Y, Albert A, Franchimont P, et al. Sepsis

148



120.

121.

122.

123.

124.

125.

126.

127.

and serum cytokine concentrations. Critical Care Medicine. 1997;25(3):405-412.
Damas P, Ledoux D, Nys M, Vrindts Y, De Groote D, Franchimont P, et al. Cytokine
serum level during severe sepsis in human IL-6 as a marker of severity. Annals of
Surgery. 1992;215(4):356-362.

Damas P, Reuter A, Gysen P, Demonty J, Lamy M, Franchimont P. Tumor necrosis
factor and interleukin-1 serum levels during severe sepsis in humans. Critical Care
Medicine. 1989;17(10):975-978.

Dampney RAL. Functional organization of central pathways regulating the
cardiovascular system. Physiological Reviews. 1994;74(2):323-364.

Dampney RAL, Czachurski J, Dembowsky K, Goodchild AK, Seller H. Afferent
connections and spinal projections of the pressor region in the rostral ventrolateral
medulla of the cat. Journal of the Autonomic Nervous System. 1987;20(1):73-86.
Dampney RAL, Fontes MAP, Hirooka Y, Horiuchi J, Potts PD, Tagawa T. Role of
angiotensin II receptors in the regulation of vasomotor neurons in the ventrolateral
medulla. Clinical and Experimental Pharmacology and Physiology. 2002;29(5-6):467—
472.

Danner RL, Elin RJ, Hosseini JM, Wesley RA, Reilly JM, Parillo JE. Endotoxemia in
human septic shock. Chest. 1991;99(1):169-175.

Dawson SL, Blake MJ, Panerai RB, Potter JF. Dynamic but not static cerebral
autoregulation is impaired in acute ischaemic stroke. Cerebrovascular Diseases.
2000;10(2):126-132.

Dawson SL, Panerai RB, Potter JF. Serial changes in static and dynamic cerebral
autoregulation after acute ischaemic stroke. Cerebrovascular Diseases. 2003;16(1):69—

75.

149



128.

129.

130.

131.

132.

133.

134.

135.

136.

150

Day TA, Sibbald JR. Solitary nucleus excitation of supraoptic vasopressin cells via
adrenergic afferents. American Journal of Physiology. 1988;254(4):R711-R716.

Day TA, Sibbald JR. A1 cell group mediates solitary nucleus excitation of supraoptic
vasopressin cells. American Journal of Physiology. 1989;257(5):R1020-R1026.
Deegan BM, Sorond FA, Lipsitz LA, OLaighin G, Serrador JM. Gender related
differences in cerebral autoregulation in older healthy subjects. In: 2009 Annual
International Conference of the IEEE Engineering in Medicine and Biology Society.
IEEE; 2009. p. 2859-2862.

Dehouck MP, Vigne P, Torpier G, Breittmayer JP, Cecchelli R, Frelin C. Endothelin-1
as a mediator of endothelial cell-pericyte interactions in bovine brain capillaries.
Journal of Cerebral Blood Flow and Metabolism. 1997;17(4):464—-469.

Dejager L, Pinheiro I, Dejonckheere E, Libert C. Cecal ligation and puncture: the gold
standard model for polymicrobial sepsis? Trends in Microbiology. 2011;19(4):198—
208.

Derijk RH, Strijbos PJ, van Rooijen N, Rothwell NJ, Berkenbosch F. Fever and
thermogenesis in response to bacterial endotoxin involve macrophage-dependent
mechanisms in rats. American Journal of Physiology. 1993;265(5):R1179-R1183.
van Deventer SJ, Biiller HR, ten Cate JW, Aarden LA, Hack CE, Sturk A.
Experimental endotoxemia in humans: analysis of cytokine release and coagulation,
fibrinolytic, and complement pathways. Blood. 1990;76(12):2520-2526.

Dickinson E. Poem 632. In: Johnson TH, editor. The Poems of Emily Dickinson.
Cambridge, MA: Belknap Press of Harvard University; 1955.

Diehl RR, Linden D, Liicke D, Berlit P. Phase relationship between cerebral blood flow

velocity and blood pressure. Stroke. 1995;26(10):1801-1804.



137.

138.

139.

140.

141.

142.

143.

144.

145.

Diehl RR, Linden D, Liicke D, Berlit P. Spontaneous blood pressure oscillations and
cerebral autoregulation. Clinical Autonomic Research. 1998;8(1):7-12.

Dienel G. Energy generation in the central nervous system. In: Edvinsson L, Krause
DN, editors. Cerebral Blood Flow and Metabolism. Philadelphia, PA: Lippincott
Williams & Wilkins; 2002. p. 140-161.

Dinarello CA. The history of fever, leukocytic pyrogen and interleukin-1. Temperature.
2015;2(1):8-16.

Dineen NE, Brodie FG, Robinson TG, Panerai RB. Continuous estimates of dynamic
cerebral autoregulation during transient hypocapnia and hypercapnia. Journal of
Applied Physiology. 2010;108(3):604-613.

Doering TJ, Aaslid R, Steuernagel B, Brix J, Niederstadt C, Breull A, et al. Cerebral
autoregulation during whole-body hypothermia and hyperthermia stimulus. American
Journal of Physical Medicine and Rehabilitation. 1999;78(1):33-38.

Druml W, Heinzel G, Kleinberger G. Amino acid kinetics in patients with sepsis.
American Journal of Clinical Nutrition. 2001;73(5):908-913.

Dupuis J, Goresky CA, Fournier A. Pulmonary clearance of circulating endothelin-1 in
dogs in vivo: exclusive role of ETB receptors. Journal of Applied Physiology.
1996;81(4):1510-1515.

Dupuis J, Stewart DJ, Cernacek P, Gosselin G. Human pulmonary circulation is an
important site for both clearance and production of endothelin-1. Circulation.
1996;94(7):1578-1584.

Dutrey-Dupagne C, Girard A, Ulmann A, Elghozi JL. Effects of the converting enzyme
inhibitor trandolapril on short-term variability of blood pressure in essential

hypertension. Clinical Autonomic Research. 1991;1(4):303-307.

151



146. Ebersoldt M, Sharshar T, Annane D. Sepsis-associated delirium. Intensive Care
Medicine. 2007;33:941-950.

147. Eckberg DL. Physiological basis for human autonomic rhythms. Annals of Medicine.
2000;32(5):341-349.

148. Edvinsson L, MacKenzie ET. General and comparative anatomy of the cerebral
circulation. In: Edvinsson L, Krause DN, editors. Cerebral Blood Flow and
Metabolism. Philadelphia, PA: Lippincott Williams & Wilkins; 2002. p. 3-29.

149. Edwards MR, Shoemaker JK, Hughson RL. Dynamic modulation of cerebrovascular
resistance as an index of autoregulation under tilt and controlled PErCO.. American
Journal of Physiology. Regulatory, Integrative and Comparative Physiology.
2002;283(3):R653-R662.

150. Edwards R, Trizna W. Response of isolated intracerebral arterioles to endothelins.
Pharmacology. 1990;41(3):149-152.

151. Ehler J, Barrett LK, Taylor V, Groves M, Scaravilli F, Wittstock M, et al. Translational
evidence for two distinct patterns of neuroaxonal injury in sepsis: a longitudinal,
prospective translational study. Critical Care. 2017;21(1):262.

152. Eidelman LA, Putterman D, Putterman C, Sprung CL. The spectrum of septic
encephalopathy. Definitions, etiologies, and mortalities. Journal of the American
Medical Association. 1996;275(6):470-473.

153. Ekstrom-Jodal B, Higgendal E, Larsson LE. Cerebral blood flow and oxygen uptake in
endotoxic shock. An experimental study in dogs. Acta Anaesthesiologica Scandinavica.
1982;26(3):163-170.

154. Ekstrom-Jodal B, Hiaggendal J, Larsson LE, Westerlind A. Cerebral hemodynamics,

oxygen uptake and cerebral arteriovenous differences of catecholamines following E.

152



155.

156.

157.

158.

159.

160.

161.

162.

163.

coli endotoxin in dogs. Acta Anaesthesiologica Scandinavica. 1982;26(5):446-452.
Elin RJ, Wolff SM, McAdam KP, Chedid L, Audibert F, Bernard C, et al. Properties of
reference Escherichia coli endotoxin and its phthalylated derivative in humans. Journal
of Infectious Diseases. 1981;144(4):329-336.

Elstad M. Respiratory variations in pulmonary and systemic blood flow in healthy
humans. Acta Physiologica. 2012;205(3):341-343.

Elstad M, Toska K. Cardiovascular variability is/is not an index of autonomic control
of circulation. Journal of Applied Physiology. 2006;101(2):687.

Elstad M, Toska K, Chon KH, Raeder EA, Cohen RJ. Respiratory sinus arrhythmia:
opposite effects on systolic and mean arterial pressure in supine humans. Journal of
Physiology. 2001;536(1):251-259.

Elstad M, Wallge L, Chon KH, Toska K. Low-frequency fluctuations in heart rate,
cardiac output and mean arterial pressure in humans: what are the physiological
relationships? Journal of Hypertension. 2011;29(7):1327-1336.

Elstad M, Wallge L, Holme NLA, Maes E, Thoresen M. Respiratory sinus arrhythmia
stabilizes mean arterial blood pressure at high-frequency interval in healthy humans.
European Journal of Applied Physiology. 2015;115(3):521-530.

Emerson TEJ, Parker JL. Cerebral hemodynamics during endotoxin shock in the dog.
Circulatory Shock. 1976;3(1):21-30.

Encabo A, Ferrer M, Marin J, Villamor J, Balfagén G. Vasoconstrictive responses
elicited by endothelin in bovine cerebral arteries. General Pharmacology.
1992;23(2):263-267.

Engelhard K, Werner C, Méllenberg O, Kochs E. Effects of remifentanil/propofol in

comparison with isoflurane on dynamic cerebrovascular autoregulation in humans.

153



Acta Anaesthesiologica Scandinavica. 2001;45(8):971-976.

164. Engelhardt R, Mackensen A, Galanos C. Phase I trial of intravenously administered
endotoxin (Salmonella abortus equi) in cancer patients. Cancer Research.
1991;51(10):2524-2530.

165. Engelhardt R, Mackensen A, Galanos C, Andreesen R. Biological response to
intravenously administered endotoxin in patients with advanced cancer. Journal of
Biological Response Modifiers. 1990;9(5):480-491.

166. Esler M, Jennings G, Lambert G, Meredith I, Horne M, Eisenhofer G. Overflow of
catecholamine neurotransmitters to the circulation: source, fate, and functions.
Physiological Reviews. 1990;70(4):963-985.

167. Faraci FM, Mayhan WG, Heistad DD. Segmental vascular responses to acute
hypertension in cerebrum and brain stem. American Journal of Physiology.
1987;252(4):H738-H742.

168. Farrington B, Chadwick J, Mann W. The Medical Works of Hippocrates: A New
Translation from the Original Greek Made Especially for English Readers. Oxford:
1952.

169. Feist W, Ulmer AJ, Musehold J, Brade H, Kusumoto S, Flad HD. Induction of tumor
necrosis factor-o release by lipopolysaccharide and defined lipopolysaccharide partial
structures. Immunobiology. 1989;179(4-5):293-307.

170. Ferguson JL, Spitzer JJ, Miller HI. Effects of endotoxin on regional blood flow in the
unanesthetized guinea pig. Journal of Surgical Research. 1978;25(3):236-243.

171. Ferrier C, Esler MD, Eisenhofer G, Wallin BG, Horne M, Cox HS, et al. Increased
norepinephrine spillover into the jugular veins in essential hypertension. Hypertension.

1992;19(1):62-69.

154



172.

173.

174.

175.

176.

177.

178.

179.

Fijen, Kobold, de Boer P, Jones, van der Werf TS, Tervaert, et al. Leukocyte activation
and cytokine production during experimental human endotoxemia. European Journal
of Internal Medicine. 2000;11(2):89-95.

Fischer JE. False neurotransmitters and hepatic coma. In: Plum F, editor. Brain
Dysfunction in Metabolic Disorders. New York, NY: Raven Press; 1974. p. 53-73.
Fischer JE. The development of the false neurotransmitter concept of hepatic
encephalopathy. In: Capocaccia L, Fischer JE, Rosso-Fanelli F, editors. Hepatic
Encephalopathy in Chronic Liver Failure. New York, NY: Plenum Press; 1984. p. 53—
60.

Fischer JE, Baldessarini RJ. False neurotransmitters and hepatic failure. Lancet.
1971;2(7715):75-80.

Foa C. Periodische Automatie des herzhemmenden und des vasomotorischen
Bulbérzentrums. Pfliigers Archiv fir die gesamte Physiologie des Menschen und der
Tiere. 1913;153:513-45.

Frackowiak RS, Lenzi GL, Jones T, Heather JD. Quantitative measurement of regional
cerebral blood flow and oxygen metabolism in man using >0 and positron emission
tomography: theory, procedure, and normal values. Journal of Computer Assisted
Tomography. 1980;4(6):727-736.

Freise H, Briickner UB, Spiegel HU. Animal models of sepsis. Journal of Investigative
Surgery. 2001;14(4):195-212.

Freund HR, Muggia-Sullam M, LaFrance R, Holroyde J, Fischer JE. Regional brain
amino acid and neurotransmitter derangements during abdominal sepsis and septic
encephalopathy in the rat. The effect of amino acid infusions. Archives of Surgery.

1986;121(2):209-216.

155



180.

181.

182.

183.

184.

185.

186.

187.

188.

156

Freund HR, Muggia-Sullam M, Peiser J, Melamed E. Brain neurotransmitter profile is
deranged during sepsis and septic encephalopathy in the rat. Journal of Surgical
Research. 1985;38(3):267-271.

Freund HR, Ryan JA, Fischer JE. Amino acid derangements in patients with sepsis:
treatment with branched chain amino acid rich infusions. Annals of Surgery.
1978;188(3):423-430.

Freund H, Atamian S, Holroyde J, Fischer JE. Plasma amino acids as predictors of the
severity and outcome of sepsis. Annals of Surgery. 1979;190(5):571-576.

Friberg L, Kastrup J, Hansen M, Biilow J. Cerebral effects of scalp cooling and
extracerebral contribution to calculated blood flow values using the intravenous '**Xe
technique. Scandinavian Journal of Clinical and Laboratory Investigation.
1986;46(4):375-379.

Fullerton JN, Segre E, De Maeyer RPH, Maini AAN, Gilroy DW. Intravenous
endotoxin challenge in healthy humans: an experimental platform to investigate and
modulate systemic inflammation. Journal of Visualized Experiments. 2016;111.
Furlan R, Porta A, Costa F, Tank J, Baker L, Schiavi R, et al. Oscillatory patterns in
sympathetic neural discharge and cardiovascular variables during orthostatic stimulus.
Circulation. 2000;101(8):886-892.

Galloway SM, Raetz CR. A mutant of Escherichia coli defective in the first step of
endotoxin biosynthesis. Journal of Biological Chemistry. 1990;265(11):6394—6402.
Garcia-de-Lorenzo A, Ortiz-Leyba C, Planas M, Montejo JC, Nufiez R, Ordofiez FJ, et
al. Parenteral administration of different amounts of branch-chain amino acids in septic
patients: clinical and metabolic aspects. Critical Care Medicine. 1997;25(3):418-424.

Garcia JL, Monge L, Gémez B, Diéguez G. Response of canine cerebral arteries to



189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

endothelin-1. Journal of Pharmacy and Pharmacology. 1991;43(4):281-284.

Garrard CS, Kontoyannis DA, Piepoli M. Spectral analysis of heart rate variability in
the sepsis syndrome. Clinical Autonomic Research. 1993;3(1):5-13.

Gauldie J, Richards C, Baumann H. IL-6 and the acute phase reaction. Research in
Immunology. 1992;143(7):755-759.

Giller CA. The frequency-dependent behavior of cerebral autoregulation.
Neurosurgery. 1990;27(3):362-368.

Giller CA. The Emperor has no clothes: velocity, flow, and the use of TCD. Journal of
Neuroimaging. 2003;13(2):97-98.

Giller CA, Bowman G, Dyer H, Mootz L, Krippner W. Cerebral arterial diameters
during changes in blood pressure and carbon dioxide during craniotomy. Neurosurgery.
1993;32(5):737-742.

Giller CA, Mueller M. Linearity and non-linearity in cerebral hemodynamics. Medical
Engineering and Physics. 2003;25(8):633-646.

Gjedde A. Modulation of substrate transport to the brain. Acta Neurologica
Scandinavica. 1983;67(1):3-25.

Gjedde A. The pathways of oxygen in brain. I. Delivery and metabolism of oxygen.
Advances in Experimental Medicine and Biology. 2005;566:269-275.

Godin PJ, Fleisher LA, Eidsath A, Vandivier RW, Preas HL, Banks SM, et al.
Experimental human endotoxemia increases cardiac regularity: results from a
prospective, randomized, crossover trial. Critical Care Medicine. 1996;24(7):1117—
1124.

Goehler LE, Gaykema RP, Hammack SE, Maier SF, Watkins LR. Interleukin-1

induces c-Fos immunoreactivity in primary afferent neurons of the vagus nerve. Brain

157



199.

200.

201.

202.

203.

204.

205.

206.

207.

158

Research. 1998;804(2):306-310.

Gofton TE, Young GB. Sepsis-associated encephalopathy. Nature Reviews. Neurology.
2012;8(10):557-566.

Goldstein B, Kempski MH, Stair D, Tipton RB, DeKing D, DeLong DJ, et al.
Autonomic modulation of heart rate variability during endotoxin shock in rabbits.
Critical Care Medicine. 1995;23(10):1694-1702.

Gommer ED, Martens EGHJ, Aalten P, Shijaku E, Verhey FRJ, Mess WH, et al.
Dynamic cerebral autoregulation in subjects with Alzheimer’s disease, mild cognitive
impairment, and controls: evidence for increased peripheral vascular resistance with
possible predictive value. Journal of Alzheimer’s Disease. 2012;30(4):805-813.
Goodson CM, Rosenblatt K, Rivera-Lara L, Nyquist P, Hogue CW. Cerebral blood
flow autoregulation in sepsis for the intensivist: why its monitoring may be the future
of individualized care. Journal of Intensive Care Medicine. 2018;33(2):63-73.
Gosling RG, King DH. Arterial assessment by Doppler-shift ultrasound. Proceedings
of the Royal Society of Medicine. 1974;67(6):447—449.

Gouédard O, Blanc J, Gaudet E, Ponchon P, Elghozi JL. Contribution of the renin-
angiotensin system to short-term blood pressure variability during blockade of nitric
oxide synthesis in the rat. British Journal of Pharmacology. 1996;119(6):1085-1092.
Graninger M, Marsik C, Dukic T, Wagner OF, Blann AD, Jilma B. Enalapril does not
alter adhesion molecule levels in human endotoxemia. Shock. 2003;19(5):448-451.
Greenfield JC, Rembert JC, Tindall GT. Transient changes in cerebral vascular
resistance during the Valsalva maneuver in man. Stroke. 1984;15(1):76-79.

Grigoleit J-S, Kullmann JS, Wolf OT, Hammes F, Wegner A, Jablonowski S, et al.

Dose-dependent effects of endotoxin on neurobehavioral functions in humans. PL0S



208.

209.

210.

211.

212.

213.

214.

215.

216.

One. 2011;6(12):¢28330.

Grigoleit J-S, Oberbeck JR, Lichte P, Kobbe P, Wolf OT, Montag T, et al.
Lipopolysaccharide-induced experimental immune activation does not impair memory
functions in humans. Neurobiology of Learning and Memory. 2010;94(4):561-567.
Guyenet PG. The sympathetic control of blood pressure. Nature Reviews.
Neuroscience. 2006;7(5):335-346.

Guyenet PG, Darnall RA, Riley TA. Rostral ventrolateral medulla and
sympathorespiratory integration in rats. American Journal of Physiology.
1990;259(5):R1063-R1074.

Guyenet PG, Haselton JR, Sun MK. Sympathoexcitatory neurons of the
rostroventrolateral medulla and the origin of the sympathetic vasomotor tone. Progress
in Brain Research. 1989;81:105-116.

Guyenet PG, Koshiya N, Huangfu D, Baraban SC, Stornetta RL, Li YW. Role of
medulla oblongata in generation of sympathetic and vagal outflows. Progress in Brain
Research. 1996;107:127-144.

Guyenet PG, Stornetta RL, Bochorishvili G, DePuy SD, Burke PGR, Abbott SBG. C1
neurons: the body’s EMTs. American Journal of Physiology. Regulatory, Integrative
and Comparative Physiology. 2013;305(3):R187-R204.

Guyton AC, Harris JW. Pressoreceptor-autonomic oscillation; a probable cause of
vasomotor waves. American Journal of Physiology. 1951;165(1):158-166.

Guz A, Innes JA, Murphy K. Respiratory modulation of left ventricular stroke volume
in man measured using pulsed Doppler ultrasound. Journal of Physiology.
1987;393:499-512.

Hales S. Statistical Essays: Containing Haemastaticks. London: Innys, Manby and

159



217.

218.

219.

220.

221.

222.

223.

224.

225.

160

Woodward; 1733.

von Haller A. Elementa Physiologica. Lausanne: 1760.

Hamner JW, Cohen MA, Mukai S, Lipsitz LA, Taylor JA. Spectral indices of human
cerebral blood flow control: responses to augmented blood pressure oscillations.
Journal of Physiology. 2004;559(3):965-973.

Hansen-Schwartz JAS, Edvinsson L. Endothelin. In: Edvinsson L, Krause DN, editors.
Cerebral Blood Flow and Metabolism. Philadelphia, PA: Lippincott Williams &
Wilkins; 2002. p. 339-353.

Hansen AJ. Effect of anoxia on ion distribution in the brain. Physiological Reviews.
1985 Jan;65(1):101-148.

Hansen MK, O’Connor KA, Goehler LE, Watkins LR, Maier SF. The contribution of
the vagus nerve in interleukin-1B-induced fever is dependent on dose. American
Journal of Physiology. Regulatory, Integrative and Comparative Physiology.
2001;280(4):R929-R934.

Hargreaves KM, Pardridge WM. Neutral amino acid transport at the human blood-
brain barrier. Journal of Biological Chemistry. 1988;263(36):19392-19397.

Harper AM, Glass HI. Effect of alterations in the arterial carbon dioxide tension on the
blood flow through the cerebral cortex at normal and low arterial blood pressures.
Journal of Neurology, Neurosurgery, and Psychiatry. 1965;28(5):449-452.

Harper SL, Bohlen HG, Rubin MJ. Arterial and microvascular contributions to cerebral
cortical autoregulation in rats. American Journal of Physiology. 1984;246(1):H17-H24.
Hawkins RA, O’Kane RL, Simpson IA, Vifia JR. Structure of the blood-brain barrier
and its role in the transport of amino acids. Journal of Nutrition.

2006;136(Suppl):2185-2268S.



226.

227.

228.

229.

230.

231.

232.

233.

234.

Hayward J, Baker M. Role of cerebral arterial blood in the regulation of brain
temperature in the monkey. American Journal of Physiology. 1968;215(2):389-403.
Haziot A, Ferrero E, Kontgen F, Hijiya N, Yamamoto S, Silver J, et al. Resistance to
endotoxin shock and reduced dissemination of gram-negative bacteria in CD14-
deficient mice. Immunity. 1996;4(4):407—414.

Heistad D, Kontos H. Cerebral circulation. In: Shepherd JT, Abboud FM, editors.
Handbook of Physiology. Section 2: The Cardiovascular System. Volume IlI.
Peripheral Circulation and Organ Blood Flow. Bethesda, MD: American
Physiological Society; 1983. p. 137-182.

Heistad DD, Marcus ML, Ehrhardt JC, Abboud FM. Effect of stimulation of carotid
chemoreceptors on total and regional cerebral blood flow. Circulation Research.
1976;38(1):20-25.

Hering E. Uber den EinfluB der Atmung auf den Kreislauf. Erste Mitteilung. Uber
Atembewegungen der Gefafsysteme. Sitzungsberichte der Kaiserlichen Akademie der
Wissenschaften. Mathematik und Naturwissenschaft. 1869;60:829-856.

Hoiland RL, Ainslie PN. CrossTalk proposal: The middle cerebral artery diameter does
change during alterations in arterial blood gases and blood pressure. Journal of
Physiology. 2016;594(15):4073—4075.

Holme NLA, Rein EB, Elstad M. Cardiac stroke volume variability measured non-
invasively by three methods for detection of central hypovolemia in healthy humans.
European Journal of Applied Physiology. 2016;116(11-12):2187-2196.
Holstein-Rathlou NH, Marsh DJ. A dynamic model of renal blood flow autoregulation.
Bulletin of Mathematical Biology. 1994;56(3):411-429.

Holstein-Rathlou NH, Wagner AJ, Marsh DJ. Tubuloglomerular feedback dynamics

161



235.

236.

237.

238.

239.

240.

241.

162

and renal blood flow autoregulation in rats. American Journal of Physiology.
1991;260(1):F53-F68.

Hopkins RO, Weaver LK, Chan KJ, Orme JF. Quality of life, emotional, and cognitive
function following acute respiratory distress syndrome. Journal of the International
Neuropsychological Society. 2004;10(7):1005-1017.

Hopkins RO, Weaver LK, Collingridge D, Parkinson RB, Chan KJ, Orme JF. Two-
year cognitive, emotional, and quality-of-life outcomes in acute respiratory distress
syndrome. American Journal of Respiratory and Critical Care Medicine.
2005;171(4):340-347.

Hopkins RO, Weaver LK, Pope D, Orme JF, Bigler ED, Larson-LOHR V.
Neuropsychological sequelae and impaired health status in survivors of severe acute
respiratory distress syndrome. American Journal of Respiratory and Critical Care
Medicine. 1999;160(1):50-56.

Horsfield MA, Jara JL, Saeed NP, Panerai RB, Robinson TG. Regional differences in
dynamic cerebral autoregulation in the healthy brain assessed by magnetic resonance
imaging. PL0S One. 2013;8(4):¢62588.

Hsu H-Y, Chern C-M, Kuo J-S, Kuo TB-J, Chen Y-T, Hu H-H. Correlations among
critical closing pressure, pulsatility index and cerebrovascular resistance. Ultrasound in
Medicine and Biology. 2004;30(10):1329-1335.

Hubbard WJ, Choudhry M, Schwacha MG, Kerby JD, Rue LW, Bland KI, et al. Cecal
ligation and puncture. Shock. 2005;24(Suppl 1):52-57.

Huber P, Handa J. Effect of contrast material, hypercapnia, hyperventilation,
hypertonic glucose and papaverine on the diameter of the cerebral arteries.

Angiographic determination in man. Investigative Radiology. 1967;2(1):17-32.



242.

243.

244,

245.

246.

247.

248.

249.

Hughes CG, Morandi A, Girard TD, Riedel B, Thompson JL, Shintani AK, et al.
Association between endothelial dysfunction and acute brain dysfunction during
critical illness. Anesthesiology. 2013;118(3):631-639.

Hyder F, Shulman RG, Rothman DL. A model for the regulation of cerebral oxygen
delivery. Journal of Applied Physiology. 1998;85(2):554—564.

Héggendal E, Johansson B. Effects of arterial carbon dioxide tension and oxygen
saturation on cerebral blood flow autoregulation in dogs. Acta Physiologica
Scandinavica. 1965;258(Suppl):27-53.

Tacobone E, Bailly-Salin J, Polito A, Friedman D, Stevens RD, Sharshar T. Sepsis-
associated encephalopathy and its differential diagnosis. Critical Care Medicine.
2009;37:S331-S336.

Ibfelt T, Fischer CP, Plomgaard P, van Hall G, Pedersen BK. The acute effects of low-
dose TNF-a on glucose metabolism and f-cell function in humans. Mediators of
Inflammation. 2014;2014:295478.

Imray C, Chan C, Stubbings A, Rhodes H, Patey S, Wilson MH, et al. Time course
variations in the mechanisms by which cerebral oxygen delivery is maintained on
exposure to hypoxia/altitude. High Altitude Medicine and Biology. 2014;15(1):21-27.
Ito H, Inoue K, Goto R, Kinomura S, Taki Y, Okada K, et al. Database of normal
human cerebral blood flow measured by SPECT: I. Comparison between '2I-IMP,
9mTe-HMPAO, and *™Tc-ECD as referred with '°O labeled water PET and voxel-
based morphometry. Annals of Nuclear Medicine. 2006;20(2):131-138.

Ito H, Yokoyama I, Iida H, Kinoshita T, Hatazawa J, Shimosegawa E, et al. Regional
differences in cerebral vascular response to PaCO: changes in humans measured by

positron emission tomography. Journal of Cerebral Blood Flow and Metabolism.

163



250.

251.

252.

253.

254.

255.

256.

257.

258.

164

2000;20(8):1264-1270.

Ivey ME, Osman N, Little PJ. Endothelin-1 signalling in vascular smooth muscle:
pathways controlling cellular functions associated with atherosclerosis.
Atherosclerosis. 2008;199(2):237-247.

Iwashyna TJ, Ely EW, Smith DM, Langa KM. Long-term cognitive impairment and
functional disability among survivors of severe sepsis. Journal of the American
Medical Association. 2010;304(16):1787-1794.

Jackson AC, Gilbert JJ, Young GB, Bolton CF. The encephalopathy of sepsis.
Canadian Journal of Neurological Sciences. 1985;12:303-307.

Jackson JC, Hopkins RO, Miller RR, Gordon SM, Wheeler AP, Ely EW. Acute
respiratory distress syndrome, sepsis, and cognitive decline: a review and case study.
Southern Medical Journal. 2009;102(11):1150-1157.

Jansen I, Fallgren B, Edvinsson L. Mechanisms of action of endothelin on isolated
feline cerebral arteries: in vitro pharmacology and electrophysiology. Journal of
Cerebral Blood Flow and Metabolism. 1989;9(6):743-747.

Jansma G, de Lange F, Kingma WP, Vellinga NA, Koopmans M, Kuiper MA, et al.
“Sepsis-related anemia” is absent at hospital presentation; a retrospective cohort
analysis. BMC Anesthesiology. 2015;15:55.

Jeppsson B, Freund HR, Gimmon Z, James JH, von Meyenfeldt MF, Fischer JE.
Blood-brain barrier derangement in sepsis: cause of septic encephalopathy? American
Journal of Surgery. 1981;141(1):136-142.

Johnston AJ, Steiner LA, Gupta AK, Menon DK. Cerebral oxygen vasoreactivity and
cerebral tissue oxygen reactivity. British Journal of Anaesthesia. 2003;90(6):774-786.

Jones MD, Traystman RJ, Simmons MA, Molteni RA. Effects of changes in arterial O



259.

260.

261.

262.

263.

264.

265.

266.

content on cerebral blood flow in the lamb. American Journal of Physiology.
1981;240(2):H209-H215.

Jordan J, Shannon JR, Diedrich A, Black B, Costa F, Robertson D, et al. Interaction of
carbon dioxide and sympathetic nervous system activity in the regulation of cerebral
perfusion in humans. Hypertension. 2000;36(3):383-388.

Joyce CD, Fiscus RR, Wang X, Dries DJ, Morris RC, Prinz RA. Calcitonin gene-
related peptide levels are elevated in patients with sepsis. Surgery. 1990;108(6):1097—
1101.

Julien C. The enigma of Mayer waves: Facts and models. Cardiovascular Research.
2006;70(1):12-21.

Just A, Kirchheim HR, Ehmke H. Buffering of blood pressure variability by the renin-
angiotensin system in the conscious dog. Journal of Physiology. 1998;512(2):583-593.
Kadoi Y, Saito S, Kawauchi C, Hinohara H, Kunimoto F. Comparative effects of
propofol vs dexmedetomidine on cerebrovascular carbon dioxide reactivity in patients
with septic shock. British Journal of Anaesthesia. 2008;100(2):224-229.

Kadoi Y, Saito S, Kunimoto F, Imai T, Fujita T. Impairment of the brain f-adrenergic
system during experimental endotoxemia. Journal of Surgical Research.
1996;61(2):496-502.

Kane SA, Koblan KS. Calcitonin gene related peptide. In: Edvinsson L, Krause DN,
editors. Cerebral Blood Flow and Metabolism. Philadelphia, PA: Lippincott Williams
& Wilkins; 2002. p. 248-255.

Katsogridakis E, Bush G, Fan L, Birch AA, Simpson DM, Allen R, et al. Detection of
impaired cerebral autoregulation improves by increasing arterial blood pressure

variability. Journal of Cerebral Blood Flow and Metabolism. 2013;33(4):519-23.

165



267.

268.

269.

270.

271.

272.

273.

274.

275.

166

Kaukonen K-M, Bailey M, Pilcher D, Cooper DJ, Bellomo R. Systemic inflammatory
response syndrome criteria in defining severe sepsis. New England Journal of
Medicine. 2015;372(17):1629-1638.

Kaukonen K-M, Bailey M, Suzuki S, Pilcher D, Bellomo R. Mortality Related to
Severe Sepsis and Septic Shock Among Critically Il Patients in Australia and New
Zealand, 2000-2012. Journal of the American Medical Association.
2014;311(13):1308-1316.

Kelly NM, Young L, Cross AS. Differential induction of tumor necrosis factor by
bacteria expressing rough and smooth lipopolysaccharide phenotypes. Infection and
Immunity. 1991;59(12):4491-4496.

Kety S, Schmidt C. The determination of cerebral blood flow in man by the use of
nitrous oxide in low concentrations. American Journal of Physiology. 1945;143:53-66.
Kety SS. The measurement of cerebral blood flow by means of inert diffusible tracers.
Keio Journal of Medicine. 1994;43(1):9-14.

Kety SS, Harmel MH, Broomell HT, Rhode CB. The solubility of nitrous oxide in
blood and brain. Journal of Biological Chemistry. 1948;173(2):487-496.

Kety SS, Schmidt CF. The effects of active and passive hyperventilation on cerebral
blood flow, cerebral oxygen consumption, cardiac output, and blood pressure of normal
young men. Journal of Clinical Investigation. 1946;25(1):107-119.

Kety SS, Schmidt CF. The nitrous oxide method for the quantitative determination of
cerebral blood flow in man: theory, procedure and normal values. Journal of Clinical
Investigation. 1948;27(4):476-483.

Kety SS, Schmidt CF. The effects of altered arterial tensions of carbon dioxide and

oxygen on cerebral blood flow and cerebral oxygen consumption of normal young



276.

277.

278.

279.

280.

281.

282.

283.

284.

men. Journal of Clinical Investigation. 1948;27(4):484-492.

Killip T. Oscillation of blood flow and vascular resistance during Mayer waves.
Circulation Research. 1962;11(6):987-993.

Kim Y-S, Immink R V, Stok WJ, Karemaker JM, Secher NH, van Lieshout JJ.
Dynamic cerebral autoregulatory capacity is affected early in type 2 diabetes. Clinical
Science. 2008;115(8):255-262.

Kitchens RL, Thompson PA. Modulatory effects of sCD14 and LBP on LPS-host cell
interactions. Journal of Endotoxin Research. 2005;11(4):225-229.

Kitney RI, Rompelman O. Analysis of the interaction of the human blood pressure and
thermal system. In: Perkins J, editor. Biomedical Computing. London, UK: Pitman
Medical; 1977. p. 49-54.

Knudsen GM, Hasselbalch S, Toft PB, Christensen E, Paulson OB, Lou H. Blood-brain
barrier transport of amino acids in healthy controls and in patients with
phenylketonuria. Journal of Inherited Metabolic Disease. 1995;18(6):653—664.
Kontos HA. Validity of cerebral arterial blood flow calculations from velocity
measurements. Stroke. 1989;20(1):1-3.

Kontos HA, Wei EP, Navari RM, Levasseur JE, Rosenblum WI, Patterson JL.
Responses of cerebral arteries and arterioles to acute hypotension and hypertension.
American Journal of Physiology. 1978;234(4):H371-H383.

Kontos HA, Wei EP, Raper AJ, Patterson JL. Local mechanism of CO: action of cat
pial arterioles. Stroke. 1977;8(2):226-229.

Kontos HA, Wei EP, Raper AJ, Rosenblum WI, Navari RM, Patterson JL. Role of
tissue hypoxia in local regulation of cerebral microcirculation. American Journal of

Physiology. 1978;234(5):H582-H591.

167



285.

286.

287.

288.

289.

290.

291.

292.

293.

168

Korach M, Sharshar T, Jarrin I, Fouillot JP, Raphaél JC, Gajdos P, et al. Cardiac
variability in critically ill adults: influence of sepsis. Critical Care Medicine.
2001;29(7):1380-1385.

Koyama S, Manning JW. Role of sympathetic nerve activity in endotoxin induced
hypotension in cats. Cardiovascular Research. 1985;19(1):32-37.

Krabbe KS, Bruunsgaard H, Hansen CM, Moller K, Fonsmark L, Qvist J, et al. Ageing
is associated with a prolonged fever response in human endotoxemia. Clinical and
Diagnostic Laboratory Immunology. 2001;8(2):333-338.

Krabbe KS, Bruunsgaard H, Qvist J, Fonsmark L, Meller K, Hansen CM, et al.
Activated T lymphocytes disappear from circulation during endotoxemia in humans.
Clinical and Diagnostic Laboratory Immunology. 2002;9(3):731-735.

Krabbe KS, Bruunsgaard H, Qvist J, Hansen CM, Mgller K, Fonsmark L, et al.
Hypotension during endotoxemia in aged humans. European Journal of
Anaesthesiology. 2001;18(9):572-575.

Kuhns DB, Alvord WG, Gallin JI. Increased circulating cytokines, cytokine
antagonists, and E-selectin after intravenous administration of endotoxin in humans.
Journal of Infectious Diseases. 1995;171(1):145-152.

Kullmann JS, Grigoleit J-S, Lichte P, Kobbe P, Rosenberger C, Banner C, et al. Neural
response to emotional stimuli during experimental human endotoxemia. Human Brain
Mapping. 2013;34(9):2217-2227.

Kullmann JS, Grigoleit J-S, Wolf OT, Engler H, Oberbeck R, Elsenbruch S, et al.
Experimental human endotoxemia enhances brain activity during social cognition.
Social Cognitive and Affective Neuroscience. 2014;9(6):786-793.

Kuo TBJ, Chern C-M, Yang CCH, Hsu H-Y, Wong W-J, Sheng W-Y, et al.



294.

295.

296.

297.

298.

299.

300.

Mechanisms underlying phase lag between systemic arterial blood pressure and
cerebral blood flow velocity. Cerebrovascular Diseases. 2003;16(4):402—409.
Labrenz F, Wrede K, Forsting M, Engler H, Schedlowski M, Elsenbruch S, et al.
Alterations in functional connectivity of resting state networks during experimental
endotoxemia - an exploratory study in healthy men. Brain, Behavior, and Immunity.
2016;54:17-26.

Laitinen T, Hartikainen J, Niskanen L, Geelen G, Lansimies E. Sympathovagal balance
is major determinant of short-term blood pressure variability in healthy subjects.
American Journal of Physiology. 1999;276(4):H1245-H1252.

Lambert GW, Kaye DM, Lefkovits J, Jennings GL, Turner AG, Cox HS, et al.
Increased central nervous system monoamine neurotransmitter turnover and its
association with sympathetic nervous activity in treated heart failure patients.
Circulation. 1995;92(7):1813—1818.

Lammertsma AA, Cunningham VJ, Deiber MP, Heather JD, Bloomfield PM, Nutt J, et
al. Combination of dynamic and integral methods for generating reproducible
functional CBF images. Journal of Cerebral Blood Flow and Metabolism.
1990;10(5):675-686.

Larsen FS, Olsen KS, Hansen BA, Paulson OB, Knudsen GM. Transcranial Doppler is
valid for determination of the lower limit of cerebral blood flow autoregulation. Stroke.
1994;25(10):1985-1988.

Lassen NA. Cerebral blood flow and oxygen consumption in man. Physiological
Reviews. 1959;39(2):183-238.

Lassen NA. Control of cerebral circulation in health and disease. Circulation Research.

1974;34(6):749-760.

169



301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

170

Lassen NA, Agnoli A. The upper limit of autoregulation of cerebral blood flow - on the
pathogenesis of hypertensive encepholopathy. Scandinavian Journal of Clinical and
Laboratory Investigation. 1972;30(2):113-116.

Lassen NA, Christensen MS. Physiology of cerebral blood flow. British Journal of
Anaesthesia. 1976;48(8):719-734.

Lassen NA, Feinberg I, Lane MH. Bilateral studies of cerebral oxygen uptake in young
and aged normal subjects and in patients with organic dementia. Journal of Clinical
Investigation. 1960;39(3):491-500.

Lassen NA, Klee A. Cerebral blood flow determined by saturation and desaturation
with krypton-85: an evaluation of the validity of the inert gas method of Kety and
Schmidt. Circulation Research. 1965;16:26-32.

Lassen NA, Lane MH. Validity of internal jugular blood for study of cerebral blood
flow and metabolism. Journal of Applied Physiology. 1961;16:313-320.

Latham R. The Works of Thomas Sydenham, MD. London: Sydenham Society; 1868.
Leone C, Gordon FJ. Is L-glutamate a neurotransmitter of baroreceptor information in
the nucleus of the tractus solitarius? Journal of Pharmacology and Experimental
Therapeutics. 1989;250(3):953-962.

Levy MM, Fink MP, Marshall JC, Abraham E, Angus D, Cook D, et al. 2001
SCCM/ESICM/ACCP/ATS/SIS International Sepsis Definitions Conference. Critical
Care Medicine. 2003;31(4):1250-1256.

Lewis NCS, Smith KJ, Bain AR, Wildfong KW, Numan T, Ainslie PN. Impact of
transient hypotension on regional cerebral blood flow in humans. Clinical Science.
2015;129(2):169-178.

Lewis PM, Smielewski P, Pickard JD, Czosnyka M. Dynamic cerebral autoregulation:



311.

312.

313.

314.

315.

316.

317.

should intracranial pressure be taken into account? Acta Neurochirurgica.
2007;149(6):549-555.

Lichter-Konecki U, Hipke CM, Konecki DS. Human phenylalanine hydroxylase gene
expression in kidney and other nonhepatic tissues. Molecular Genetics and
Metabolism. 1999;67(4):308-316.

Lind-Holst M, Cotter JD, Helge JW, Boushel R, Augustesen H, Van Lieshout JJ, et al.
Cerebral autoregulation dynamics in endurance-trained individuals. Journal of Applied
Physiology. 2011;110(5):1327-1333.

Lindegaard KF, Lundar T, Wiberg J, Sjeberg D, Aaslid R, Nornes H. Variations in
middle cerebral artery blood flow investigated with noninvasive transcranial blood
velocity measurements. Stroke. 1987;18(6):1025-1030.

van der Linden J, Wesslén O, Ekroth R, Tydén H, von Ahn H. Transcranial Doppler-
estimated versus thermodilution-estimated cerebral blood flow during cardiac
operations. Influence of temperature and arterial carbon dioxide tension. Journal of
Thoracic and Cardiovascular Surgery. 1991;102(1):95-102.

Lipsitz LA, Mukai S, Hamner J, Gagnon M, Babikian V. Dynamic regulation of middle
cerebral artery blood flow velocity in aging and hypertension. Stroke.
2000;31(8):1897-1903.

Lipski J, Kanjhan R, Kruszewska B, Smith M. Barosensitive neurons in the rostral
ventrolateral medulla of the rat in vivo: morphological properties and relationship to
C1 adrenergic neurons. Neuroscience. 1995;69(2):601-618.

Liu J, Zhu Y-S, Hill C, Armstrong K, Tarumi T, Hodics T, et al. Cerebral
autoregulation of blood velocity and volumetric flow during steady-state changes in

arterial pressure. Hypertension. 2013;62(5):973-979.

171



318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

172

Longmore M, Wilkinson IB, Baldwin A, Wallin E. Neurology. In: Oxford Handbook of
Clinical Medicine. New York: Oxford University Press; 2014. p. 448-521.

Lu Y-C, Yeh W-C, Ohashi PS. LPS/TLR4 signal transduction pathway. Cytokine.
2008;42(2):145-151.

Lucas SJE, Tzeng YC, Galvin SD, Thomas KN, Ogoh S, Ainslie PN. Influence of
changes in blood pressure on cerebral perfusion and oxygenation. Hypertension.
2010;55(3):698-705.

Luce JM. Ethical principles in critical care. Journal of the American Medical
Association. 1990;263(5):696-700.

Luheshi G, Miller AJ, Brouwer S, Dascombe MJ, Rothwell NJ, Hopkins SJ.
Interleukin-1 receptor antagonist inhibits endotoxin fever and systemic interleukin-6
induction in the rat. American Journal of Physiology. 1996;270(1):E91-E95.
MacKenzie ET, McCulloch J, O’Kean M, Pickard JD, Harper AM. Cerebral circulation
and norepinephrine: relevance of the blood-brain barrier. American Journal of
Physiology. 1976;231(2):483-488.

MacKenzie ET, McGeorge AP, Graham DI, Fitch W, Edvinsson L, Harper AM.
Effects of increasing arterial pressure on cerebral blood flow in the baboon: influence
of the sympathetic nervous system. Pflligers Archiv. 1979;378(3):189-195.
MacKenzie ET, Strandgaard S, Graham DI, Jones J V, Harper AM, Farrar JK. Effects
of acutely induced hypertension in cats on pial arteriolar caliber, local cerebral blood
flow, and the blood-brain barrier. Circulation Research. 1976;39(1):33-41.

Madge LA, Pober JS. TNF signaling in vascular endothelial cells. Experimental and
Molecular Pathology. 2001;70(3):317-325.

Madsen PL, Holm S, Herning M, Lassen NA. Average blood flow and oxygen uptake



328.

329.

330.

331.

332.

333.

334.

335.

in the human brain during resting wakefulness: a critical appraisal of the Kety-Schmidt
technique. Journal of Cerebral Blood Flow and Metabolism. 1993;13(4):646—655.
Maekawa T, Fujii Y, Sadamitsu D, Yokota K, Soejima Y, Ishikawa T, et al. Cerebral
circulation and metabolism in patients with septic encephalopathy. American Journal
of Emergency Medicine. 1991;9(2):139-143.

Maggio P, Salinet ASM, Panerai RB, Robinson TG. Does hypercapnia-induced
impairment of cerebral autoregulation affect neurovascular coupling? A functional
TCD study. Journal of Applied Physiology. 2013;115(4):491-497.

Magun J-G. The effect of pharmacologically increased blood pressure on brain
circulation. Zeitschrift fir Neurologie. 1973;204(2):107-134.

Malliani A. The pattern of sympathovagal balance explored in the frequency domain.
News in Physiological Sciences. 1999;14:111-117.

Malliani A, Pagani M, Lombardi F, Cerutti S. Cardiovascular neural regulation
explored in the frequency domain. Circulation. 1991;84(2):482-492.

Malpas SC. Neural influences on cardiovascular variability: possibilities and pitfalls.
American Journal of Physiology. Heart and Circulatory Physiology. 2002;282(1):H6—
H20.

Mancia G, Ferrari A, Gregorini L, Parati G, Pomidossi G, Bertinieri G, et al. Blood
pressure and heart rate variabilities in normotensive and hypertensive human beings.
Circulation Research. 1983;53(1):96-104.

Mancia G, Mark AL. Arterial baroreflexes in humans. In: Shepherd J, Abboud F,
editors. Handbook of Physiology. Section 2: The Cardiovascular System. Volume I11.
Peripheral Circulation and Organ Blood Flow. Bethesda, MD: American

Physiological Society; 1983. p. 755-93.

173



336.

337.

338.

339.

340.

341.

342.

343.

174

Mardimae A, Balaban DY, Machina MA, Han JS, Katznelson R, Minkovich LL, et al.
The interaction of carbon dioxide and hypoxia in the control of cerebral blood flow.
Pfliigers Archiv. 2012;464(4):345-351.

Mark A, Mancia G. Cardiopulmonary baroreflexes in humans. In: Shepherd JT,
Abboud FM, editors. Handbook of Physiology. Section 2: The Cardiovascular System.
Volume IlI. Peripheral Circulation and Organ Blood Flow. Bethesda, MD: American
Physiological Society; 1983. p. 795-813.

Markwalder T-M, Grolimund P, Seiler RW, Roth F, Aaslid R. Dependency of blood
flow velocity in the middle cerebral artery on end-tidal carbon dioxide partial pessure.
A transcranial ultrasound Doppler study. Journal of Cerebral Blood Flow and
Metabolism. 1984;4(3):368-372.

Marshall JC. Complexity, chaos, and incomprehensibility: parsing the biology of
critical illness. Critical Care Medicine. 2000;28(7):2646—643.

Marshall JC, Walker PM, Foster DM, Harris D, Ribeiro M, Paice J, et al. Measurement
of endotoxin activity in critically ill patients using whole blood neutrophil dependent
chemiluminescence. Critical Care. 2002;6(4):342-3438.

Martin C, Boisson C, Haccoun M, Thomachot L, Mege JL. Patterns of cytokine
evolution (tumor necrosis factor a and interleukin 6) after septic shock, hemorrhagic
shock, and severe trauma. Critical Care Medicine. 1997;25(11):1813-1819.
Mathison JC, Ulevitch RJ. The clearance, tissue distribution, and cellular localization
of intravenously injected lipopolysaccharide in rabbits. Journal of Immunology.
1979;123(5):2133-2143.

Matta BF, Stow PJ. Sepsis-induced vasoparalysis does not involve the cerebral

vasculature: indirect evidence from autoregulation and carbon dioxide reactivity



344.

345.

346.

347.

348.

349.

350.

351.

352.

studies. British Journal of Anaesthesia. 1996;76(6):790-794.

Mayer S. Studien zur Physiologie des Herzens und der Blutgefasse. Fiinfte
Abhandlung. Uber spontane Blutdruckschwankungen. Sitzungsberichte der
Mathematisch-naturwissenschaftlichen Classe der Kaiserlichen Akademine der
Wissenschaften in Wien. 1876;74:281-307.

Mayr FB, Yende S, Angus DC. Epidemiology of severe sepsis. Virulence. 2014;5(1):4—
11.

McGovern VJ, Tiller DJ. Septic shock. In: Shock: A Clinicopathologic Correlation.
New York, NY: Masson; 1980. p. 137-150.

McKitrick DJ, Calaresu FR. Nucleus ambiguus inhibits activity of cardiovascular units
in RVLM. Brain Research. 1996;742(1-2):203-210.

Medzhitov R, Preston-Hurlburt P, Janeway CA. A human homologue of the Drosophila
Toll protein signals activation of adaptive immunity. Nature. 1997;388(6640):394-397.
Meel-van den Abeelen ASS. In Control: Methodological and Clinical Aspects of
Cerebral Autoregulation and Haemodynamics. Radboud University Nijmegen; 2014.
Meens MJPMT, Compeer MG, Hackeng TM, van Zandvoort MA, Janssen BJA, De
Mey JGR. Stimuli of sensory-motor nerves terminate arterial contractile effects of
endothelin-1 by CGRP and dissociation of ET-1/ETa-receptor complexes. PL0S One.
2010;5(6):¢10917.

Meens MJPMT, Fazzi GE, van Zandvoort MA, De Mey JGR. Calcitonin gene-related
peptide selectively relaxes contractile responses to endothelin-1 in rat mesenteric
resistance arteries. Journal of Pharmacology and Experimental Therapeutics.
2009;331(1):87-95.

Michie HR, Manogue KR, Spriggs DR, Revhaug A, O’Dwyer S, Dinarello CA, et al.

175



353.

354.

355.

356.

357.

358.

359.

176

Detection of circulating tumor necrosis factor after endotoxin administration. New
England Journal of Medicine. 1988;318(23):1481-1486.

Miller CF, Breslow MJ, Shapiro RM, Traystman RJ. Role of hypotension in decreasing
cerebral blood flow in porcine endotoxemia. American Journal of Physiology.
1987;253(4):H956-H964.

Milutinovi¢ S, Murphy D, Japundzi¢-Zigon N. The role of central vasopressin
receptors in the modulation of autonomic cardiovascular controls: a spectral analysis
study. American Journal of Physiology. Regulatory, Integrative and Comparative
Physiology. 2006;291(6):R1579-R1591.

Mizock BA, Sabelli HC, Dubin A, Javaid JI, Poulos A, Rackow EC. Septic
encephalopathy. Evidence for altered phenylalanine metabolism and comparison with
hepatic encephalopathy. Archives of Internal Medicine. 1990;150(2):443—449.

Moieni M, Irwin MR, Jevtic I, Breen EC, Eisenberger NI. Inflammation impairs social
cognitive processing: a randomized controlled trial of endotoxin. Brain, Behavior, and
Immunity. 2015;48:132-138.

Montano N, Gnecchi-Ruscone T, Porta A, Lombardi F, Malliani A, Barman SM.
Presence of vasomotor and respiratory rhythms in the discharge of single medullary
neurons involved in the regulation of cardiovascular system. Journal of the Autonomic
Nervous System. 1996;57(1-2):116-122.

Montano N, Ruscone TG, Porta A, Lombardi F, Pagani M, Malliani A. Power
spectrum analysis of heart rate variability to assess the changes in sympathovagal
balance during graded orthostatic tilt. Circulation. 1994;90(4):1826-1831.

Mueller M, Lindner B, Dedrick R, Schromm AB, Seydel U. Endotoxin: physical

requirements for cell activation. Journal of Endotoxin Research. 2005;11(5):299-303.



360.

361.

362.

363.

364.

365.

366.

367.

Mueller SM, Heistad DD, Marcus ML. Total and regional cerebral blood flow during
hypotension, hypertension, and hypocapnia. Effect of sympathetic denervation in dogs.
Circulation Research. 1977;41(3):350-356.

Munford RS. Severe sepsis and septic shock: the role of gram-negative bacteremia.
Annual Review of Pathology. 2006;1(1):467-496.

Murkin JM, Arango M. Near-infrared spectroscopy as an index of brain and tissue
oxygenation. British Journal of Anaesthesia. 2009;(Suppl 1):i3-13.

Mussalo H, Vanninen E, Ikdheimo R, Laitinen T, Hartikainen J. Short-term blood
pressure variability in renovascular hypertension and in severe and mild essential
hypertension. Clinical Science. 2003;105(5):609-614.

Muta T, Takeshige K. Essential roles of CD14 and lipopolysaccharide-binding protein
for activation of toll-like receptor (TLR)2 as well as TLR4 Reconstitution of TLR2-
and TLR4-activation by distinguishable ligands in LPS preparations. European Journal
of Biochemistry. 2001;268(16):4580-—4589.

Moller K, Strauss GI, Qvist J, Fonsmark L, Knudsen GM, Larsen FS, et al. Cerebral
blood flow and oxidative metabolism during human endotoxemia. Journal of Cerebral
Blood Flow and Metabolism. 2002;22(10):1262—1270.

Mgller K, Strauss GI, Thomsen G, Larsen FS, Holm S, Sperling BK, et al. Cerebral
blood flow, oxidative metabolism and cerebrovascular carbon dioxide reactivity in
patients with acute bacterial meningitis. Acta Anaesthesiologica Scandinavica.
2002;46(5):567-578.

Nafz B, Just A, Stauss HM, Wagner CD, Ehmke H, Kirchheim HR, et al. Blood-
pressure variability is buffered by nitric oxide. Journal of the Autonomic Nervous

System. 1996;57(3):181-183.

177



368.

369.

370.

371.

372.

373.

374.

375.

376.

178

Nafz B, Wagner CD, Persson PB. Endogenous nitric oxide buffers blood pressure
variability between 0.2 and 0.6 Hz in the conscious rat. American Journal of
Physiology. 1997;272(2):H632-H637.

Naidoo V, Naidoo S, Mahabeer R, Raidoo DM. Cellular distribution of the endothelin
system in the human brain. Journal of Chemical Neuroanatomy. 2004;27(2):87-98.
Naidoo V, Naidoo S, Raidoo DM. Immunolocalisation of endothelin-1 in human brain.
Journal of Chemical Neuroanatomy. 2004;27(3):193-200.

Nasr N, Czosnyka M, Arevalo F, Hanaire H, Guidolin B, Larrue V. Autonomic
neuropathy is associated with impairment of dynamic cerebral autoregulation in type 1
diabetes. Autonomic Neuroscience. 2011;160(1-2):59-63.

Neff RA, Mihalevich M, Mendelowitz D. Stimulation of NTS activates NMDA and
non-NMDA receptors in rat cardiac vagal neurons in the nucleus ambiguus. Brain
Research. 1998;792(2):277-782.

Newell DW, Aaslid R, Lam A, Mayberg TS, Winn HR. Comparison of flow and
velocity during dynamic autoregulation testing in humans. Stroke. 1994;25(4):793-797.
Niijima A, Hori T, Aou S, Oomura Y. The effects of interleukin-1f on the activity of
adrenal, splenic and renal sympathetic nerves in the rat. Journal of the Autonomic
Nervous System. 1991;36(3):183-192.

Nornes H, Knutzen HB, Wikeby P. Cerebral arterial blood flow and aneurysm surgery.
Part 2. Induced hypotension and autoregulatory capacity. Journal of Neurosurgery.
1977,47(6):819-827.

O’Kane RL, Hawkins RA. Na*-dependent transport of large neutral amino acids occurs
at the abluminal membrane of the blood-brain barrier. American Journal of Physiology.

Endocrinology and Metabolism. 2003;285(6):E1167-E1173.



3717.

378.

379.

380.

381.

382.

383.

384.

O’Kane RL, Vifia JR, Simpson I, Hawkins RA. Na*-dependent neutral amino acid
transporters A, ASC, and N of the blood-brain barrier: mechanisms for neutral amino
acid removal. American Journal of Physiology. Endocrinology and Metabolism.
2004;287(4):E622-E629.

Obrist WD, Wilkinson WE. Stability and sensitivity of CBF indices in the noninvasive
133Xe method. In: Hartman A, Hoyer S, editors. Cerebral Blood Flow and Metabolism
Measurement. New York, NY: Springer Verlag; 1985. p. 30.

Oddo M, Carrera E, Claassen J, Mayer SA, Hirsch LJ. Continuous
electroencephalography in the medical intensive care unit. Critical Care Medicine.
2009;37(6):2051-2056.

Ogawa Y, Iwasaki K, Aoki K, Gokan D, Hirose N, Kato J, et al. The different effects
of midazolam and propofol sedation on dynamic cerebral autoregulation. Anesthesia
and analgesia. 2010;111(5):1279-84.

Ogoh S, Sato K, Okazaki K, Miyamoto T, Secher F, Serensen H, et al. A decrease in
spatially resolved near-infrared spectroscopy-determined frontal lobe tissue
oxygenation by phenylephrine reflects reduced skin blood flow. Anesthesia and
Analgesia. 2014;118(4):823-829.

Ogoh S, Tzeng Y-C, Lucas SJE, Galvin SD, Ainslie PN. Influence of baroreflex-
mediated tachycardia on the regulation of dynamic cerebral perfusion during acute
hypotension in humans. Journal of Physiology. 2010;588(2):365-371.

Ogura K, Takayasu M, Dacey RG. Differential effects of intra- and extraluminal
endothelin on cerebral arterioles. American Journal of Physiology. 1991;261(2):H531—
H537.

Oldendorf WH. Brain uptake of radiolabeled amino acids, amines, and hexoses after

179



385.

386.

387.

388.

389.

390.

391.

392.

180

arterial injection. American Journal of Physiology. 1971;221(6):1629-1639.

Olesen J. The effect of intracarotid epinephrine, norepinephrine, and angiotensin on the
regional cerebral blood flow in man. Neurology. 1972;22(9):978-987.

Olesen J. Quantitative evaluation of normal and pathologic cerebral blood flow
regulation to perfusion pressure. Changes in man. Archives of Neurology.
1973;28(3):143-149.

Olsen KS, Svendsen LB, Larsen FS, Paulson OB. Effect of labetalol on cerebral blood
flow, oxygen metabolism and autoregulation in healthy humans. British Journal of
Anaesthesia. 1995;75(1):51-54.

Omboni S, Parati G, Frattola A, Mutti E, Di Rienzo M, Castiglioni P, et al. Spectral
and sequence analysis of finger blood pressure variability. Comparison with analysis of
intra-arterial recordings. Hypertension. 1993;22(1):26-33.

Opal SM, Scannon PJ, Vincent JL, White M, Carroll SF, Palardy JE, et al. Relationship
between plasma levels of lipopolysaccharide (LPS) and LPS-binding protein in patients
with severe sepsis and septic shock. Journal of Infectious Diseases. 1999;180(5):1584—
1589.

Osler W. Septicaemia and pyaemia. In: The Principles and Practice of Medicine.
Designed for the Use of Practitioners and Students of Medicine. New York, NY: D.
Appleton & Company; 1892. p. 114-118.

Ostrowski SR, Berg RMG, Windelov N a., Meyer M a S, Plovsing RR, Moller K, et al.
Coagulopathy, catecholamines, and biomarkers of endothelial damage in experimental
human endotoxemia and in patients with severe sepsis: A prospective study. Journal of
Critical Care. 2013;28(5):586-596.

Ostrowski SR, Berg RMG, Windelov NA, Meyer MAS, Plovsing RR, Moller K, et al.



393.

394.

395.

396.

397.

398.

399.

400.

Discrepant fibrinolytic response in plasma and whole blood during experimental
endotoxemia in healthy volunteers. PL0S One. 2013;8(3):e59368.

Pagani M, Lucini D, Rimoldi O, Furlan R, Piazza S, Porta A, et al. Low and high
frequency components of blood pressure variability. Annals of the New York Academy
of Sciences. 1996;783:10-23.

Pagani M, Montano N, Porta A, Malliani A, Abboud FM, Birkett C, et al. Relationship
between spectral components of cardiovascular variabilities and direct measures of
muscle sympathetic nerve activity in humans. Circulation. 1997;95(6):1441-1448.
Pagani M, Salmaso D, Sidiras GG, Jonsson C, Jacobsson H, Larsson SA, et al. Impact
of acute hypobaric hypoxia on blood flow distribution in brain. Acta Physiologica.
2011;202(2):203-209.

Paik Y-H, Schwabe RF, Bataller R, Russo MP, Jobin C, Brenner DA. Toll-like
receptor 4 mediates inflammatory signaling by bacterial lipopolysaccharide in human
hepatic stellate cells. Hepatology. 2003;37(5):1043-55.

Pancoto JAT, Corréa PBF, Oliveira-Pelegrin GR, Rocha MJA. Autonomic dysfunction
in experimental sepsis induced by cecal ligation and puncture. Autonomic
Neuroscience. 2008;138(1-2):57—63.

Pandya SK. Understanding brain, mind and soul: contributions from neurology and
neurosurgery. Mens Sana Monographs. 2011;9(1):129-149.

Panerai RB. Complexity of the human cerebral circulation. Philosophical Transactions
of the Royal Society A: Mathematical, Physical and Engineering Sciences.
2009;367(1892):1319-1336.

Panerai RB, Dawson SL, Potter JF. Linear and nonlinear analysis of human dynamic

cerebral autoregulation. American Journal of Physiology. Heart and Circulatory

181



401.

402.

403.

404.

405.

406.

407.

408.

409.

182

Physiology. 1999;277(3):H1089-H1099.

Panerai RB, Deverson ST, Mahony P, Hayes P, Evans DH. Effects of CO2 on dynamic
cerebral autoregulation measurement. Physiological Measurement. 1999;20(3):265—
275.

Panerai RB, Eames PJ, Potter JF. Multiple coherence of cerebral blood flow velocity in
humans. American Journal of Physiology. Heart and Circulatory Physiology.
2006;291(1):H251-H259.

Papadopoulos MC, Davies DC, Moss RF, Tighe D, Bennett ED. Pathophysiology of
septic encephalopathy: a review. Critical Care Medicine. 2000;28(8):3019-3024.
Papadopoulos SM, Gilbert LL, Webb RC, D’ Amato CJ. Characterization of contractile
responses to endothelin in human cerebral arteries: implications for cerebral
vasospasm. Neurosurgery. 1990;26(5):810-815.

Parati G, Castiglioni P, Di Rienzo M, Omboni S, Pedotti A, Mancia G. Sequential
spectral analysis of 24-hour blood pressure and pulse interval in humans. Hypertension.
1990;16(4):414-421.

Parati G, Saul JP, Di Rienzo M, Mancia G. Spectral analysis of blood pressure and
heart rate variability in evaluating cardiovascular regulation: a critical appraisal.
Hypertension. 1995;25(6):1276-1286.

Pardridge WM. Blood-brain barrier carrier-mediated transport and brain metabolism of
amino acids. Neurochemical Research. 1998;23(5):635-644.

Park BS, Song DH, Kim HM, Choi B-S, Lee H, Lee J-O. The structural basis of
lipopolysaccharide recognition by the TLR4-MD-2 complex. Nature.
2009;458(7242):1191-1195.

Parker JD, Thiessen JJ, Reilly R, Tong JH, Stewart DJ, Pandey AS. Human endothelin-



410.

411.

412.

413.

414.

415.

416.

417.

418.

419.

1 clearance kinetics revealed by a radiotracer technique. Journal of Pharmacology and
Experimental Therapeutics. 1999;289(1):261-265.

Parker JL, Emerson TE. Cerebral hemodynamics, vascular reactivity, and metabolism
during canine endotoxin shock. Circulatory Shock. 1977;4(1):41-53.

Paulson OB. Blood-brain barrier, brain metabolism and cerebral blood flow. European
Neuropsychopharmacology. 2002;12(6):495-501.

Paulson OB, Hasselbalch SG, Rostrup E, Knudsen GM, Pelligrino D. Cerebral blood
flow response to functional activation. Journal of Cerebral Blood Flow and
Metabolism. 2010;30(1):2-14.

Paulson OB, Strandgaard S, Edvinsson L. Cerebral autoregulation. Cerebrovascular
and Brain Metabolism Reviews. 1990;2(2):161-192.

Payne JA. False neurotransmitters and portal systemic encephalopathy. Clinical
Neuropharmacology. 1982;5(3):267-275.

Pedersen M, Brandt CT, Knudsen GM, @stergaard C, Skinhgj P, Skovsted IC, et al.
The effect of S. pneumoniae bacteremia on cerebral blood flow autoregulation in rats.
Journal of Cerebral Blood Flow and Metabolism. 2008;28(1):126-134.

Persson PB, Baumann JE, Ehmke H, Nafz B, Wittmann U, Kirchheim HR. Phasic and
24-h blood pressure control by endothelium-derived relaxing factor in conscious dogs.
American Journal of Physiology. 1992;262(5):H1395-H1400.

Petersen AMW, Pedersen BK. The anti-inflammatory effect of exercise. Journal of
Applied Physiology. 2005;98(4):1154-1162.

Pfister D, Siegemund M, Dell-Kuster S, Smielewski P, Riiegg S, Strebel SP, et al.
Cerebral perfusion in sepsis-associated delirium. Critical Care. 2008;12(3):R63.

Phillips AA, Chan FH, Zheng MMZ, Krassioukov A V, Ainslie PN. Neurovascular

183



420.

421.

422.

423.

424.

425.

426.

427.

184

coupling in humans: physiology, methodological advances and clinical implications.
Journal of Cerebral Blood Flow and Metabolism. 2016;36(4):647-664.

Piazza O, Cotena S, De Robertis E, Caranci F, Tufano R. Sepsis-associated
encephalopathy studied by MRI and cerebral spinal fluid S100B measurement.
Neurochemical Research. 2009;34(7):1289-1292.

Piechnik SK, Yang X, Czosnyka M, Smielewski P, Fletcher SH, Jones AL, et al. The
continuous assessment of cerebrovascular reactivity: a validation of the method in
healthy volunteers. Anesthesia and Analgesia. 1999;89(4):944-949.

Piechota M, Banach M, Irzmanski R, Barylski M, Piechota-Urbanska M, Kowalski J, et
al. Plasma endothelin-1 levels in septic patients. Journal of Intensive Care Medicine.
2007;22(4):232-239.

Piepoli M, Garrard CS, Kontoyannis DA, Bernardi L. Autonomic control of the heart
and peripheral vessels in human septic shock. Intensive Care Medicine.
1995;21(2):112—-119.

Pierrakos C, Attou R, Decorte L, Velissaris D, Cudia A, Gottignies P, et al. Cerebral
perfusion alterations and cognitive decline in critically ill sepsis survivors. Acta Clinica
Belgica. 2017;72(1):39—44.

Pierre LN, Davenport AP. Relative contribution of endothelin A and endothelin B
receptors to vasoconstriction in small arteries from human heart and brain. Journal of
Cardiovascular Pharmacology. 1998;31(Suppl):S74-S76.

Pine RW, Wertz MJ, Lennard ES, Dellinger EP, Carrico CJ, Minshew BH.
Determinants of organ malfunction or death in patients with intra-abdominal sepsis. A
discriminant analysis. Archives of Surgery. 1983;118(2):242-249.

Pittet JF, Morel DR, Hemsen A, Gunning K, Lacroix JS, Suter PM, et al. Elevated



428.

429.

430.

431.

432.

433.

434.

435.

plasma endothelin-1 concentrations are associated with the severity of illness in
patients with sepsis. Annals of Surgery. 1991;213(3):261-264.

Plomgaard P, Bouzakri K, Krogh-Madsen R, Mittendorfer B, Zierath JR, Pedersen BK.
Tumor necrosis factor-a induces skeletal muscle insulin resistance in healthy human
subjects via inhibition of Akt substrate 160 phosphorylation. Diabetes.
2005;54(10):2939-2945.

Plovsing RR, Berg RMG, Evans KA, Konge L, Iversen M, Garred P, et al.
Transcompartmental inflammatory responses in humans: IV versus endobronchial
administration of endotoxin. Critical Care Medicine. 2014;42(7):1658-1665.

Polito A, Eischwald F, Maho A-L, Polito A, Azabou E, Annane D, et al. Pattern of
brain injury in the acute setting of human septic shock. Critical Care.
2013;17(5):R204.

van der Poll T. Preclinical sepsis models. Surgical Infections. 2012;13(5):287-292.
van der Poll T, Deventer SJH. Endotoxemia in healthy subjects as a human model of
inflammation. In: Marshall JC, Cohen C. Immune Response in the Critically .
Berlin/Heidelberg, Germany: Springer Berlin Heidelberg; 2002. p. 335-357.

van der Poll T, Opal SM. Host-pathogen interactions in sepsis. Lancet. Infectious
Diseases. 2008;8(1):32-43.

van der Poll T, de Waal Malefyt R, Coyle SM, Lowry SF. Antiinflammatory cytokine
responses during clinical sepsis and experimental endotoxemia: sequential
measurements of plasma soluble interleukin (IL)-1 receptor type II, IL-10, and IL-13.
Journal of Infectious Diseases. 1997;175(1):118-122.

Pollard V, Conroy B, Prough DS, Deyo DJ, Traber L, Traber D. Changes in cerebral

blood flow after endotoxin in humans and sheep. In: Schlag G, Redl H, editors. Shock,

185



436.

437.

438.

439.

440.

441.

442.

443.

186

Sepsis, and Organ Failure. Fifth Wiggers Bernard Conference. New York, NY:
Springer Verlag; 1997. p. 128-46.

Pollard V, Prough DS, Deyo DJ, Conroy B, Uchida T, Daye A, et al. Cerebral blood
flow during experimental endotoxemia in volunteers. Critical Care Medicine.
1997;25(10):1700-1706.

Poltorak A, He X, Smirnova I, Liu MY, Van Huffel C, Du X, et al. Defective LPS
signaling in C3H/HeJ and C57BL/10ScCr mice: mutations in TIr4 gene. Science.
1998;282(5396):2085-2088.

Poulin MJ, Robbins PA. Indexes of flow and cross-sectional area of the middle cerebral
artery using doppler ultrasound during hypoxia and hypercapnia in humans. Stroke.
1996;27(12):2244-2250.

Pourcelot L. Applications cliniques de 1’examen Doppler transcutané. Velicometrie
ultrasonore Doppler. Institut National de la Santé et de la Recherche Médicale.
1974;34:213-240.

Preiss G, Polosa C. Patterns of sympathetic neuron activity associated with Mayer
waves. American Journal of Physiology. 1974;226(3):724-730.

Palsson J, Ricksten SE, Delle M, Lundin S. Changes in renal sympathetic nerve activity
during experimental septic and endotoxin shock in conscious rats. Circulatory Shock.
1988;24(2):133-141.

Raetz CR, Ulevitch RJ, Wright SD, Sibley CH, Ding A, Nathan CF. Gram-negative
endotoxin: an extraordinary lipid with profound effects on eukaryotic signal
transduction. FASEB Journal. 1991;5(12):2652-2660.

Raetz CRH, Whitfield C. Lipopolysaccharide endotoxins. Annual Review of

Biochemistry. 2002;71(1):635-700.



444,

445.

446.

447.

448.

449.

450.

451.

452.

453.

Rasmussen PM, Jespersen SN, Ostergaard L. The effects of transit time heterogeneity
on brain oxygenation during rest and functional activation. Journal of Cerebral Blood
Flow and Metabolism. 2015;35(3):432-442.

Raymond RM, Emerson TE. Cerebral metabolism during endotoxin shock in the dog.
Circulatory Shock. 1978;5(4):407-414.

Reid IA. Actions of angiotensin II on the brain: mechanisms and physiologic role.
American Journal of Physiology. 1984;246(5):F533-F543.

Reinhard M, Roth M, Guschlbauer B, Harloff A, Timmer J, Czosnyka M, et al.
Dynamic cerebral autoregulation in acute ischemic stroke assessed from spontaneous
blood pressure fluctuations. Stroke. 2005;36(8):1684—1689.

Reis DI, Ruggiero DA, Morrison SF. The C1 area of the rostral ventrolateral medulla
oblongata: a critical brainstem region for control of resting and reflex integration of
arterial pressure. American Journal of Hypertension. 1989;2(12):363S-374S.

Reis DJ. Neurotransmitters acting in the C1 area in the tonic and reflex control of blood
pressure. Journal of Cardiovascular Pharmacology. 1987;10(Suppl 12):S22-S25.
Reis DJ, Granata AR, Joh TH, Ross CA, Ruggiero DA, Park DH. Brain stem
catecholamine mechanisms in tonic and reflex control of blood pressure. Hypertension.
1984;6(5):117-1115.

Reis DJ, Granata AR, Perrone MH, Talman WT. Evidence that glutamic acid is the
neurotransmitter of baroreceptor afferents terminating in the nucleus tractus solitarius
(NTS). Journal of the Autonomic Nervous System. 1981;3(2—4):321-334.

Reivich M. Arterial PCO: and cerebral hemodynamics. American Journal of
Physiology. 1964;206:25-35.

Remick DG, Newcomb DE, Bolgos GL, Call DR. Comparison of the mortality and

187



454.

455.

456.

457.

458.

459.

460.

461.

462.

188

inflammatory response of two models of sepsis: lipopolysaccharide vs. cecal ligation
and puncture. Shock. 2000;13(2):110-116.

Remick DG, Ward PA. Evaluation of endotoxin models for the study of sepsis. Shock.
2005;24(Suppl 1):7-11.

Ribeiro P, Pigeon D, Kaufman S. The hydroxylation of phenylalanine and tyrosine by
tyrosine hydroxylase from cultured pheochromocytoma cells. Journal of Biological
Chemistry. 1991;266(24):16207-16211.

Rietschel ET, Kirikae T, Schade FU, Mamat U, Schmidt G, Loppnow H, et al.
Bacterial endotoxin: molecular relationships of structure to activity and function.
FASEB Journal. 1994;8(2):217-225.

Robotham JL, Mintzner W. A model of the effects of respiration on left ventricular
performance. Journal of Applied Physiology. 1979;46(3):411-418.

Robotham JL, Rabson J, Permutt S, Bromberger-Barnea B. Left ventricular
hemodynamics during respiration. Journal of Applied Physiology. 1979;47(6):1295—
1303.

Rogausch H, del Rey A, Kabiersch A, Reschke W, Ortel J, Besedovsky H. Endotoxin
impedes vasoconstriction in the spleen: role of endogenous interleukin-1 and
sympathetic innervation. American Journal of Physiology. 1997;272(6):R2048-R2054.
Rogers RC, Kita H, Butcher LL, Novin D. Afferent projections to the dorsal motor
nucleus of the vagus. Brain Research Bulletin. 1980;5(4):365-373.

Ronit A, Plovsing RR, Gaardbo JC, Berg RMG, Hartling HJ, Ullum H, et al.
Inflammation-induced changes in circulating T-cell subsets and cytokine production
during human endotoxemia. Journal of Intensive Care Medicine. 2017;32(1):77-85.

Rosengarten B, Hecht M, Wolff S, Kaps M. Autoregulative function in the brain in an



463.

464.

465.

466.

467.

468.

469.

470.

471.

endotoxic rat shock model. Inflammation Research. 2008;57(11):542-546.
Rosengarten B, Krekel D, Kuhnert S, Schulz R. Early neurovascular uncoupling in the
brain during community acquired pneumonia. Critical Care. 2012;16(2):R64.
Rosengarten B, Wolff S, Klatt S, Schermuly RT. Effects of inducible nitric oxide
synthase inhibition or norepinephrine on the neurovascular coupling in an endotoxic rat
shock model. Critical Care. 2009;13(4):R139.

Ross CA, Ruggiero DA, Park DH, Joh TH, Sved AF, Fernandez-Pardal J, et al. Tonic
vasomotor control by the rostral ventrolateral medulla: effect of electrical or chemical
stimulation of the area containing C1 adrenaline neurons on arterial pressure, heart rate,
and plasma catecholamines and vasopressin. Journal of Neuroscience. 1984;4(2):474—
494.

Routledge C, Marsden CA. Adrenaline in the CNS: In vivo evidence for a functional
pathway innervating the hypothalamus. Neuropharmacology. 1987;26(7):823-830.
Russell FA, King R, Smillie S-J, Kodji X, Brain SD. Calcitonin gene-related peptide:
physiology and pathophysiology. Physiological Reviews. 2014;94(4):1099—1142.
Russell GA. Vesalius and the emergence of veridical representation in Renaissance
anatomy. Progress in Brain Research. 2013;203:3-32.

Sadoshima S, Fujii K, Yao H, Kusuda K, Ibayashi S, Fujishima M. Regional cerebral
blood flow autoregulation in normotensive and spontaneously hypertensive rats -
effects of sympathetic denervation. Stroke. 1986;17(5):981-984.

Saha S. Role of the central nucleus of the amygdala in the control of blood pressure:
Descending pathways to medullary cardiovascular nuclei. Clinical and Experimental
Pharmacology and Physiology. 2005;32(5-6):450-456.

Saha S, Drinkhill MJ, Moore JP, Batten TFC. Central nucleus of amygdala projections

189



472.

473.

474,

475.

476.

477.

478.

190

to rostral ventrolateral medulla neurones activated by decreased blood pressure.
European Journal of Neuroscience. 2005;21(7):1921-1930.

Saleem S, Teal PD, Kleijn WB, O’Donnell T, Witter T, Tzeng YC. Non-linear
characterisation of cerebral pressure-flow dynamics in humans. PL0oS One.
2015;10(9):¢0139470.

Salom JB, Torregrosa G, Barbera MD, Jover T, Alborch E. Endothelin receptors
mediating contraction in goat cerebral arteries. British Journal of Pharmacology.
1993;109(3):826-830.

Samuels ER, Szabadi E. Functional neuroanatomy of the noradrenergic locus
coeruleus: its roles in the regulation of arousal and autonomic function part I: principles
of functional organisation. Current Neuropharmacology. 2008;6(3):235-253.

Samuels ER, Szabadi E. Functional neuroanatomy of the noradrenergic locus
coeruleus: its roles in the regulation of arousal and autonomic function part II:
physiological and pharmacological manipulations and pathological alterations of locus
coeruleus activity in humans. Current Neuropharmacology. 2008;6(3):254-285.
Sapirstein LA, Ogden E. Theoretic limitations of the nitrous oxide method for the
determination of regional blood flow. Circulation Research. 1956;4(3):245-249.
Saugel B, Klein M, Hapfelmeier A, Phillip V, Schultheiss C, Meidert AS, et al. Effects
of red blood cell transfusion on hemodynamic parameters: a prospective study in
intensive care unit patients. Scandinavian Journal of Trauma, Resuscitation and
Emergency Medicine. 2013;21:21.

Sayk F, Vietheer A, Schaaf B, Wellhoener P, Weitz G, Lehnert H, et al. Endotoxemia
causes central downregulation of sympathetic vasomotor tone in healthy humans.

American Journal of Physiology. Regulatory, Integrative and Comparative Physiology.



479.

480.

481.

482.

483.

484.

485.

486.

2008;295(3):R891-R898.

Schmidt JF, Waldemar G, Vorstrup S, Andersen AR, Gjerris F, Paulson OB.
Computerized analysis of cerebral blood flow autoregulation in humans: validation of a
method for pharmacologic studies. Journal of Cardiovascular Pharmacology.
1990;15(6):983-988.

Schramm P, Closhen D, Wojciechowski J, Berres M, Klein KU, Bodenstein M, et al.
Cerebrovascular autoregulation in critically ill patients during continuous hemodialysis.
Canadian Journal of Anaesthesia. 2013;60(6):564—569.

Schramm P, Klein KU, Falkenberg L, Berres M, Closhen D, Werhahn KJ, et al.
Impaired cerebrovascular autoregulation in patients with severe sepsis and sepsis-
associated delirium. Critical Care. 2012;16(5):R181.

Schromm AB, Brandenburg K, Loppnow H, Moran AP, Koch MH, Rietschel ET, et al.
Biological activities of lipopolysaccharides are determined by the shape of their lipid A
portion. European Journal of Biochemistry. 2000;267(7):2008-2013.

Schultz MJ, van der Poll T. Animal and human models for sepsis. Annals of Medicine.
2002;34(7-8):573-581.

Schumann RR, Leong SR, Flaggs GW, Gray PW, Wright SD, Mathison JC, et al.
Structure and function of lipopolysaccharide binding protein. Science.
1990;249(4975):1429-1431.

Schwarz S, Schwab S, Fabian CW, Schellinger P, Orberk E, Hund E. Sepsis: unklare
Bewusstseinstriibung als Initialsymptom. Klinik und Pathophysiologie der septischen
Enzephalopathie. Der Nervenarzt. 1997;68(4):292-297.

Serrador JM, Picot PA, Rutt BK, Shoemaker JK, Bondar RL. MRI measures of middle

cerebral artery diameter in conscious humans during simulated orthostasis. Stroke.

191



487.

488.

489.

490.

491.

492.

493.

494.

495.

192

2000;31(7):1672-1678.

Seymour CW, Liu VX, Iwashyna TJ, Brunkhorst FM, Rea TD, Scherag A, et al.
Assessment of clinical criteria for sepsis: for the Third International Consensus
Definitions for sepsis and septic shock (Sepsis-3). Journal of the American Medical
Association. 2016;315(8):762-774.

Shapiro W, Wasserman AJ, Baker JP, Patterson JL. Cerebrovascular response to acute
hypocapnic and eucapnic hypoxia in normal man. Journal of Clinical Investigation.
1970;49(12):2362-2368.

Sharshar T, Blanchard A, Paillard M, Raphael JC, Gajdos P, Annane D. Circulating
vasopressin levels in septic shock. Critical Care Medicine. 2003;31(6):1752-1758.
Sharshar T, Carlier R, Bernard F, Guidoux C, Brouland J-P, Nardi O, et al. Brain
lesions in septic shock: a magnetic resonance imaging study. Intensive Care Medicine.
2007;33(5):798-806.

Sharshar T, Gray F, De La Grandmaison GL, Hopkinson NS, Ross E, Dorandeu A, et
al. Apoptosis of neurons in cardiovascular autonomic centres triggered by inducible
nitric oxide synthase after death from septic shock. Lancet. 2003;362(9398):1799—
1805.

Sharshar T, Hopkinson NS, Orlikowski D, Annane D. Science review: the brain in
sepsis - culprit and victim. Critical Care. 2004;9(1):37-44.

Sharshar T, Polito A, Checinski A, Stevens RD. Septic-associated encephalopathy -
everything starts at a microlevel. Critical Care. 2010;14(5):199.

Sharshar T, Annane D, de la Grandmaison GL, Brouland JP, Hopkinson NS, Frangoise
G. The neuropathology of septic shock. Brain Pathology. 2004;14(1):21-33.

Shatney CH, Lillehei RC. Septic shock associated with operations for colorectal



496.

497.

498.

499.

500.

501.

502.

503.

disease. Diseases of the Colon and Rectum. 1978;21(7):480-486.

Shenkin HA, Harmel MH, Kety SS. Dynamic anatomy of the cerebral circulation.
Archives of Neurology and Psychiatry. 1948;60(3):240-52.

Sherrington CS. Man on His Nature. Cambridge: Cambridge University Press; 1940.
Shimazu R, Akashi S, Ogata H, Nagai Y, Fukudome K, Miyake K, et al. MD-2, a
molecule that confers lipopolysaccharide responsiveness on Toll-like receptor 4.
Journal of Experimental Medicine. 1999;189(11):164-167.

Shulkin BL, Betz AL, Koeppe RA, Agranoff BW. Inhibition of neutral amino acid
transport across the human blood-brain barrier by phenylalanine. Journal of
Neurochemistry. 1995;64(3):1252-1257.

Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, Bauer M, et al.
The Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3).
Journal of the American Medical Association. 2016;315(8):775-787.

Sirvié ML, Metsérinne K, Saijonmaa O, Fyhrquist F. Tissue distribution and half-life
of '%I-endothelin in the rat: importance of pulmonary clearance. Biochemical and
Biophysical Research Communications. 1990;167(3):1191-1195.

Smith CB, Schmidt KC, Bishu S, Channing MA, Bacon J, Burlin T V, et al. Use of
acute hyperphenylalaninemia in rhesus monkeys to examine sensitivity and stability of
the L-[1-''C]leucine method for measurement of regional rates of cerebral protein
synthesis with PET. Journal of Cerebral Blood Flow and Metabolism.
2008;28(7):1388-1398.

Smith Q, Stoll J. Blood-brain barrier amino acid transport. In: Pardridge WM, editor.
Introduction to the Blood-Brain Barrier: Methodology, Biology and Pathology.

Cambridge, UK: Cambridge University Press; 1998. p. 188-197.

193



504.

505.

506.

507.

508.

509.

510.

S11.

194

Smith QR, Momma S, Aoyagi M, Rapoport SI. Kinetics of neutral amino acid transport
across the blood-brain barrier. Journal of Neurochemistry. 1987;49(5):1651-1658.
Sokoloff L. The metabolism of the central nervous system in vivo. In: Field J, Magoun
HW, Hall VE, editors. Handbook of Physiology. Section 1: Neurophysiology. Volume
I11. Bethesda, MD: American Physiological Society; 1960. p. 1843—1864.

Sonneville R, de Montmollin E, Poujade J, Garrouste-Orgeas M, Souweine B, Darmon
M, et al. Potentially modifiable factors contributing to sepsis-associated
encephalopathy. Intensive Care Medicine. 2017;43(8):1075-1084.

Soop A, Albert J, Weitzberg E, Bengtsson A, Lundberg JON, Sollevi A. Complement
activation, endothelin-1 and neuropeptide Y in relation to the cardiovascular response
to endotoxin-induced systemic inflammation in healthy volunteers. Acta
Anaesthesiologica Scandinavica. 2004;48(1):74-81.

Sprung CL, Peduzzi PN, Shatney CH, Schein RM, Wilson MF, Sheagren JN, et al.
Impact of encephalopathy on mortality in the sepsis syndrome. The Veterans
Administration Systemic Sepsis Cooperative Study Group. Critical Care Medicine.
1990;18(8):801-806.

Stanimirovic DB, Nikodijevic B, Nikodijevic-Kedeva D, McCarron RM, Spatz M.
Signal transduction and Ca®" uptake activated by endothelins in rat brain endothelial
cells. European Journal of Pharmacology. 1994;288(1):1-8.

Stanimirovic DB, Yamamoto T, Uematsu S, Spatz M. Endothelin-1 receptor binding
and cellular signal transduction in cultured human brain endothelial cells. Journal of
Neurochemistry. 1994;62(2):592-601.

Stauss HM, Persson PB. Role of nitric oxide in buffering short-term blood pressure

fluctuations. News in Physiological Sciences. 2000;15(5):229-233.



512.

513.

514.

515.

516.

517.

518.

519.

520.

Steensberg A, Fischer CP, Keller C, Moller K, Pedersen BK. IL-6 enhances plasma IL-
Ira, IL-10, and cortisol in humans. American Journal of Physiology. Endocrinology
and Metabolism. 2003;285(2):E433-E437.

Steiner LA, Pfister D, Strebel SP, Radolovich D, Smielewski P, Czosnyka M. Near-
infrared spectroscopy can monitor dynamic cerebral autoregulation in adults.
Neurocritical Care. 2009;10(1):122—-128.

Stoquart-ElSankari S, Lehmann P, Villette A, Czosnyka M, Meyer M-E, Deramond H,
et al. A phase-contrast MRI study of physiologic cerebral venous flow. Journal of
Cerebral Blood Flow and Metabolism. 2009;29(6):1208-1215.

Strandgaard S, MacKenzie ET, Sengupta D, Rowan JO, Lassen NA, Harper AM.
Upper limit of autoregulation of cerebral blood flow in the baboon. Circulation
Research. 1974;34(4):435-440.

Strandgaard S, Paulson OB. Regulation of cerebral blood flow in health and disease.
Journal of Cardiovascular Pharmacology. 1992;19 (Suppl 6):S89-S93.

Stromberg DD, Fox JR. Pressures in the pial arterial microcirculation of the cat during
changes in systemic arterial blood pressure. Circulation Research. 1972;31(2):229—
239.

Su GL, Klein RD, Aminlari A, Zhang HY, Steinstraesser L, Alarcon WH, et al.
Kupffer cell activation by lipopolysaccharide in rats: Role for lipopolysaccharide
binding protein and toll-like receptor 4. Hepatology. 2000;31(4):932-936.

Suffredini AF, Fromm RE, Parker MM, Brenner M, Kovacs JA, Wesley RA, et al. The
cardiovascular response of normal humans to the administration of endotoxin. New
England Journal of Medicine. 1989;321(5):280-287.

Suffredini AF, Hochstein HD, McMahon FG. Dose-related inflammatory effects of

195



521.

522.

523.

524.

525.

526.

527.

528.

196

intravenous endotoxin in humans: evaluation of a new clinical lot of Escherichia coli
0:113 endotoxin. Journal of Infectious Diseases. 1999;179(5):1278-1282.

Suffredini AF, Shelhamer JH, Neumann RD, Brenner M, Baltaro RJ, Parrillo JE.
Pulmonary and oxygen transport effects of intravenously administered endotoxin in
normal humans. American Review of Respiratory Disease. 1992;145(6):1398-1403.
Sun MK, Young BS, Hackett JT, Guyenet PG. Rostral ventrolateral medullary neurons
with intrinsic pacemaker properties are not catecholaminergic. Brain Research.
1988;451(1-2):345-349.

Sun MK, Young BS, Hackett JT, Guyenet PG. Reticulospinal pacemaker neurons of
the rat rostral ventrolateral medulla with putative sympathoexcitatory function: an
intracellular study in vitro. Brain Research. 1988;442(2):229-239.

Svensson TH, Thorén P. Brain noradrenergic neurons in the locus coeruleus: inhibition
by blood volume load through vagal afferents. Brain Research. 1979;172(1):174-178.
Symon L, Held K, Dorsch NW. On the myogenic nature of the autoregulatory
mechanism in the cerebral circulation. European Neurology. 1971;6(1):11-18.
Serensen H. Near infrared spectroscopy evaluated cerebral oxygenation during
anesthesia. Danish Medical Journal. 2016;63(12).

Serensen H, Secher NH, Siebenmann C, Nielsen HB, Kohl-Bareis M, Lundby C, et al.
Cutaneous vasoconstriction affects near-infrared spectroscopy determined cerebral
oxygen saturation during administration of norepinephrine. Anesthesiology.
2012;117(2):263-270.

Saavedra JM. B-phenylethylamine, phenylethanolamine, tyramine and octopamine. In:
Trendelenburg U, Weiner N, editors. Handbook of Experimental Pharmacology:

Catecholamines Il. Berlin/Heidelberg, Germany: Springer; 1989. p. 181-210.



529.

530.

531.

532.

533.

534.

535.

536.

537.

Taccone FS, Castanares-Zapatero D, Peres-Bota D, Vincent J-L, Berre’ J, Melot C.
Cerebral autoregulation is influenced by carbon dioxide levels in patients with septic
shock. Neurocritical Care. 2010;12(1):35-42.

Taccone FS, Scolletta S, Franchi F, Donadello K, Oddo M. Brain perfusion in sepsis.
Current Vascular Pharmacology. 2013;11(2):170-186.

Taccone FS, Su F, De Deyne C, Abdellhai A, Pierrakos C, He X, et al. Sepsis is
associated with altered cerebral microcirculation and tissue hypoxia in experimental
peritonitis. Critical Care Medicine. 2014;42(2):e114-¢122.

Taccone FS, Su F, Pierrakos C, He X, James S, Dewitte O, et al. Cerebral
microcirculation is impaired during sepsis: an experimental study. Critical Care.
2010;14(4):R140.

Takeuchi Y, Matsushima S, Matsushima R, Hopkins DA. Direct amygdaloid
projections to the dorsal motor nucleus of the vagus nerve: a light and electron
microscopic study in the rat. Brain Research. 1983;280(1):143-147.

Takezawa J, Taenaka N, Nishijima MK, Hirata T, Okada T, Shimada Y, et al. Amino
acids and thiobarbituric acid reactive substances in cerebrospinal fluid and plasma of
patients with septic encephalopathy. Critical Care Medicine. 1983;11(11):876-879.
Tanoi C, Suzuki Y, Shibuya M, Sugita K, Masuzawa K, Asano M. Mechanism of the
enhanced vasoconstrictor responses to endothelin-1 in canine cerebral arteries. Journal
of Cerebral Blood Flow and Metabolism. 1991;11(3):371-379.

Tatu L, Moulin T, Bogousslavsky J, Duvernoy H. Arterial territories of the human
brain: cerebral hemispheres. Neurology. 1998;50(6):1699—1708.

Taudorf S, Berg RMG, Bailey DM, Maller K. Cerebral blood flow and oxygen

metabolism measured with the Kety-Schmidt method using nitrous oxide. Acta

197



538.

539.

540.

541.

542.

543.

544.

545.

546.

198

Anaesthesiologica Scandinavica. 2009;53(2):159-67.

Taveira da Silva AM, Kaulbach HC, Chuidian FS, Lambert DR, Suffredini AF, Danner
RL. Brief report: shock and multiple-organ dysfunction after self-administration of
Salmonella endotoxin. New England Journal of Medicine. 1993;328(20):1457-1460.
Thees C, Kaiser M, Scholz M, Semmler A, Heneka MT, Baumgarten G, et al. Cerebral
haemodynamics and carbon dioxide reactivity during sepsis syndrome. Critical Care.
2007;11(6):R123.

Thijs LG, Hack CE. Time course of cytokine levels in sepsis. Intensive Care Medicine.
1995;21(Suppl 2):S258-S263.

Thomas BP, Liu P, Park DC, van Osch MJ, Lu H. Cerebrovascular reactivity in the
brain white matter: magnitude, temporal characteristics, and age Effects. Journal of
Cerebral Blood Flow and Metabolism. 2014;34(2):242-247.

Thorin E, Clozel M. Cardiovascular pharmacology - endothelial control. Advances in
Pharmacology. 2010;60:1-26.

Tiecks FP, Lam AM, Aaslid R, Newell DW. Comparison of static and dynamic
cerebral autoregulation measurements. Stroke. 1995;26(6):1014-1019.

Toft P, Lillevang ST, Tennesen E, Nielsen CH, Rasmussen JW. The redistribution of
granulocytes following E. coli endotoxin induced sepsis. Acta Anaesthesiologica
Scandinavica. 1994;38(8):852-857.

Toft P, Lillevang ST, Tennesen E, Svendsen P, Hohndorf K. Redistribution of
lymphocytes following E. coli sepsis. Scandinavian Journal of Immunology.
1993;38(6):541-545.

Toksvang LN, Plovsing RR, Petersen MW, Mgller K, Berg RMG. Poor agreement

between transcranial Doppler and near-infrared spectroscopy-based estimates of



547.

548.

549.

550.

551.

552.

553.

554.

cerebral blood flow changes in sepsis. Clinical Physiology and Functional Imaging.
2014;34(5):405-409.

Toska K, Eriksen M. Respiration-synchronous fluctuations in stroke volume, heart rate
and arterial pressure in humans. Journal of Physiology. 1993;472:501-512.

Tovar A, Tews JK, Torres N, Harper AE. Some characteristics of threonine transport
across the blood-brain barrier of the rat. Journal of Neurochemistry. 1988;51(4):1285—
1293.

Traube L. Uber periodische Thitigkeits-Aeusserungen des vasomotorischen und
Hemmung-Nerven Zentrums. Zentralblatt fir die Medizinischen Wissenschaften.
1865;56:881-885.

Traystman RJ, Fitzgerald RS, Loscutoff SC. Cerebral circulatory responses to arterial
hypoxia in normal and chemodenervated dogs. Circulation Research. 1978;42(5):649—
657.

Trojaborg W, Boysen G. Relation between EEG, regional cerebral blood flow and
internal carotid artery pressure during carotid endarterectomy. Electroencephalography
and Clinical Neurophysiology. 1973;34(1):61-69.

Tschaikowsky K, Sdgner S, Lehnert N, Kaul M, Ritter J. Endothelin in septic patients:
effects on cardiovascular and renal function and its relationship to proinflammatory
cytokines. Critical Care Medicine. 2000;28(6):1854—1860.

Tymko MM, Ainslie PN. To regulate, or not to regulate? The devious history of
cerebral blood flow control. Journal of Physiology. 2017;595(16):5407-5408.

Tzeng YC, Lucas SJE, Atkinson G, Willie CK, Ainslie PN. Fundamental relationships
between arterial baroreflex sensitivity and dynamic cerebral autoregulation in humans.

Journal of Applied Physiology. 2010;108(5):1162-1168.

199



555.

556.

557.

558.

559.

560.

561.

562.

200

Tzeng YC, Willie CK, Atkinson G, Lucas SJE, Wong A, Ainslie PN. Cerebrovascular
regulation during transient hypotension and hypertension in humans. Hypertension.
2010;56(2):268-273.

Tzeng YC, Ainslie PN, Cooke WH, Peebles KC, Willie CK, MacRae BA, et al.
Assessment of cerebral autoregulation: the quandary of quantification. American
Journal of Physiology. Heart and Circulatory Physiology. 2012;303(6):H658-H671.
Ulich TR, del Castillo J, Ni RX, Bikhazi N, Calvin L. Mechanisms of tumor necrosis
factor a-induced lymphopenia, neutropenia, and biphasic neutrophilia: a study of
lymphocyte recirculation and hematologic interactions of TNF o with endogenous
mediators of leukocyte trafficking. Journal of Leukocyte blology. 1989;45(2):155-167.
Ursino M. Computer analysis of the main parameters extrapolated from the human
intracranial basal artery blood flow. Computers and Biomedical Research.
1990;23(6):542—-559.

Ursino M, Giulioni M, Lodi CA. Relationships among cerebral perfusion pressure,
autoregulation, and transcranial Doppler waveform: a modeling study. Journal of
Neurosurgery. 1998;89(2):255-266.

Valdueza JM, Balzer JO, Villringer A, Vogl TJ, Kutter R, Einhdupl KM. Changes in
blood flow velocity and diameter of the middle cerebral artery during hyperventilation:
assessment with MR and transcranial Doppler sonography. American Journal of
Neuroradiology. 1997;18(10):1929-1934.

Valdueza JM, Draganski B, Hoffmann O, Dirnagl U, Einhdupl KM. Analysis of CO:
vasomotor reactivity and vessel diameter changes by simultaneous venous and arterial
Doppler recordings. Stroke. 1999;30(1):81-86.

Vayssettes-Courchay C, Bouysset F, Verbeuren TJ. Sympathetic activation and



563.

564.

565.

566.

567.

568.

569.

570.

tachycardia in lipopolysaccharide treated rats are temporally correlated and unrelated to
the baroreflex. Autonomic Neuroscience. 2005;120(1-2):35-45.

Veening JG, Swanson LW, Sawchenko PE. The organization of projections from the
central nucleus of the amygdala to brainstem sites involved in central autonomic
regulation: a combined retrograde transport-immunohistochemical study. Brain
Research. 1984;303(2):337-357.

Vente JP, von Meyenfeldt MF, van Eijk HM, van Berlo CL, Gouma DJ, van der
Linden CJ, et al. Plasma-amino acid profiles in sepsis and stress. Annals of Surgery.
1989;209(1):57-62.

Verbree J, Bronzwaer A-SGT, Ghariq E, Versluis MJ, Daemen MJ a P, van Buchem M
a, et al. Assessment of middle cerebral artery diameter during hypocapnia and
hypercapnia in humans using ultra-high-field MRI. Journal of Applied Physiology.
2014;117(10):1084-1089.

Vierhapper H, Wagner O, Nowotny P, Waldhdusl W. Effect of endothelin-1 in man.
Circulation. 1990;81(4):1415-8.

Vincent J-L, Sakr Y, Sprung CL, Ranieri VM, Reinhart K, Gerlach H, et al. Sepsis in
European intensive care units: results of the SOAP study. Critical Care Medicine.
2006;34(2):344-353.

Vincent J-L, Abraham E. The last 100 years of sepsis. American Journal of Respiratory
and Critical Care Medicine. 2006;173(3):256-263.

Wagner OF, Christ G, Wojta J, Vierhapper H, Parzer S, Nowotny PJ, et al. Polar
secretion of endothelin-1 by cultured endothelial cells. Journal of Biological
Chemistry. 1992;267(23):16066—-16068.

Wallace DM, Magnuson DJ, Gray TS. The amygdalo-brainstem pathway: selective

201



571.

572.

573.

574.

575.

576.

5717.

578.

579.

202

innervation of dopaminergic, noradrenergic and adrenergic cells in the rat.
Neuroscience Letters. 1989;97(3):252-258.

Wankowicz Z, Megyeri P, Issekutz A. Synergy between tumour necrosis factor a and
interleukin-1 in the induction of polymorphonuclear leukocyte migration during
inflammation. Journal of Leukocyte Biology. 1988;43(4):349-356.

Watkins LR, Goehler LE, Relton JK, Tartaglia N, Silbert L, Martin D, et al. Blockade
of interleukin-1 induced hyperthermia by subdiaphragmatic vagotomy: evidence for
vagal mediation of immune-brain communication. Neuroscience Letters. 1995;183(1—
2):27-31.

Wei EP, Ellis EF, Kontos HA. Role of prostaglandins in pial arteriolar response to CO-
and hypoxia. American Journal of Physiology. 1980;238(2):H226-H230.

Wei EP, Kontos HA, Patterson JL. Dependence of pial arteriolar response to
hypercapnia on vessel size. American Journal of Physiology. 1980;238(5):H697-H703.
Weiner DE. Effects of endotoxin on cerebral blood flow in the monkey. American
Journal of Physiology. 1970;218(1):160—164.

Weitzberg E. Circulatory responses to endothelin-1 and nitric oxide with special
reference to endotoxin shock and nitric oxide inhalation. Acta Physiologica
Scandinavica. 1993;611(Suppl):1-72.

Weitzberg E, Lundberg JM, Rudehill A. Elevated plasma levels of endothelin in
patients with sepsis syndrome. Circulatory Shock. 1991;33(4):222-227.

Westerlind A, Larsson LE, Haggendal J, Ekstrom-Jodal B. Prevention of endotoxin-
induced increase of cerebral oxygen consumption in dogs by propranolol pretreatment.
Acta Anaesthesiologica Scandinavica. 1991;35(8):745-749.

Westerlind A, Larsson LE, Haggendal J, Ekstrom-Jodal B. Effects of metabolic pH-



580.

581.

582.

583.

584.

585.

586.

587.

588.

alterations on cerebral blood flow and oxygen uptake following E. coli endotoxin in
dogs. Acta Anaesthesiologica Scandinavica. 1994;38(2):130-135.

Westerlind A, Larsson LE, Héggendal J, Ekstrom-Jodal B. Effects of propranolol
pretreatment on cerebral blood flow, oxygen uptake and catecholamines during
metabolic acidosis following E. coli endotoxin in dogs. Acta Anaesthesiologica
Scandinavica. 1995;39(4):467-471.

Westerlind A, Larsson LE, Haggendal J, Ekstrém-Jodal B. Effects of arterial hypoxia
and B-adrenoceptor blockade on cerebral blood flow and oxygen uptake following E.
coli endotoxin in dogs. Acta Anaesthesiologica Scandinavica. 1995;39(4):472-478.
White H, Venkatesh B. Applications of transcranial Doppler in the ICU: a review.
Intensive Care Medicine. 2006;32(7):981-994.

White LR, Bakken 1J, Sjaavaag I, Elsés T, Vincent MB, Edvinsson L. Vasoactivity
mediated by endothelin ETA and ETB receptors in isolated porcine ophthalmic artery.
Acta Physiologica Scandinavica. 1996;157(2):245-252.

White RP, Markus HS. Impaired dynamic cerebral autoregulation in carotid artery
stenosis. Stroke. 1997;28(7):1340—-1344.

Wichterman KA, Baue AE, Chaudry IH. Sepsis and septic shock - a review of
laboratory models and a proposal. Journal of Surgical Research. 1980;29(2):189-201.
Wiggers CJ. On the action of adrenalin on the cerebral vessels. American Journal of
Physiology. 1905;14(5):452-465.

Wijdicks EF, Stevens M. The role of hypotension in septic encephalopathy following
surgical procedures. Archives of Neurology. 1992;49(6):653-656.

Willie CK, Colino FL, Bailey DM, Tzeng YC, Binsted G, Jones LW, et al. Utility of

transcranial Doppler ultrasound for the integrative assessment of cerebrovascular

203



589.

590.

591.

592.

593.

594.

595.

596.

204

function. Journal of Neuroscience Methods. 2011;196(2):221-237.

Willie CK, Macleod DB, Shaw AD, Smith KJ, Tzeng YC, Eves ND, et al. Regional
brain blood flow in man during acute changes in arterial blood gases. Journal of
Physiology. 2012;590(14):3261-3275.

Willie CK, Tzeng Y-C, Fisher JA, Ainslie PN. Integrative regulation of human brain
blood flow. Journal of Physiology. 2014;592(5):841-859.

Wilson MH, Edsell MEG, Davagnanam I, Hirani SP, Martin DS, Levett DZH, et al.
Cerebral artery dilatation maintains cerebral oxygenation at extreme altitude and in
acute hypoxia - an ultrasound and MRI study. Journal of Cerebral Blood Flow and
Metabolism. 2011;31(10):2019-2029.

Wyler F, Forsyth RP, Nies AS, Neutze JM, Melmon KL. Endotoxin-induced regional
circulatory changes in the unanesthetized monkey. Circulation Research.
1969;24(6):777-786.

Yamamoto S, Burman HP, O’Donnell CP, Cahill PA, Robotham JL. Endothelin causes
portal and pulmonary hypertension in porcine endotoxemic shock. American Journal of
Physiology. 1997;272(3):H1239-H1249.

Yien HW, Hseu SS, Lee LC, Kuo TB, Lee TY, Chan SH. Spectral analysis of systemic
arterial pressure and heart rate signals as a prognostic tool for the prediction of patient
outcome in the intensive care unit. Critical Care Medicine. 1997;25(2):258-266.
Yoshida K, Meyer JS, Sakamoto K, Handa J. Autoregulation of cerebral blood flow.
Electromagnetic flow measurements during acute hypertension in the monkey.
Circulation Research. 1966;19(4):726-738.

Young GB, Bolton CF, Archibald YM, Austin TW, Wells GA. The

electroencephalogram in sepsis-associated encephalopathy. Journal of Clinical



597.

598.

599.

600.

601.

602.

603.

604.

605.

Neurophysiology. 1992;9(1):145-152.

Young GB, Bolton CF, Austin TW. Definitions for sepsis and organ failure. Critical
Care Medicine. 1993;21(5):808.

Young GB, Bolton CF, Austin TW, Archibald YM, Gonder J, Wells GA. The
encephalopathy associated with septic illness. Clinical and Investigative Medicine.
1990;13(6):297-304.

Yu JC, Pickard JD, Davenport AP. Endothelin ETa receptor expression in human
cerebrovascular smooth muscle cells. British Journal of Pharmacology.
1995;116(5):2441-2446.

Zampieri FG, Park M, Machado FS, Azevedo LCP. Sepsis-associated encephalopathy:
not just delirium. Clinics. 2011;66(10):1825-1831.

Zarrinkoob L, Ambarki K, Wéhlin A, Birgander R, Eklund A, Malm J. Blood flow
distribution in cerebral arteries. Journal of Cerebral Blood Flow and Metabolism.
2015;35(4):648-654.

Zauner C, Gendo A, Kramer L, Funk GC, Bauer E, Schenk P, et al. Impaired
subcortical and cortical sensory evoked potential pathways in septic patients. Critical
Care Medicine. 2002;30(5):1136-1139.

Zhang R, Behbehani K, Levine BD. Dynamic pressure-flow relationship of the cerebral
circulation during acute increase in arterial pressure. Journal of Physiology.
2009;587(11):2567-2577.

Zhang R, Zuckerman JH, Giller CA, Levine BD. Transfer function analysis of dynamic
cerebral autoregulation in humans. American Journal of Physiology.
1998;274(1):H233-H241.

Zhang R, Zuckerman JH, Iwasaki K, Wilson TE, Crandall CG, Levine BD. Autonomic

205



606.

607.

608.

609.

610.

611.

612.

613.

614.

206

neural control of dynamic cerebral autoregulation in humans. Circulation.
2002;106(14):1814-1820.

van der Zwan A, Hillen B, Tulleken CAF, Dujovny M, Dragovic L. Variability of the
territories of the major cerebral arteries. Journal of Neurosurgery. 1992;77(6):927-940.
Zweifel C, Castellani G, Czosnyka M, Carrera E, Brady KM, Kirkpatrick PJ, et al.
Continuous assessment of cerebral autoregulation with near-infrared spectroscopy in
adults after subarachnoid hemorrhage. Stroke. 2010;41(9):1963—1968.

Zweifel C, Dias C, Smielewski P, Czosnyka M. Continuous time-domain monitoring of
cerebral autoregulation in neurocritical care. Medical Engineering and Physics.
2014;36(5):638-645.

Ostergaard L, Engedal TS, Aamand R, Mikkelsen R, Iversen NK, Anzabi M, et al.
Capillary transit time heterogeneity and flow-metabolism coupling after traumatic brain
injury. Journal of Cerebral Blood Flow and Metabolism. 2014;34(10):1585-1598.
Ostergaard L, Granfeldt A, Secher N, Tietze A, Iversen NK, Jensen MS, et al.
Microcirculatory dysfunction and tissue oxygenation in critical illness. Acta
Anaesthesiologica Scandinavica. 2015;59(10):1246—1259.

Aalkjaer V. Om Rythmiske Svingninger i Blodtrykket: Traube-Hering-Mayer’s Bglger.
University of Copenhagen; 1934.

Aaslid R, Lash SR, Bardy GH, Gild WH, Newell DW. Dynamic pressure-flow velocity
relationships in the human cerebral circulation. Stroke. 2003;34(7):1645-1649.

Aaslid R, Lindegaard KF, Sorteberg W, Nornes H. Cerebral autoregulation dynamics in
humans. Stroke. 1989;20(1):45-52.

Astrom M-B, Feigh M, Pedersen BK. Persistent low-grade inflammation and regular

exercise. Frontiers in Bioscience. 2010;2:96-105.















	Foreword
	Summary of thesis
	Resumé af afhandling på dansk
	Abbreviations
	Figures, tables, and textbox
	Chapter 1. Introduction
	Textbox 1.1. Sepsis definitions.
	Figure 1.1. Fever and encephalopathy in classical literature.

	Chapter 2. Experimental and clinical sepsis
	Figure 2.1. Structure of lipopolysaccharide (LPS).
	Figure 2.2. Molecular basis of the lipopolysaccharide (LPS)-triggered immune response.
	Figure 2.3. Time course of clinical and biochemical variables after a bolus injection vs. continuous infusion of lipopolysaccharide (LPS).
	Table 2.1. Changes in systemic inflammatory response variables to bolus injection vs. four-hour continuous infusion of lipopolysaccharide (LPS) at two different doses.
	Figure 2.4. Symptoms during a four-hour lipopolysaccharide (LPS) infusion.

	Chapter 3. Cerebral blood flow
	Figure 3.1. Global cerebral blood flow (CBF) and cerebral metabolic rate of oxygen (CMRO2) during stage III and V.
	Figure 3.2. Transcranial Doppler ultrasound-based assessments of cerebral blood flow and cerebrovascular resistance during stage III and V.

	Chapter 4. Cerebrovascular reactivity to acute changes in blood gases
	Figure 4.1. Relationship between cerebral blood flow (CBF) and PaO2.
	Figure 4.2. Relationship between cerebral blood flow (CBF) and PaCO2.
	Figure 4.3. Cerebrovascular oxygen reactivity (CVO2R) during stage III.
	Table 4.1. Systemic and cerebral haemodynamic effects of adding carbon dioxide to the inspired air during stage III.
	Table 4.2. Systemic and cerebral haemodynamic effects mechanical hyperventilation during stage V.
	Figure 4.4. Cerebrovascular carbon dioxide reactivity (CVCO2R) during stage V.

	Chapter 5. Cerebral autoregulation
	Figure 5.1. The static cerebral autoregulation curve.
	Figure 5.2. Slope of the cerebral autoregulatory plateau during stage III and V.
	Figure 5.3. Dynamic cerebral autoregulation to spontaneous blood pressure oscillations during stage III and V.
	Figure 5.4. Dynamic cerebral autoregulation to a thigh-cuff deflation-induced reduction in blood pressure during stage III and V.
	Figure 5.5. The dynamic cerebral autoregulatory adaptive response to a noradrenaline-induced blood pressure increase during stage III and V.

	Chapter 6. Vasoactive peptides
	Figure 6.1. Endothelin-1 (ET-1) and calcitonin-gene related peptide (CGRP).
	Figure 6.2. Transcerebral net exchange of endothelin 1 (JET-1) during stage III.
	Figure 6.3. Transcerebral net exchange of calcitonin gene-related peptide (JCGRP) during stage III.

	Chapter 7. Blood-brain barrier function
	Figure 7.1. Transcerebral net exchange of catecholamines during stage III.
	Table 7.1. Effect of noradrenaline infusion on the arterial-to-jugular venous oxygen difference (a-jvDO2) and indices of cerebral intermediary metabolism during stage III.
	Table 7.2. Large neutral amino acids (LNAAs).
	Figure 7.2. False neurotransmitters.
	Table 7.3. Blood-brain barrier transport of large neutral amino acids during stage III.
	Figure 7.3. Changes in brain extracellular fluid concentrations of phenylalanine and tyrosine during stage III.

	Chapter 8. Autonomic regulation of cardiovascular function
	Table 8.1. Cardiovascular responses to induced blood pressure changes during stage III and V.
	Table 8.2. Spontaneous blood pressure oscillations during stage V.
	Table 8.3. Circulating catecholamine levels during stage III and V.

	Chapter 9. General discussion
	Chapter 10. Methodological limitations
	Chapter 11. Conclusion
	Appendix 1. Overview of Studies A–F
	Figure A1.1. Experimental setup, Study A.
	Figure A1.2. Experimental setup, Study B.
	Figure A1.3. Experimental setup, Study C.
	Table A1.2. Publications based on Study C.
	Figure A1.4. Experimental setup, Study D.
	Figure A1.5. Experimental setup, Study E.
	Figure A1.6. Setup, Study F.

	Appendix 2. Methods for assessing dynamic cerebral autoregulation
	Background
	Rate of regulation (RoR)
	Time correlation method
	Transfer function analysis
	Figure A2.1. Gain.
	Figure A2.2. Phase.

	Appendix 3. Spontaneous cardiovascular oscillations
	Background
	Figure A3.1. Spectral analysis of blood pressure.
	Figure A3.2. Main pathways involved in the autonomic regulation of cardiovascular function.
	High-frequency oscillations
	Middle-frequency oscillations
	Low-frequency oscillations

	References
	Tom side
	Tom side
	Tom side
	Tom side
	Tom side
	Tom side



